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ABSTRACT

A new optical precessing technique for producing fine resolution radar images
of rotating objects has been investigated. The technique involves optically recording
the radar data in an appropriate polar format to eliminate the usual image degrada-
tion caused by motion of object points through resolution cells.

Experiments were performed in which X-band radar data from various test ob-
jects placed on a rotating platform were recorded on photographic film in a polar
format and opticaily processed. The resulting imagery demonstrated the fine reso-
lution and object-shape recognition capability afforded by the use of the polar re-
cording format.

The feasibility of using thermoplastic as a real-time storage medium for radar
data was investigated. The thermoplastic data storage technique was shown to have
sound potential for use in a real-time optical processing system for satellite imaging
applications.
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CONFIDENTIAL

Evaluation Memo on Final Report
Project No. 45060176
Contract: F30602-72-C-0062

Title: Optical Processing of Rotating-Object Radar Data Using A
Polar Recording Format

Contractor: Radar and Optics Division/Environmental Res. Inst. of Michigan
Box 618, Ann Arbor, MI 48107

1. A technique which has been investigated in recent years (RADC contracts
AF30602-4208 and F30602-68-C-0004) for optical processor for wideband radar
imaging of various types of rotating bodies is based on a range-dcppler
analysis of the reflected signal from such objects, Good range resolution is
obtained by transmitting a wide bandwidth signal and the variation in doppler
velocity across the rotating object permits one to also obtain cross range
resolution by means of synthetic aperture processing.

2. A major limitation of the optical range doppler sysiem, discovered in the
previous work, was caused by the motion of the objects reflecting points
through resolution cells within the processing interval. In the present pro-
gram this has been overcome by storing the radar returns in a polar format
(instead of the usual rectangular format) and optically taking the Fourier
transform. This technique allows one to coherently process rotating object
djata over large angular intervals with no image degradation due to motion
through the resolution cells. Imagery of test objucts placed on a rotating
platform demonstrated that resolution of nearly one radar wavelength could

be achieved which produces excellent shape recugnition.

3. The real time feature of the processor is accomplished by replacing the
usual used photographic film with a thermoplastic electroptic transducer.

This is accomplished by writing radar video on the thermoplastic disc with

an electron qun. The plastic is heated pricr to the impinging of the electron
beam which causes it to deform, producing a stored signal. Coherent light is
then passed through a lens system and the plastic disc to produce an image.
The thermoplastic data storage technique has been shown to have a sound
potential from the results of this program. Experiments have shown that video
bandwidth of at least 10 MHz can be stored with good optical quality over
apertures containing 490 X 40C resolvable recorded elements.

4, The program supports TP0-1% "Electromagnetic Generation, Ampiification
and Contro’" and TP0-6 "Space Surveillance", referenced in RADC Technology
Plan dated June 72, The intended use of this technique is to provide a real
time optical processor to produce imagery of satellites from data supplied
from the Floyd Wideband Puise Compression Radar.

o btk STk T

KENNETH STIEFVATER
RADC Prcject Engineer
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OPTICAL PROCESSING OF ROTATING-OBJECT RADAR DATA
USING A POLAR RECORDING FORMAT

1
INTRODUCTION
A well known technique for producing radar images of rotating objects involves analyzing
the signal reflected from these objects in terms of range-delay and Doppler frequency [, 2,
3, 4]. One important application of this technique is in satellite -object identification, including

size and shape estimation.

The resolutior achievable with the usual first-order range-Doppler imaging systems for
rotating objects is limited by the motion of object points during a coherent processing time
interval [5]. The resolution must be sufficiently coarse that points on the object move less than
one resolution cell during the processing interval. For an object with diameter, D, and a radar
wavelength, ), the achievable resolution is on the order of vAD/2. Under previous RADC ccii-
tracts AF30(602)-4208 and F30602-68-C -0004, optical processing of rotating-object radar dats
for satellite imaging applications was investigated and some techniques for partial compensa-

tion of motion through resolution cells were devised [6, 7].

This report presents the results of an investigation of a new technique which allows one to
optically process rotating-object radar data over large intervals and thereby obtain very fine
resolution imagery not limited by motion through resolution cells. The technique involves
optically recording the radar data in a polar format and then processing the resulting spatial

signal by performing a two-dimensional Fourier transformation.

The basic polar recording format concept was originally derived to improve the resolution
performance of airborne synthetic aperture radars used for terrain imaging. The work re-

ported here was directed toward application of the concept to the problem of satellite imaging.

A breadboara, polar format, film recorder was constructed and used in conjunction with
tne ERIM Rotating Platform Radar Facility to investigate experimentally the polar recording
format approach in terms of improving resolution and object shape deteciability. Examples of

imagery for various test objects placed on the rotating platform are presented in Section 4.

The use of ordinary photographic {ilm as the storage medium in an optical processing
system prohibits any real-time applications. Therefore, part of the technical efiort described
in this report was devoted to investigating the feasibility of using a thermgplastic electro-
optic transducer as part of a real-time optical processor. Primary emphasis was placed on
evaluating the pe -formance of thermoplastic by using test recording parameters compatible

with satellite imaging applications.




2
REVIEW OF ROTATING-OBJECT IMAGING

As background for the remainder of the report, we briefly review in this section the basic
concept of range-Doppler imaging, the problem of motion through resolution cells, and the
polar recording format approach. For simplicity, we consider here the two-dimensional
okject/radar geometry shown in Fig. 1. Section 3 gives a more detailed description of rotat-

ing-object imaging and treats three-dimensional effects.

If the initial location of a point scatterer on the rotating object shown in Fig. 1 is (xo, yo)
then at time t the distance r from a distant (pi >> xcz) + Y, radar antenna to the point is

approximately

r=p +x sinQt+y_ cosQt (1)

where Q is the rotation rate.

The Doppler frequency fd of the return radar signal is

2x Q 2y Q
2(dr 0 0 .
fd = )T((—ﬁ-) =< 3 )COS Qt - (T) sin Ot (2)

where A is the radar wavelength.

If we process the radar data over a very small time interval, Egs. (1) and (2) can be

approximated as

r=p,+y, (3)
2on
fd = 4)

Therefore, by analyzing the return radar signal in terms of range-delay and Doppler frequency.
the position of the point scatterer (xo, yo) can be cetermined. Fine range resolution is obtained
by transmitting a wideband signal, whereas Doppler frequency resolution, and hence cross-

range resolution, is inversely proportional to the length of the processing time interval.

The presence of the object rotation rate, Q, in Eq. (4) implies that in order to obtain a
prope-.y scaled x, y image of the object, the magnitude of & must be known. Most techniques
for estimating the rotation rate depend on a priori knowledge and an analysis of periodicities

in the radar signal level.
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Another implicit assumption here is that the distance P, from the radar antenna to the
center of the object is constant and known. {In an zctual satellite imaging case, of course,
P, is a function of time.) The effects of time-varying gross range and range rate as the

satellite moves along its trajectory must be removed in the radar receiver and/or processor.

Since the Doppler frequency resolution Afd varies inversely with the processing time
interval T, we-see frem E§. {4) that the cross-rangc resofution Ax is

&% = o (5)
where A¢ = QT and is the change in angle over which the object rotates during the procass-
ing time. Fine cross-range resolution implies that we process over a large Ag; however,
Egs. (1) and (2) indicate that both the range and Doppler frequency of a particular point scat-
terer can vary greatly over a large processing interval. This means that during a processing
time interval sufficiently long to give the desired cross-raage resolution, points on the rotat-
ing object may move through several resolution cells. The simple range -delay measurement
and Doppler-frequency analysis (Fourier transform) type of nrocessing implied by Egs. (3)

and (4) will result in severely degraded imageiy for the large processing interval case.

As shown in Ref. [6], the phase errors caused by motion through resolution cells impose

the following resolution limitations

9 AD
(ax)2 > =1 (®)
AD
AxAy > —-23 (7)

where Ax is cross-range resolution
Ay is range resolution
D_is object width in range, and

Dx is object width in cross-range

In order to obtain resoluticn finer than this, it is necessary to compensate for the cl.anging
range and Doppler frequency associated with each object p6int during the processing interval.
The problem of motion through resolution cells —sometimes called range-walk and variable
range rate —has been investigated under previous RADC contracts; some compensation tech-

niques are described in Refs. [5, 6, 7] in the context of optical data processors.

