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lmultidimensional Pourier transform. The above principles embody the foundation of
3-D tomographic or projective imaging radars capable of furnishing unprecedented
resolution through a judicial combination of angular (spatial), spectral, and
polarization diversity.

During the period of this report efficient methods for accessing the 3~D
Fourier space of conducting and dielectric objects were studied and implementad
using a versatile automated microwave measurement and imaging facility. -
cility is capable of simulating any innovative or existing radar imag configu-~
ration in the (2-18) GHz range cost-effectively, i.e., without having to actually
build a prototype of the imaging aperture. Polarization diversity and automated
digital correction of the acquired data for system response and anechoic chamber
clutter are provided for. Plans for extending the capabilities of this facility
wall into the millimeter range are underway. High resolution projection images of
complex objects were obtained for the first time from realistic data collected
with this facility utilizing wavelength and polarization diversity measurements
in the (6-17) GHz. Three-dimensional resolution of one to twocentimeters was dem-
onstrated for both conducting and dielectric bodies of complex shape. Efficient
accessing of the Fourier space was achieved with the aid of a unique target de-
rived reference (TDR) technique that can synthesize the equivalent of a reference
point on the target during data processing. The many advantages of the TDR method
make the implementation of 3-D tomographic imaging radar concepts practical. Use
of polarization information and appriori knowledge of object symmetry are shown coL
lead to image enhancement and to achieving projection images of several test ob-
jects,including a scale model of a B-52,with unprecedented resolution. Similar
projection images of dielectric bodies show the excellent potentisl of 3-D to-:j

graphic imaging techniques in nondestructive evaluation (NDE) specially when thes.
are extended to the millimeter wave range.

Several hybrid (opto-digital) 3-D image reconstruction and display methods
potential of real-time operation were studied. These lead to the development of a
Fourier camera, an incoherent Fourier transform (F.T) technique, suited for use

tronic in nature and is based on the projection-slice theorem. Wide dynamic range
tand complex operation are achieved by elimination of the dynamic bias problem

real and imaginary parts of an input function. Throughputs of one to two orders
of magnitude better than digital array processors appear feasible.

The above research is providing the foundations of a new generation of imaging
radars capable of yielding 3-D image detail of distant objects with near optical
resolution or better especisllywhen operation through atmospheric turbulence and
inclement weather is desired.

" Also during the period of this report work was initiated on the use of fre-
quency diversity in 3-D imaging of incoherent objects. Experiments conducted
using scoustical noise and ctoss-spectrsl power density measurements have yielded
high resolution projection image of a 3-D distribution of acoustic noise emitter
establishing thereby for the first time the validity of accessing the Fourier

This work has importsnt implications in incoherent imaging where the spectral conq
tent of random wavefields is utilized to gain information about the 3-D structure
of the emitting object. Work in this area and on our Fourier camera are being
merged in an investigation of incoherent imaging systems that incorporate smart
sultisperture systems akin to those in the compound eye of certain insects. Such.
systems have the promise of being optimized to perform certain detection and
identification tasks better than traditional imaging.

with spatially incoherent scenes including CRT displays. The method is opto-elec-J

that plagues most incoherent F.T schemes and by using two colors to represent the

space of incoherent objects by spectrally selective cross-correlation measurements)

UNCLASSIFIED
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HIGH RESOLUTION FREQUENCY SWEPT IMAGING

1. INTRODUCTION AND STATEMENT OF THE PROBLEM STUDIED

The implementation of high resolution longwave (microwave and acoustic)
hd inverse scattering or holographic imaging systems involves measurement of the
¥z object scattered field over extended recording apertures that subtend suffi-
ciently large solid angles at the object. Because of the discrete nature of

longwave sensors, only a sampled version of the scattered field distribution

over the recording aperture can be recorded. Sampling considerations ordinarily
require dense sampling to avoid retrieved image degradation through deteriora-

tion of the impulse response and aliasing. The cost of implementing such densely

sampled apertures is at present quite prohibitive because of the large number
o and high cost of the coherent sensors needed to form the aperture specially

for the imaging of remote scattering objects where the extent of the aperture

o required to yield useful resolution is quite large even at millimeter wavelengths.
{4 Obviously aperture thimning by reduction of the number of elements can be em-

&f ployed to cut cost. However a systematic study of ordered and random aperture

.."