In the usual optical implementation of a range-Doppler processing svstem, the radar video
signal is first recorded on photographic film in a rectangular format. This is accomplished,
as showr in Fig. 2(a), by properly intensity -modulating a line -scan CRT and imaging the trace
onto ¢ strip of translating film. If the radar transmits wide bandwidth linear FM pulses and if
return sigral is mixed with an appropriate linear FM reference signal, the resulting video

signal for a single point scatterer is a simple CW pulse with a frequency proportional to the

range of the point. The resulting film recording for this type of signal is shown in Fig. 2(b).
4
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Since both the range and Doppler frequency associated with a particular point on the rotating
object vary sinusoidally with time as described in Egs. (1) and (2), we see that the vertical
(range) and horizontal (cross-range) spatial frequency components of the recorded modulation
also vary sinusoidally. The three circular diagrams drawn above the recorded signal in

Fig. 2(b) indicate three discrete positions of the point scatterer on a rotating object.

Over smail regions of the recorded signai the modulation lines are approximately straight,
therefore an optical two-dimensional Fourier transform will produce an image of the point
scatterer. The curvature of these lines limits the useful size of the processing aperture, and

hence the achievable resolution. This is the same limitation given by Egs. (6) and (7).

The optical approach most often used in the past for partially compensating for motion
through resolution cells is called sectional processing [6]. In sectional processing, somewhat
larger processing apertures can be used and tne effects of modulation line curvature [Fig. 2(b)]
are reduced by properly adjusting the lenses in the optical processor. Since a different adjust-
ment is required to optimize the resolution for each portion of the object, the final image must

be produced by photographically summing individually processed image sections.

Under the present contract, we have investigated a new technique for eliminating the prob-
lem of motion through resolution cells. It involves storing the demodulated radar returns in
a polar format by means of the recording scheme shown in Fig. 3{(a). Here, instead of trans-
lating the recording film past a line-scan CRT as is done in the usual recorders, wc cause the
recording film to rotate at the object rotation rate 2. The resulting recorded modulation for
each point scatterer is a family of straight lines (a linear grating) as shown in Fiz. 3(b). Thus
the effects of mction through resolution cells are conipletely eliminated. Each point scatterer
on the rotating object produces a grating type of recording with a spatial frequency and orienta -
tion determined by the initial coordinates (xo, yo) of the point. The total recorded signal for a
complex rotating object consists of a coherent summation of a multiplicity of such gratings.
Imagery of fine resolution can thus be obtained by Fourier transforming the recorded signal

optically over very large apertures.

Examples of imagery obtained by using a polar recording format are given in Section 4,
while a more detailed mathematical description of the polar format technique is presented in

the next section.
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3
MATHEMATICAL FORMULATION
This section presents a derivation of the polar recording format technique and discusses

important image effects caused by the three-dimensional aspects of a rotating object.

Figure 4 shows the basic geometry under consideration here. Locations of the antenna and
an arbitrary point on the three-dimensional rotating object are given in spherical coordinates
as (pa’ Ba’ ¢a) and (po, 90, ¢o) respectively. The distance r from the radar antenna to an object
point is

2 2 - =\/2

r= (pa * 0, " 2p0-pa> (8)

where Eo and Ea are vectors defined in Fig. 4 and

-

Py Py = PPy [cos g, cos Bo + sin Ga sin 90 cos (¢0 - ¢a)] 9)

Using the binominal expansion, we can rewrite Eq. (8) as

2 - - 2 -\2
p_=2p -p p, = 2p
r=p_ [1+=2 0 4, 40 Q8 o, (10)
a sz 8 2
a a

Since for satellite imaging applications, the size of the object is much less than the range of the

object from the antenna (that is, e, << pa), Eq. (9) can be approximated as follows:

p .,
r:pal-oza (11)

p

a
or using Eq. (9) we have
r=p, - o, [cos Oa cos 6 + sin 6, sin 90 cos (¢0 - ¢:1)] (12)

In the physical situation the radar antenna is fixed while the object has botha rotational and
translational motion. For convenience, we make the equivalent assumption here that the

object is fixed and the antenna moves, i.e., Py Ga, and ¢a are assumed to be functions of time.
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The radar transmits a sequence of linear FM pulses of the form -

P _(t) = A(t - nT) exp j|:21rfct + %(t - nT)Z:I (13)

where A(t) is the amplitude weighting of each pulse, y is the FM rate, 1 is the PRF, and fc is
the center frequency.

The signal received from a scattering point at Py 60, ¢0 is

2 . 2 2r\2
00A<t-nT--c—r) exp]l:ZWfC(t--c—r) +'—§(t-nT--c—r)} (14)

where 9, is the complex reflectivity of the point and includes two-way propagation effects and
antenna gain.

In principle, the received signal can be demodulated by mixing it with a reference signal

of the form

2p

9 .
z(t) = exp {-jl:anc< - _c?;> + %é -nT - —?)2]} (15)
{

which also removes the effects of the time-varying range, pa(t), from the antenna to the rotating
object. In practical radar receivers, several alternative techniques for removing gross range

and Doppler effects are also possible.
The video signal resulting from the mixing operation can be expressed as

A A 2(r - Pa)_‘
s(t, t) = OOA e

JeXp \:—j (4,\—” + %(r -py)+ i<2§>(r = pa)z] (16)
C

where r - p_ = -p [cos 6, cos 6 +sin 6, sin 6 cos (¢0 - ¢a)]

2p
A a
t=t-nT-—=

1

A = radar wavelength

2(r - p_)
If the radar pulse length is long compared to -—E_E_’ the video signal is approximately
A 47 2t
- S, ., G i i o
s(t, t) -oOA(/t\) exp {(‘)’ + 3 >po [cos Ga cos 60 + sin Ga sin 60 cos (¢0 ¢a)]} 17)
10 )
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For the special case of an object rotating at an angular rate Q and the radar line-of-sight
perpendicular to the axis of rotation, Eq. (17) can be greatly simplifizd. This is mathematically
equivalent to setting Ba = 900, assuming a fixed object, and allowing the antenna to move around
the object (i.e., ¢a = Qt).

The video signal then becomes

N
sft, t) = ooA(t) exp []<7 + = r, Cos (¢o Qtﬂ (18)
_ . 12, .2
where r =p,sin 90 =X, Y,

Note that in this case all information about the vertical location z, of the point scatterer has been
lost. More general situations in which the radar line-of-sight is not perpendicular to the axis of

rotation will be considered later in this section.

To enable optical processing of the radar data, the video signal,Eq. (18),is recorded on a

suitable recording material (e.g., photcgraphic film or thermoplastic) in a polar format as shown

in Fig. 5. The recording format is chosen so that the spatial polar coordinates (rF, ¢F) of the
recorded signal are given by
o fhy 2
TF = "s<t ' y)\> (19)
op = Ot (20)

where v_ is the sweep velocity of the writing beam.

The relative values of the radial interval Ar and the mean radius r__ of the annular recording

/
region shown in Fig. 5 are determi.ed by Eg. (19). Since -(Tp/2) <t< (Tp/2) where T is the

transmitted pulce length, the radial interval of the recording region is

Ar = vS'I‘P

The mean radius is

2mev
s

rm - YA

Therefore,

ar T

r__ 2mc T (21)
m c

where A is the bandwidth of the transmitted signal and fC is the center frequency.
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After recording the video signal (Eq. 18) in a polar format, the resulting two-dimensional
variation of light amplitude transmittance corresporiding to a single point scatterer located at

Py 60’ ¢° is
- p 2y -
sp(rF, ¢F) = Tb + A(rF)co cos {cvs rgr, Cos (¢° ¢FE’ (22)

where Tb is the usual bias term required for recording the bipolar video signal and R(rF) rep-
resents an amplitude scaling factor which is zero outside the annular recording area shown in
Fig. 5.

Expressed in terms of rectangular coordinates (xo = r0 cos ¢°; yo = ro sin ¢°;
Xp = I'p cos ¢F; Vg = sin ¢F), the recorded signal is

- ;2
Sr(xF’ yF) Tb + B(xF, yF)o0 cos l:cvS (xeo + yFyoﬂ

where

B(Xp Vp) = Alrp) (23)

Equation {23) is an expression for a linear sinusoidal grating with Xp and yF spatial frequency
components proportional to X, and Yo respectively. Therefore, a two-dimensional Fourier
transform is the proper type of signal processing to produce an image of the point. Note that
if instead of recording the video signal in a polar format as described by Eqs. (19) and (20), we
had used the usual rectangular format such that

A
Vg = Vit (24)
Xp = Vgt (25)

where Ve is the translation velocity of the recording film, then we would not have obtained the
simple linear grating type of recording given by Eq. (23). The spatial signal resulting from

rectangular format recording consists of a family of curved lines as indicated in Fig. 2(a) of
Section 2.

The total recorded signal for the entire object can be obtained by summing coutributions
from each element of the object. For the case under consideration here (radar line-of-sight
perpendicular to rotation axis), the signal does not depend on the z, coordinate of each scat-
tering point and the recorded signal can be expressed as

13




= T 2y o -
Sp(I'F, ¢F) T, + A(rF)ffo(r . ¢o) cos l;vs rpr, cos ¢F)]ro drod¢o (26)
where o(ro, ¢o)rodrod¢o is the reflectivity associated with the differential element of volume

shown in Fig. 6.

An image of the object is defined to be an estimate of the reflectivity density o(ro, ¢o) and
can be obtained by optically carrying out a two-dimensional Fourier transform of sp(rF, ¢F).
The image in this case appears as the projection of all scattering points of the three-dimensional

object shown in Fig. 4 onto the x, y plane.

For the case of a three-dimensional rotating object where the radar line-of-sight is not
perpendicular to the axis of rotation (ea # 900, ¢a = Qt), the appearance of the resulting imagery
may be quite different. Instead of using Eq. (18) as a description of the video signal, we must
consider the more general expression given by Eq. (17). In this case, one sideband of the re-
corded signal corresponding to a point scatterer located at Py 60, ¢o is of the form

. 2y 0o 5 ]
sp(rF, ¢F) = coA(rF) exp ]st Ll fcos 9a cos 60 + sin Ga sin 60 cos (¢o ¢F)]} (27)

4

This can be rewritten as
s (r., ¢ )=o:\(r)expj—2?’—rz co expj[r; cos (¢ - ¢.)] (28)
PPFTF o " F Fo " a Fo o F
where ;0 =r, sin 9'1 and indicates that the image size is scaled by sin Ga. The factor

4 A\
exp ]/\ﬁ 2, cos Ga] represents arotationally symmetric phaseerror and the two-dimensional
s

Fourier transform of ‘sp (rF, ¢F) is approximately a ring distribution with a radius proportional
toz cos 6 .
0 a

For example, if we have a rotating object comprised of five point scatterers as shown in
Fig. 7(a) and the radar antenn2 is located such that ﬁa # 900, the resulting image would be as
shown in Fig. 7(b}. When Ga = 900, the central ring image reduces to a point as shown in Fig,
T(c).

If we have a priori knowledge that the object is made up of only point scatterers then the
location of the rings in the image and their radii could be measured to estimate the three-
dimensional size and shape of the object, For actual objects there would be an ambiguity caused

by an actual reflecting ring and a point scatterer located above or below it.

An 1mmage such as the one sketched in Fig. 7(b) is produced only if we process the radar
L . . 0 . ‘
signai over an interval corresponding to a full 360 rotation of the object. By processing over
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Radar Antenna

X (a) Rotating Object Consisting
of Five Point-Scatter. rs
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{c) Image for theOCase
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FIGURE 7. DIAGRAM SHOWING ANTENNA A "LE EFFECT IN IMAGES
OF THREE -DIMENSIONAL ROTAT! 3 OBJECTS
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smaller intervals or if the object point is visible only over part of the rotation, we would get
arc-like images instead of rings for points located above or below the x, y reference plane of
the object.
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4
EXPERIMENTAL INVESTIGATION OF POLAR RECORDING FORMAT TECHNIQUE
This section describes the instrumentation and procedures employed to investigate optical
processing of rotating-object radar data using a polar recording format. Examples of radar

imagery from a variety of test objects placed on a rotating platform are presented.

4.1. ROTATING PLATFORM RADAR FACILITY

A simple diagram of the ERIM X-Band Rotating Platform Radar Facility used to simulate
a satellite object imaging radar system in this investigation is shown in Fig. 8. This facility
was constructed originally for target signature studies of various military vehicles [8]; how-

ever, simple modifications permitted its use in the work described herein.

Separate transmitting and receiving horns were used and located about 44 meters from
the center of the platform. The platformisabout6 meters in diameter and has a rotation period

of 168 seconds. Figure 9is a photographof the actual platform.

The more important radar parameters are given in Table 1. A highly simplified block
diagram of the radar system is shown in Fig. 10. This system represents a form of a Stretch
{11] radar and serves to greatly reduce the bandwidth of the video signal relative to the trans-
mitted bandwidth. I.ong (up to 800 uS) chirp pulses with an FM rate of 4.5 MHz/usec aretrans-
mitted. The received signai is mixed with a reference signal derived by appropriately delaying
a portion of the transmitted chirp signal. A point scatterer on the rotating platform then produces
constant-frequency pulses at .= output of the mixer. The frequency of each pulse is propor-
tional to the range of the point scatterer. With the proper length of coaxial delay line, the cen-
ter of the platform can be made to correspond to a frequency of zero and the edge of the platform
to about 90 kHz. Thus, even though the transmitted bandwidth is 3.6 GHz, the video bandwidth
is about 90 kHz for the 6 meter diameter platform.

TABLE 1. ROTATING PLATFORM RADAR PARAMETERS

Transmitter center frequency 10.1 GHz
Maximum bandwidth 3.6 GHz
PRF 200 pulses, sec
Pulse width 800 usec
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TIGURE 8. DIAGRAM OF ROTATING PLATFORM FACILITY USED TO SIMULATE A
SATELLITE-OBJECT IMAGING RADAR
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4.2. IMPLEMENTATION OF POLAR FORMAT RECORDING

Qur earlier experimental work to verify the polar format concept relied primarily on
recording the radar data on film in a rectangular format and then using an optical system to
effect the rectangular-to-polar conversion. This was done by imaging a slit-type illumina-
tion source onto a rotating photographic plate. By then translating the rectangularly formated
data across the slit source at the proper rate, the desired polar format recording could be
produced on the photographic plate.

For the investigations conducted under the present contract, a new breadboard film re-

corder[see system schematic, Fig. 3(a)] was constructed to record the radar datadirectlyina
polar format. Aphotographof the actual breadboard recorder appears inFig. 11. The recorder

consists basically of a 70 mm roll -film holder attached to a motor-driven Troyke precision
rotary table. The rotation rate of the recorder can be adjusted to match the rotation rate of

the radar test targets. Positional adjustments are also provided for focusing and properly
scaling the polar format recording. The line-scan CRT and other parts of the total recording
system are standard components of the Rotating Platform Radar Facility described in Ref. [8].

After each reccrding (corresponding to one revolution of the object), the film can be ad-
vanced to a new frame so that a sequence of polar recordings for different objects or different
radar parameters can be stored on a single filmstrip. Figure 12 shows a portion of a typical
polar -format data film.

4,3, OPTICAL PROCESSING

As discussed previously, an image of a rotating object can be obtained by Fourier-trans-
form processing the polar format recording. Since a spherical lens produces a two-dimen-
sional Fourier-transform relationship between the complex amplitude of the light distribution
in its front and back focal planes, the hasic optical processor shown in Figs. 13 and 14 is
readily implemented with few components.

In addition to the Fourier-transforming lens, other standard optical components are ro-
quired to expand and collimate the laser beam. The image plane can either be examined by
means of a microscope as indicated in Fig. 14 or a camera can be used to make a permanent
film recording. Alternativeiy. a projection lens may be used to display the unage on 3 viewing,

screen.

In Section 3 we observed that radar data for each point scatterer of a rotating object is

=
recorded on the polar-format signal film as a two-dimensional difiraclion grating of the form

S g, ¥p) = T+ T, cos Kix xp +y vp) (29)
where Sr(xF’ yp) is the light amplitude transmittance of the film, Tb the average transmittance,
’I‘1 the amplitude of the spatial modulation, and the constant K = 2y, eV
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FIGURE 13. DIAGRAM OF OPTICAL PROCESSOR
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The Fourier transform of such a sinusoidal grating is made up of three terms often called
the zero-order and the plus and minus first orders [9]. The zero-order spectrum is located
on the opticé.l axis at the center of the image plane whereas the two first-order spectra are
symmetrically located at a distance from the center proportional to the spatial frequency of
the grating -—i.e., at a radius proportional to xz + yz, the radial position of the point scatter

from the center of rotation.

Therefore, each point scatterer of a rotating object produces a pair of conjugate point
images. For example, an array of three « srner-reflectors on the rotating platform as sketched
in Fig. 15(a), results in the total radar image shown in Fig. 15(b). Since the corner reflectors
were located away from the center of rotation and there were no targets on the opposite side
of the platform, there is no ambiguity and a good image of the corner-reflector array can be
obtained. If on the other hand the:corner-reflectors are located around the center of rotation
as shown in Fig. 16(a), we obtain an ambiguous image which is degraded further by the zero-
order light [see part (b) of same figure].

For cooperative targets such as the rotating platform, the problem can of course be avoided
by simply placing the object to be imaged away from the center of the platform. In practical
space-object imaging problems, the two conjugate images should be separable even when the
center of rotation lies within the object. This topic is discussed separately in Section 5.

By using apertures of various sizes and shapes at the input film plane, imagery with a

" variety of range and cross-range resolutions can be obtained. Since the radial interval of the

polar format recording is proportional to the transmitted bandwidth, the fraction of the actual
transmitted bandwidth used in the optical processor can be controlled by choosing th2 size of
the radial interval of the processing aperture. Similarly, radar data can be processed over
different angular intervals of object rotation by using an aperture that encompasses a corre-
sponding angular interval of the polar format recording.

Normally, when processing radar data from a rotating object over small angular intervais
of rotation A¢, range resolution (measured along radar line-of -sight) is inversely propor-
ticnal to the transmitted signal bandwidth, whereas cross-range resolution varies inversely with
A¢. However, for large Ad, resolution in both dimensions of the rotating object improves with

increasing A¢.

For example, Fig. 17 shows a sequence of system impulse responses corresponding to
three different processing apertures. The photographs were produced by magnifying the light
distribution at the output of the optical processor (Fig 14) with the appropriate aperture at tihe
input film plane. The radial interval is constant for all three cases and corresponds to a con-
stant effective transmitted bandwidth. As can be seen, the 900 interval case has improved
resolution in bhoth dimensions even though the effective transmitted bandwidth remained the
same. This implies that good two-dimensional resolution of rotating objects consisting of scat-

tering centers visible over large angles of rotation can be theoretically obtained even with rel-
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(a) Three Corner-Reflectors on Rotating
Platform

{b) Radar Image

FIGURE 15. EXAMPLE SHOWING SEPARATION OF CONJUGATE
IMAGES
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{a) Three Corner-Reflectors on Rotating
Platform

(b) Radar Image

FIGURE 16. EXAMPLE SHOWING CONJUGATE IMAGE
AMBIGUITY
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FIGURE 17. EFFECT OF PROCESSING APERTURE SHAPE OX SYSTEM IMPULSE
RESPONSE
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atively'narrow bandwidth radars. The resulting impulse response sidelobe level may be in-
tolerably large for some applications, however.

The ability to determine the size and shape of a specular object is greatly enhanced by
processing the recorded data over large angular intervals. The resuiting image then contains
reflectivity information about the object over a wide range of aspect angles.

One way to perform such processing is to simply illuminate the full 360° of the polar
format recording in the optical processor. Instead of coherently processing over the full
annulus, one can also use a coherent processing aperture of a size sufficient to produce the
desired resolution and then move the aperture around the entire 360° of the recordirg while
continually exposing a piece of film at the image plane. The resulting image consists of a non-
coherent summation of an infinite number of coherently processed images. This is often called
"mixed' processing. Various experimentalexamples of imagery produced by coherent and

mixed processing are presentéd in the next section.

4.4, EXPERIMENTAL RESULTS

A number of rotating-object imaging experiments were performed with the instrumentation
described previously. Some examples of imagery are given in this section to compare the
rectangular- and polar-format approaches and to demonstrate the fine resolution and object
shape recognition capability atforded through use of a polar recording format. In these experi-
ments horizontal polarization was used for both transmitting and receiving.

{€C) To demonstrate the improved resolution obtainable by using a polar recording format in-
stead of the usual rectangular format, an experiment was performed in which three corner-re-
flectors were placed on the rotating platform. Radar data for this corner array were recorded
in both a rectangular and polar format. The resulting optically processed imagery is shown
in Fig. 18. The spacing of the corner-refleciors was 1 ft. To produce parts (a) and (d) of this
figure, we used a very small, square, processing aperture so that the .hree corner-reflectors
are not resolved in either the rectangular or polar case. Results, shown in part (b) and (e)
‘he same figure, were obtained by ' sing a square processing aperture of a size sufficient to
11y resolve the three corners. If the processing aperture size is increased, we see that for
the rectangular case (c) the phase errors resulting from motion through resolution cells pro-
duce a very degraded image, whereas in the pelar case (f) improved resolution is achieved.

{C) Figure 19 presents a further example of the image degradation caused by the problem of
motion through resolution cells inhevent in rectangular format processing. This result was
obtained by rectangular format processing of radar returns from a 31 cm diameter cylinder
vlaced on the rot..ing platform as indicated in the photograph [Fig. 19(a)]. This sequence of
images again shows the smearing produced by processing rectangular format data over large
angles of rotation. As a reference. part of the zero order diffraction pattern was retained in
parts (b}, (c). (d) of the same figure: it denotes the center of rotation which was about 1.5 meters
from the cylinder. For comparison, radar data from the same cylindrical object were re-
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{(a) Photograph of Cylinder on Rotating Platiorm

{(b) Af =1.1 GHz (c) af =2.2GHz (d) Af = 2.2 GHz
Ag = 60 Ap=120 Ad = 359

FIGURE 19. IMAGERY OF CYLINDRICAL TEST OBJECT SHOWING EFFECTS OF MOTION
THROUGH RESOLUTION CELLS (EFFECTIVE TRANSMITTED BANDWIDTH af, PROCESSING
ANGLE A¢)

33

e e 6 e RIS SRS e o

ikt st

o2 vty

Loa iy )



T T ACT IR AT

TS

v RTINS

i sl o ST P I B, A AT AT, T VP G L e YR RN e s el o - . s oA &

e ot AN VSRR -

(a) Af = 1.1 GHz (b) Af = 2.2 GHz
A¢ =60 A =120

(c) Af = 2.2 GHz (d) Af = 2.2 GHz
Ag = 350 A¢ = 909

FIGURE 20. IMAGERY OF CYLINDER PRODUCED BY POLAR
FORMAT PROCESSING
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corded in a polar format; the imagery produced by proce-sing this data is shown in Fig. 20.
The processiﬁg aperture sizes used to produce parts (a),(b),and (c) of Fig. 20 were the same
as those used to produce the images in Fig. 19. The important point to note in comparing
these two figures is that as the angular processing interval increases, not gnly do we obtain
improved resolution but we can also begin to observe the circular shape of the object for the
polar format case. (Recall that this radar imagery is similar to the view an observer would
get by looking down on the rotating platform along its axis of rotation.) In the rectangular
format case (Fig. 19), the smearir r effect obscures the actual shape of the small object.

In Fig. 21 we have an example of the very fine two-dimensional resolution that can be
achieved by using the polar recording format technique. In this experiment an array of small
corner -reflectors was used as a test object on the rotating platform. The relative spacing of
the corners is indicated in Fig. 21(a). The full 3.6 GHz transmitted bandwidth of the radar was
used and the coherent angular processing interval was about 300. This is a resolution of nearly

vite wavelengil aud sepresents excelleal peddofimance fog any lype of lmaging system.

(C)Examples of imagery in Figs. 22 through 26 illustrate the shape detectability which can be
sitiesed by profesping veer allnree elange Laasert angile. The obloel whowt e g TR
consists of four 5-ft long pieces of 1-in. diameter pipe arranged on the rotating platform in
the shape of an "M." By processing the radar data from this test object over a 90° interval,
the image in Fig. 22(b) was obtained.

(C€)The object in Fig. 23(a) is a small aluminum cone-sphere. When radar returns from this
object were coherently processed over a full rotation, a complete outline of the ubject was ob-
tained as can be seen in Fig, 23(b). By using the mixed processing approach described pre -
viously, the image in Fig. 23(c) was obtained. A circular coherent processing aperture was
used tc produce a theoretical resolution of 9 cm in both range and cross-range. With inco-
herent summation carfied out over the full 300~ of the recording, the shape of the entire onject
can again be seen. For simple specular objects such as this, mixed processirg is often ad-
vantageous since it may produce a somewhat smoother image. It is necessary only to use a
coherent processing aperture of a size to produce resolution fine enough to distinguish im-
portant object details. Much of the arc-like background noise that can be seen in the imager:
is caused by radar returns from various stationary scatterers near the rotating platform. 1n
rectangular format processing, stationary point-scatterers within the radar's field of view
are imaged at their proper range and along the vertical axis (zero-Doppler line) of the image
plane. This can be geen in much of the imagery presented in Ref. [6]. On the other hand, the
polar {format approach is designed to produce good images of rotating objects and, therefu. e,
the images of stationary objects are dispersed and appear as background noise. Fortunately,
T4 Sunonary tiutter probiem 48 of o tokEern 100 mevan] sateilite 1mping spplicators

{C)Figure 24 further illustrates shape detectability. Here the test object consisted of two
metal cylinders placed on the rotating platform as diagrammed in Fig. 24(a). Coherent pro-

cessing over a small circular aperture to produce a two-dimensional resolution of 9 cm re-
35
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{a) Corner-Reflector Array

{b) Radar Image

FIGURE 21. EXAMPLE OF IMAGERY DEMONSTRATING VERY
FINE RESOLUTION
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(a) Optical Image

{b) Radar Image

FIGURE 22. IMAGE OF "M" TEST OBJECT
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(a) Optical Image

{(b) 360° Coherent Processing

{c) 3600 Mixed Processing

FIGURE 23. IMAGES OF CONE-SPHERY
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(a) Diagram Showing Location of Two Cylinders on Rotating Platform

1
(b) 10° Coherent (c) 180° Mixed (d) 180° Coherent
Processing Intervai Processing Processing Interval
FIGURE 24. RADAR IMAGES OF TWO CYLINDERS
"s
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(a) Optical Image (b) Radar Image

FIGURE 25. IMAGE OF SIMULATED SPACE OBJECT

9 At
(a) 90Y Processing (h) 360" Processing

FIGURE 26. RADAR IMAGES OF FOUR REFLECTORS — TWOQO
ON PLATFORM SURFACE AND TWOQ 5 ft ABOVE SURFACH
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sulted in the Fig. 24(b) image. Since the angular processing interval was only about 109, little
shape information is obtained. Figures 24(c) and 24(d) show the results obtained by mixed and

el

coherent processing over about 180°. Again, if sufficient resolution is available, there is little
difference between the mixed and coherently processed imagery in termg .. shape detectability.
The important point is that the processiug be carried out over a large angular interval of object

rotation.

Figure 25 shows the radar image obtained for a simulated space cbject (cone-cylinder-
flare). Mixed processing was used over a full resolution and the shape ~f the object can be
easily seen. Multiple-image effects are present because the surface .. che rotating platform
acts as a reflecting ground plane. Therefore, we get returns not only directly from the object
itself but also from the object via the platform surface. By using crossed 45° receiving and
transmitting antenna polarization, it should be possible to suppress some of these multiple-
bounce returns; however, polarization effects were not investigated during this program. The
reflecting ground plane effects observed here are, of course, not important for space -object
applications and, like the stationary clutter problem discussed previously, amounts only to an

experimental inconvenience,

{C) The test object in this case is a Volkswagen. An image obtained by optically process-
ing the radar data over 360° of rotation is shown in Fig. A-1. Because of the fine resolution
and the fact that the radar image contains relative reflectivity information over such a large
change in aspect angle, many details of the VW can be observed in the image such as the
fenders, bumpers, and indications of the seats.

(U) An interesting anomoly is that the right-hand deor of the VW appears in the image as
a line in the center instead of in the expected location. This can be explained with the aid of the
diagram in Fig. A-2. In this experiment, the VW was located at the edge of the platform tc
avoid conjuzate imuge ambiguities. Since the radar returns from vertical surfaces are pri-
marily due to dihedral reflections and the platform surface is about 0.75 m above the ground,

the effective range to the right door is significantly larger than the effective range to the other
surfaces of the VW. This results in the observed displacement along the radar line of sight.

In Section 3 it was shown that for the case of a rotating object made up of a rigid three-
dimensional collection of point-scatterers, the image consists of a family of overlapping circles
when the radar line-of -sight is not perpendicular to the rotation axis and a 360° angular
processing interval is used. The system may be focused so that object points in any plane
perpendicular to the rotation axis appear as point-like images. The image of any other object
point is then stilla circle witha radius proportional to the distance of the point away from the

focused plane.
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{C) This effect is not readily apparent in the previous images of relatively simple, specular
objects. Accordinély, some experiments designed specifically to demonstrate the image effects
for three-dimensional arrays of scatterers were performed. For example, Fig. 26 shows the
results obtained for two small omni-directional reflectors located on the platform surface and
two similar reflectors located 5 ft above the surface. The spacing between each pair of re-
flectors was 1 ft. The ring images (or 90° arecs) correspond to the elevated reflectors,
while the point-like images correspond to the retleciors on the suriace. By adjusting the
carrier frequency of the video signal, one can "focus' on the elevated points instead of on the
platform surface. If this were done, the circles (or arcs) and the point-like images shown in
Fig. 26 would be interchanged.
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FIGURE A-1, ROTATING PLATFORM RADAR IMAGE AND OPTICAL IMAGE OF A
VOLKSWAGEN (U)
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Antenna

Top View of VW on Platform
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Side View of Platform - Position 1
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Side View of Platform - Position 2 Unclassified

FIGURE A-2. DIAGRAM ILLUSTRATING DIHEDRAL REFLECTIONS
FOR RIGHT SIDE AND LEFT SIDE OF VW (U)
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5
ELIMINATION OF CONJUGATE IMAGE AMBIGUITY

i In practical rotating-object imaging systems, it is necessary to be able to reparate the two
conjugate images that appear at the output of the optical processor even when the center of ro-
tation lies within the object. Usually in coherent optical data processing systems, this is done
by causing the recorded signal to be on a spatial frequency offset carrier [10].

It was assumedfor the discussion in Section 4that the bandwiath of the video signaltobe re-
corded was determined by the range extent of the object and that the video signal had zero carrier
frequency. For rectangular-format recording systems, the desired spatial frequency offset
can be easily achieved by allowing the video signal to have a carrier-frequency, i.e., a range-
frequency offset. The carrier frequency coniponent of the video signal at the input to the re- ;
corder results in a linear grating type of signal on the film; the returns from each point of the 3

rotating object can thus be interpreted as amplitude and phase modulations of this spatial car-

rier. A Fourier transformation produces two conjugate images (within the usual rectangular .
format limitations) separated from each other in range by a distance proportional to the car- 3
: rier frequency. 1

Instead of using a range-frequency offset, it is alsc possible to use cross-range or Doppler
offset by introducing the proper pulse-to-pulse phase shift modulation in the receiver. In this ;: ;
case the two conjugate images are separated from each other in the cross-range dimension. { [
Often a combination of range and cross-range offset is used for rectangular recording format i
systems. %

temte 2

The use of a polar recording format necessitates a modification of the usual frequency-

offset approaches. Three of the techniques we investigated are presented below.

5.1, CONSTANT RANGE-FREQUENCY OFFSET
in a polar format recording, the video pulses are recorded along radial lines and, therefore, :
a carrier frequency component (range-frequency offset) appears on the recording material as ;
a circular grating. This is shown in Fig. 27 in which an unrealistically low spatial frequency
is used for illustrative purposes. Even though this type of spatial carrier allows the two conju-
gate terms of the recorded signal to be separated, il also introduces a rotationally symmetric i

phase error: for this reason a simple Fourier transform processor produces smeared imagery.

To obtain high quality imagery, it is necessary to compensate for this phase error in the optical @
processor. §
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The type of compensation required can be derived by modifying the expression for the
video signal (Eq. 18) by introducing a carrier frequency (fo) term. After being recorded in a
polar format, the total signal for an object described by a reflectivity density o(ro, ¢0) is

sp(rF, ¢F) =Ty +J’J’X(;-F)o(ro, ¢0) cos [E;LrFr cos (¢ ¢F) + xpl:lpodpod% (30)

Note that this is the same as Eq. (26) except for the presence of the phase factor tPl.

Equation (30) can be rewritten as

8, (g ¢p) = Ty, + Gexp (j¥,) + G* exp (-j¥) (31)
where
= %ﬂ ofr_, ¢ ) exp ][E;Y‘TFP cos (¢p - ¢ )]p dp_dé (32)

)i

The degrading effects of the phase factor lPl can be corrected by using the optical processing

i.e., Gis the Fourier transform of the object reflectivity density o(ro, ¢0

system shown in Fig. 28. At plane P1, lens 1 produces the two-dimensional Fourier transform
of the recorded signal sp(rF, ¢F) and by means of a half-plane stop we can remove the zero
order term and one sideband. That is, the only term which is allowed to pass is the Fourier
transform of G exp j\# . A subsequent Fourier transform by means of lens 2 then produces a

complex light amplltude distribution &t plane P2 whlcb is proportional to G exp ]\P A spatial
filter with an amplitude transmittance of the form 3 5 (1 - 208 lPl) is positioned at plane P2. The
complex amplitude of the light emerging from P2 is

1 Gexiji‘lz1 GexpjtPl G
(G exp jw)[§(1 + cos 14/)]: 3 + 3 + 3 (33)

Therefore, by taking a Fourier transform with lens 3, we get three spatially separated light
distributions at the back focal plane of lens 3—one of which corresponds to the third term of
the right-hand side of Eq. (33)andis the desired image of the rotating object. The other two

are smeared versions of the image and can be blocked out.
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Since the two-dimensional Fourier transform of exp jtl/l is approximately a ring distribu-
tion of light, we are restricted to coherently processing 180° or less of the input signal in
order to senarate the conjugate images adequately. By using mixed processing techniques,

imagery containing information associated with all aspect angles can still be produced.

Some experiments were performed during this program tc demonstrate the practical feasi-
bility of using range-frequency offset with a polar recording format. Corner-reflector arrays
and simple specular objects placed on the rotating platform were used in these experiments. A

photograph of the actual optical processing system used is shown in Fig. 29.

The spatial filter was produced by sinusoidally intensity modulating a line-scan CRT and
imaging the modulated line onto a piece of rotating film. The resulting record was then ceatact
printed on a microflat photographic plate and optically bleached to produce the final spatial
tilter used in the system shown in Fig, 29

Figure 30 shows an experimental result for the case of three corner reflectors located at
the center of the rotating platform. A range offset frequency (video carrier frequency) of
156 kHz was used. Recall that for the case of no frequency offset and Fourier transform pro-
cessing, the degraded image shown in Fig. 16(b) was obtained. A contribution from each of the
three terms indicated in Eq. (33) can be seen in Fig. 30. The set of three points at the right is
the coirrected image. The three arc-like images at the center,representing the image that would
be obtained if no phase error compensation had been used, correspound to the second term in the
right-hand side of Eq. (33).

Another example showing the use of a range-frequency offset and a polar recording format
is given in Fig. 31, The object is an '"M"" constructed from four pieces of pipe as described in
Section 3. In this case, however, the "M'" was placed on the center of the rotating platform
which necessitated the use of a frequency offset. Again, the corrected image can be seen along
with the two uncorrected versions at the left. Since each of the ¢lements of the object has a
relatively narrow scattering angle, the primary effect in the uncorrected image is a displace-
ment of the elements from their proper location.

5.2. LINEAR FM RANGE OFFSET

Another technique divised for eliminating the effects of the conjugate image has some ad-
vantages over the constant range-frequency offset approach. This technique also requires a
nonzero video carrier frequency; however, a small amount of linear frequency-modulatioa is
also added to each pulse. This addition can be imiplemented quite easily in the radar receiver
by mixing the collection of linear FM signals returned from the target with a reference linear
FM signal having a different chirp rate, When these video chirp pulses are recorded in polar
format, the signal associated with the center of rotation of the target becomes an annular sec-
tion of a Fresnel zone plate as shown in Fig. 32.
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FIGURE 30. IMAGE OF THREE CORNER REFLECTORS
SHOWING EFFECTS OF CONSTANT RANGE-FREQUENCY
OFFSET

FIGURE 31. IMAGE OF "M" SHOWING EFFECTS OF
CONSTANT RANGE-FREQUENCY OFFSET
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For the case of a constant range-frequency offset (Section 5.1), we found that the two conju-
gate terms of the Fourier transform of the recorded signal could be separated, but a phase
error compensator in the optical processor was necessary. In the present case, we have a

quadratic phase error which can be easily handled by a focus adjustment of the processor.

This technique has not yet been experimentally investigated. However, it appears to be a
good approach for polar format recording systems used with the RADC Wideband Pulse Com-
pression Radar.

The recorded signal sp (rF, ¢F) with a linear FM range offset is
= 3 % -3 \
Sp(rp ¢p) = Ty + Gexp (j¥,) + G* exp (-j¥,) (34)
where G is the Fourier transform of the reflectivity density o(ro, ¢O) as defined previously in
Eq. (32).

The phase error 11/2 can be shown to be
2

v :anFfo . 177 fE i Zfrfc -
2 v 2 vS 2\

S

where vy = chirp rate of the transmitted signal
Yy = chirp rate of the reference signal
fG = carrier frequency of the video signal

If Yy =Yg the phase error given by Eq. (35) reduces to 1{/], which is the phase error for
the constant range frequency offset case in Eq. (30).

I Y1 # 7y and the carrier frequency is chosen to be

[ Y9\
f =11-—If (36)
) \ vy ©

then the phase error becomes

2.2
Y= Ve 2771
VNS W R Y NV (37)
2 2 °F 2 1 2
2VS "

The second term of En. (37) is a constant and therefore of no concern,

Since the remaining quadratic phase error appears with a different sign in the second and
third terms of Eq. (34), the two conjugate images obtained by Fourier transforming the recorded
signal S(rF, ¢F) will focus in different planes. One image will focus in front of the usual Fourier
transform plane of the processing lens and the other behind the Fourier transform plane. The
important point is that with this type of offset a well focused image can be obtained by simple
Fourier transformation of the recorded signal with no piiase error compensation plates required.
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It is necessary, however, to restrict the size of the coherent processing aperture in order to

avoid contamination of the desired image with a noisy background resulting from the out-of-

n focus conjugate image.

5.3. POLAR OFFSET
A frequency offset technique designed especially for polar recording format systems in- :
volves the use of both time-varying range and cross-range (Doppler) frequency offsets. For

brevity, 'this particular type of frequency offset is called polar offset.

| - it 3 e

Polar oifset is implemented by sinusoidally modulating the frequency and the phase of the

2g it

video signal in such a way that the recorded signal associated with the center of target rotation
is a linear grating (see Fig. 33). That is, we introduce both range and cross-range frequency

e ke SO

offsets which vary sinusoidally (900 out of phase) at the rotation rate of the recording ma-
terial. For example, in the upper right portion of the recording shown in Fig. 33, the range-
frequency offset is maximum and there is no cross range-frequency offset, while at the lower
right, we have only cross-range frequency offset. The fact that the resulting recorded offset
function is a linear grating implies that simple Fourier transform processing will produce an
unambiguous image of a rotating object with no phase error compensation required. Further-
more, in contrast to the previous offset techniques, coherent processing can be performed over
- a full 360° of object rotation.

A poiar offset can be implemented by mixing the signal received from the rotating object

. (Eq. 14) with a reference signal of the form
2p,(® y 20, (]
Z(t) = cos wact "= " A(t)] + st nT - - (38)
- J
where

Alt) = Z—CM sin (2t + &)

After recording the resulting video signal in a polar format we obtain

2"'
sp(rF, ¢F) = Tb +J:[B(rF)o(po, ¢0) cos {-c—v‘;rF[po Los (¢0 - ¢F) - Mcos {¢ - ¢F]}podpod¢o

(39)

or expressed in rectangular coordinates

- g (27 o - y -y
s Xp Yp) = 8y +HB(XF, Yplolx , v,) cos 1°Vs [xpx, = x,) +ypUy, ya)]}dxodyo

)
:
{
{

g DS
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FIGURE 33. POLAR FREQUENCY -OFFSET SIGNAL
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O where X, = Mcos ¢
Y = M sin ¢

Each point scatterer is recorded as a linear grating with x_ and y_, coordinate freguency com-
p <3 5 F JF

ponents proportional to (xo - xa) and (y0 - ya) resi)ectively.

The constant M determines the spatial frequency of the resulting offset grating; its value
should be chosen to be larger than the expected radius of the rotating object in order to separate
the conjugate images. The relative angular orientation of the offset grating is determined by ¢
and can be chosen arbitrarily. The same type of receiver instrumentation for removing the ef-

fects of pa(t) from the received signal can also be used to introduce a polar offset.

An important point to note is that the form of Eq. (38) is the same as that of a signal re-
ceived from a point with polar coordinates (M, ®) on a rotating object. Therefore, a straight-
forward way to implement a polar offset is to use the return from a bright, prominent point on
the object as a reference signal. In prominent point processing, th¢ total signal received from
the rotating object is simply envelope detected before being recorded on film and optically pro-
cessed in the usual way. No local oscillator is used. If the object possesses a scattering point
whose return is much stronger than the returns from other points on the object, the recorded
signal corresponding to the composite return can be shown to be approximately the same as
that given by Eq. (40). The coordinates (xa, ya) represent the initial location of the prominent
scattering point. In situations where prominent point processing is applicable, one can obtain

o an image of a rotating object even if the radar does not have pulse-to-pulse coherence and even

if gross object motion is ignored since the object provides its own coherent reference.

Some prominent point processing experiments were performed with the rotating platform
facility to demonstrate the technique. Simple arravs of corner reflectors as well as a large
cross-section reference corner were placed on the rotating platform. For these experiments
the system shown in Fig. 10 was modified by substituting a simple diode detector receiver.
The imagery of a three corner-reflector array obtained by using this receiver and the polar
format recorder is essentially the same as that shown in Fig. 15(b;. The primary difference
is that the separation of the two conjugate images is determined by the distance between the
prominent point and the object and is independent of the center of rotation. These experiments
not only demonstrated prominent point processing but also verified the usefulness of the polar

offset technique.
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6
REAL-TIME OPTICAL PROCESSING

Real-time optical processing systems are generally comprised of an input transducer,
processing optics, and a display screen. A time-varying signal to be processed optically must
be entered at the input plane of the processor as a space varying (spatial) signal. The spatial

input is then read into the processor simply by illumination with an expanded coherent light
beam, and the readout light beam wavefront is modulated by the spatial signal. Real-time opera-

tion requires that the conversion to a spatial signal and the optical readout take place with in-
significant dviay. A real-time optical transducer is a device which serves this purpose. Re-

call that for the data processing experiments described in previous sections, photograpkic film

et bha r T e N AT S L

served as a non-real-time transducer. Real-time transducer considerations relative to optical

processing of rotating-object data will be discussed further in the following sections. The pro-
cessing optics and the output viewing implementation have been covered in previous sections

and inherently afford real-time operation.

6.1. THERMOPLASTIC TRANSDUCER f
Electron beam writing on a deformable thermoplastic is the real -time, reusable, data

storage method being evaluated for use in a real-time transducer. The thermoplastic trans-

ducer comprises: (1) a small evacuated housing containing the writing electron gun and thermo-

plastic storage medium; and (2) electronics for electron beam control and thermoplastic tem-

perature control.

An input time-varying signal is written onto the thermoplastic as a surface charge using
a scanned electron beam as depicted by Fig. 34(a). The charge deposited by the writing beam
can be made to vary in proportion to the input signal in several ways; here, the beam current
is directly modulated by controlling the electron gun grid-to-cathode voltage with the input
signal.

The storage medium is comprised of a thin thermoplastic (TP) layer coated onto a glass
substrate, with a thin transparent conductive coating between. The conductive film serves as
a plane of constant electrical potential. It aiso serves as a means for electrical heating (IZR)

of «he thermoplastic for rapid deformation development and data erasure.

Development aud erasure of signals written in the thermoplastic are governed by the physi-
cal and electrical properties of the TP material and their change with temperature. The charge

deposited on the thermoplastic surface during writing results in an electric field force be-

tween the TP surface and the equipotential plane at the conductive coating. This force acts to
54




Writing

l Electron
! Beam |
I ]
|
l
| i
I Deposited Development Erased ?
(I Charge _ Deformation Deformation ;
e P L P e e Thermoplastic §
Conductor §
Glass [
(a) Thermoplastic Data Storage :;
3
i
S(x) Y) £
-
. 3
| % ;
i
i
. T o Processed Data ?
~ >~ 1st Order 3
g Interval
= T
5@ .
R w
28 ;
3 :
\
Lrp Transform Transform
Modulation Lens Plane §

(b) Phase Readout for Data Processing

FIGURE 34. DATA STORAGE AND READOUT
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’_‘. deform the surface. Raising the thermoplastic temperature allows it to change from a solid &

E——

el e

] to a rubber-like condition and then, with further temperature increase, to a liquid state. De-
formation development can occur while the thermoplastic is in either of these softened states. A
The depth of the deformation will be limited by counteractive surface tension and viscoelastic P
forces. Erasure of signal deformations occurs when the surface charge is removed and the

thermoplastic temperature is elevated so the plastic reaches a non-solid state and can be re-

abwleiann

distributed so as to form a smooth surface in response to the surface tension and viscoelastic
restoring forces. In erasure, the written surface charge is removed by electrical conduction

through the plastic to the conductive layer when the TP resistance is lowered by heating. .

Data written in the thermoplastic modulator is read out with a laser beam expanded to

szl

illuminate the area over which stored signals of interest appear, as shown in Fig. 34(b). The
sketch of 34(b) shows readout by transmission. (Reflective methods are also possible.) The
complex transmittance of the thermoplastic modulator can be written as T(x, y)eJ 6x,y)

T is the amplitude transmittance and 6 the phase shift caused by the spatial modulator. Given an

where

FIVI

illuminating beam having a wavefront with uniform phase and constant amplitude over an aper-
ture Ao(x, y), the emergent beam S(x, y) at the output side of the glass substrate will be of the

form

S(x, ) = A, (x, YTlx, yle 27

The amplitude transmittance will normally be constant, i.e., T(x, y) = To' Phase shift at the
optical wavelength A | can be written as 8(x,y)={[27(n - 1)/ )«o] d(x, y)} ¢ where d is surface
deformation depth, n is the index of refraction of the thermoplastic, and ¢ is a phase shift
caused by materials other than the thermoplastic, i.e., substrate and conductive coating. Thus
the emergent phase-modulated readout beam is written as

jl2n(n -1
S(x, y) = Ao(x$ Y)Toej[_%—-—l d(x, Y)]ej¢
o
¥or example, consider the deformation d to be a one-dimensional sinusoid of spatial frequency
v w
. X

d=D .dsinw X
o X

as indicated in Fig. 34(b). As shown in Ref. [12] the expression for the phase-modulated read-

out beam can be writien as i

S(x) = Ao(x)To exp {[&r_(_r;_l_) D sin wx%} = Ao(x)To ZJml:z—"(-nxo—QD] exp imwxx

o

o
m=-aw

where we have ignored constant phase terms and Jm[ ] is a Bessel function of the first kind,

order m. The indexing variable m takes on all integer values. Thus, there are plane waves
jmw_x
. e * emanating from the modulator; each has a field amplitude Jm{[2n(n - 1)/A1D} and all

(b 1t s Yo

come through the aperture Ao(x).
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If the modulator output is Fourier transformed optically as depicted in Fig. 34(b), the Fourier
jmw x
transformlens will focus eachof the plane waves 2 into a small spotof lightat the outputtrans-
formplane of the lens. Inthis example each spot of light will have a shape or spatial distribution de-

pendent onthe size of the modulator aperture Ao (x). The peak value of the light intensity of the focused

spot will be proportional to J rzn{[ 2n{n -1}/ 7\0] D} and thus depends upon the depth D of the sinusoidal

deformation in the thermoplastic. The focused spot position will be directly proportional to the
jmw_x

spatial frequency Wy in the plane-wave expression e . Data corresponding to one of the

first orders (m = +1) are usually used. The deformation depth D is then chosen to optimize the

performance of the trancducer in terms of linearity and efficiency.

6.2. PERFORMANCE INVESTIGATION

Our demountable electron gun recording facility was adapted for use as a thermoplastic
transducer. In this effort special coating methods were developed for coating thermoplastic
layers with good thickness uniformity and good optical quality; in addition, provisions for data
writing, readout, and erasure were incorporated. (The major portion of this tranducer effort
was sponsored under a separate contract and intended for different applications.) Transducer

performance results importart to satellite-imaging applications are described below.

The recording and coherent optical readout arrangement used to assess transducer per-
formance is shown in Fig. 35, The collimated readout laser beam of variable diameter (3 mm
to 50 mm) passes through the side entrance window of the TP transducer, reflects off an in-
ternal mirror to illuminate the TP surface, and passes through the TP and its substrate at an
angle of 30° from the surface normal. The emergent beam is phase-modulated by the re-
corded data and then passes through the Fourier transform lens. The output transform plane
is located about 250 mm from the output surface of the lens. The light intensity distributior
was observer both at the transform plane and also after magnification. Magnification was pro-
vided by a 4 mm focal length microscope objective lens with the magnified transform plane ob-
served at zbout 1200 mm beyond the magnifying lens. The light intensity distribution in the trans-

form plane, both unmagnified and magnified, was recorded on Polaroid film.

Electron beam writing was done with an unmodulated, 35 x 35 mm square raster at a
selectable scan line repetition rate and a selectable number of lines per raster. Pulse modula-
tion along each scan line was also accomplished. In this way either one- or two-dimensional
gratings could be recorded to simulate radar data corresponding to either one- or two -point
scatterers on a rotating object.

To adequately evaluate transducer feasibility in a future real-time optical processing sys-
tem, modulation rates as high as 10 MHz were used. This rate exceeds the video bandwidths
of both the ERIM Rotating ¥:atform Radar and the RADC Wideband Pulse Compression Radar.
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The spatial frequencies of the test recordings were chosen sufficiently high so that the number

TR - T

of resolvable recorded elements within the processing aperture would exceed the number of
: ; range and cross-range resolution cells required to adequately image a satellite (typically on
the order of 100 x 100 cells). ‘

The TPtemperature was held constant with a fixed heater voltage Vc = 16.5 Vdc; this resulted
in a temperature Tpo = 459C at the center of the outside surface of the TP substrate. The re-
cordiny procedure typically consisted of writing a single raster (one exposure), allowing the de-
formation to develop, and then erasing while constant TP heater temperature was continuously

maintained. At the constant TP temperature (and without application of a heat pulse for in-

creased speed of development or erasure) the recording deformationsdeveloped in about 10 sec-
onds and erased in about 600 seconds. With pulsed heating superimposed on a bias tempera-

ture level, development and erasure in less than a second can be realized.

Test recording was done on a TP coating about 5 ym thick which was coated over a 50 x 50
mm square by the gravity set'’d method. A quartz substrate with a tin oxide coating mea-
suring 50 ohms edge-to-ed.;e was used. The TP coating uniformity on this substrate prior to

recording is indicated by its interferogram in Fig. 36.

Using the transducer and optical processing arrangement of Fig. 35, simple grating-type
test signals were written onto the thermoplastic and then examined at the Fourier transform
output plane. Examples of the light distribution in the transform plane are shown in Figs. 37
through 40. Figure 37(a) depicts the single focused spot of light which results when no data has
been written on the TP and its surface is smooth. The distribution of Fig. 37(b) shows the center
or zero order spot and a symmetric distribution of plus and minus order spots in the trans-
form plane resulting from a 35 X 35 mm raster (one-dimensional grating) of 500 lines on the TP.
The presence of orders as high as order six would not occur in the eventual mode of operation
of the transducer and results here from the intentionally high level of exposure (three super-
imposed exposures). In addition, the effects of an extraneous modulation can be seen in Fig.
37(b) as evidenced by the very low intensity light distribution around the zero order caused by
optical reflections in the test setup. Figure 37(c) shows the transform plane distribution re-
sulting from a 35 x 35 mm raster containing 1000 lines written with a single exposure. In
Fig. 37(d) is the transform plane for a two-dimensional crossed grating having 500 lines in one
direction and 800 lines in the other. Figure 37(e) is « magnified Schlieren image of a 500-line
raster recording.

To examine optical quality of the real-time transducer,2 magnification of an individual
order or spot in the transform plane is informative. For a given illuminated data aperture we
look for evidence of diffraction-limited performance. A magnified version of the zero-order or
first-order transform plane spots is given in Figs. 38 through 40. In Fig. 38 is the magnified
light intensity distribution of the transform plane when the TP and substrate are not present.

Essentially diffraction-limited performance can be seen for both the 12 mm and 25 mm diameter
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FIGURE 36. MACH-ZEHNDER INTERFEROGRAM OF TYPE
BO THERMOPLASTIC-COATED QUARTZ/TIN OXIDE SUB -
STRATE
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(a) No Recording, Smooth TP Film

(b) Raster Recording, 500 Lines

(c) Raster Recording, 1000 Lines

(d) Raster Recording, 500 Lines,
800 Pulses Per Line

(e) Schlieren Image of 500 Line
Raster

FIGURE 37. TRANSFORM PLANE LIGHT INTENSITY DISTRIBUTION ¢
FOR VARIOUS TP RECORDINGS
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FIGURE 38. MAGNIFIED ZERO ORDER
SPOT: TP PLATE NOT PRESENT IN
TRANSDUCER

FIGURE 39. MAGNIFIED ZERO ORDER
SPOT: WITH TP PLATE INSTALLED
BUT NO RECORDING ON TP

FIGURE 40. MAGNIFIED FIRST ORDER
SPOT: TP PLATE WITH 500 LINES IN
35 x 35 mm RASTER

25 mm 12 mm

Aperture Diameter
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CONFIDENTIAL

readout beams. This spot distribution represents the transducer impulse response without
the recording plate. For the case where the TP-coated plate is installed but not written upon,
the resultant magnified zero order spot (Fig. 39) again indicates good optical quality or good

spatial impulse response for the transducer. Analogous data for the first-order spot obtained,

by Fourier transformation of the light diffracted by a 35 x 35 mm raster containing 500 lines
is shown in Fig. 40. The results shown for the 12 mm and 25 mm diameter illumination aper-

ture of the 35 x 35 mm raster are of good quality and nearly diffraction limited.

In summary, the thermaplastic data storage technique has been shown to have a
sound potential for application as a real-time transducer for optical processing of rotating
object radar data. The experimental transducer {acility demonstrated a video bandwidth of at
least 10 MHz, data storage with good optical quality over apertures containing at least 400 x

400 resolvable recordud elements, and rapid development and erasure.
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CONCLUSIONS AND ;{ECOMMENDATIONS
{C)Recording radar data in a polar format for subsequent optical processing has been shown
to provide a simple and practical way to obtain very fine resolution imagery of rotating objects.
The usual resolution limitation of rotating-object radar imagery imposed by motion through reso- -
lution cells is removed by means of this technique. Imagery of test objects placed on a rotating :
platform demonstrated that resolution of nearly one radar wavelength could be achieved. More-
over, the use of a polar recording format provided a convenient way to optically process radar

data over large angles of rotation to improve the shape recognition of specular objects.

The imagery shown in this report was obtained under controlled experimental conditions
in which the rotation rates of the test objects were known and no gross translation effects were
present. Therefore, future investigation should be directed toward optically processing actual

satellite data—for example, data from the RADC Wideband Pulse Compression Radar.

Experimeuws have shown that the thermoplastic data storage technique has sound potential
for use in a real-time optical processing sysiem. It is recommended that a breadboard version
of a real-time thermoplastic transducer utilizing a polar storage format be developed to investi-

gate real-time optical processing of radar data from the ERIM Rotating Platform Radar Facility

as well as from the RADC Wideband Pulse Compression Radar,
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