P

thinning [1],[2] indicates rapid deterioration in resolution and image quality
with degree of thinning. The effect of aperture thinning is best described by
its influence on the shape and level of gide-lobes of the impulse response or

point spread function of the aperture [2]. It is generally true that even with

e R
r’

P

an acceptable degree of thinning, where the deterioration of image quality is

4%
5

B! still tolerable, the cost of longwave apertures remains generally high. To

A
Sy
AP

overcome this constraint we have proposed and studied during the period of this

report the use of target derived reference techniques [3]-[6],[14] and demon-
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e, strated the utility of wavelength diversity [3],[4] as a means of making a
w3 highly thinned (sparse) aperture collect more information about a scattering
;sg * conducting or nondispersive object thus imparting to the aperture a resolution’
%ﬁ? capability better than would be possible monochromatically at the shortest

o operational wavelength case. The effect of wavelength diversity can be ex-
f%é plained 1? terms of spectral aperture synthesis or as trade-off between costly
;EE spatial degrees of freedom associated with the number of elements and the less
o costly spectral degrees of freedom associated with wavelength diversity. Spe-
'g* ' cifically one can show from inverse scattering theory [3]-[8] that coherent
i% multiaspect monostatic or bistatic measurements of the far field scattered by

N a plane wave illuminated nondispersive object as a function of frequency, can
:353 be used to access the 3-D Fourier space I'(p) of the object scattering function
?%S Y(r), T and F'being 3-D position vectors in object space and Fourier space, re-

spectively. The scattering function represents the 3~D geometrical distribution

;\g and strength of those object scattering centers that contribute to the measured
%:f field. Normalization of the measured field for range-phase, clutter, and system
,; frequency response leads in principle to accessing a finite volume Pm(S) of the
f%% Fourier space I'(p). It is possible then as shown by computer simulation in
?%ﬁ references [3] and [4] to retrieve a diffraction and noise Limited version yd(;)

of the object scattering function v(x) by 3-D Fourier inversionm.
Our research program in wavelength and polarization diversity imaging involves

the analytical, numerical, and experimental evaluation of the potential and utility

of the concepts briefly outlined above for developing the foundations of a new

s " #
; M generation of cost-effective imaging radars capable of providing 3-D image in-
7o
X , ..
ﬁq formation about distant scatterers either tomographically or projfectively with
T
.y near optical resolution or even better. Such capability will be valuable in
o ‘
.
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remote and medium range object identification and classification, in develop-
ing criteria for radar-cross section management (enhancement or reduction), in
nondestructive evaluation (NDE), and remote imaging for damage assessment.

To this end, our research during the period of this report has focused on
the study and assessment of efficient and "smart" procedures for data acquisition
employing novel TDR techniques. These techniques applied in the 6-17 GHz regime
have enabled the accessing of a single slice in the 3-D Fourier space of complex
shaped test objects and subsequent reconstruction of a projection image of the
3-D distribution of scattering centers. Unprecedented centimeter resolution has
been demonstrated using realistic data collected in our Experimental Microwave
Imaging Facility for a relatively small number of angular "looks" or object
aspect angles. Despite their excellent quality, these microwave images indicate
several avenues for improvement that have the potential of making them approach
and perhaps exceed the quality and resolution of optical and IR ‘imagers whose

resolution is limited by turbulent or inclement atmospheric conditions realizing
thereby the full potential of wavelength and polarization diversity imaging tech-

niques predicted by theory.

Constraints on accessing the Fourier space over the extended volumes required

for the study of true 3-D tomographic imaging imposed by limitations on the
volume of data that can be stored in and handled (for example by our present

MINC 11/03 computer) have prompted us to examine the concept of tomographic (and
projective) image retrieval from incomplete Fourier space data [9] whereby the
Fourier space of the scatterer is accessed over a curved surface instead of over .
8 volume as would ordinarily be needed in order to retrieve 3-D object detail.
The results (see Appendix V) pave the way for a realistic way of studying 3-D
tomographic imaging of scale models of aerospace and other man made objects

from actual dats collected in our anechoic chamber measurement facility.

-3-

0 % 2

£y

wod

A N I T VAN e L e e et :
NN AT SR . vy S R WO S I SR




P

I Tt

T

!, 9:-.";}&2{. e

e

-
s

o

) &

7 &7

LT

L s

%,
v

During the preceeding period of the program the emphasis has mainly been
on the development of static stepped frequency measurement techniques suitable
for use in automated measurements of objects that are stationary while the data
is being collected. Dynamic frequency swept data acquisition techniques are

needed in the imaging of moving targets. We have started the study of such

- dynamic methods and these will be receiving increased attention in our work.

These are being developed for use in demonstrating near optical microwave imagery
of for example a passing aircraft.

The thrust of our research in wavelength and polarization diversity in the fu-
ture will therefore be aimed at the study and development of efficient dynamic data
acquisition techniques that can be applied outside the confines of the laboratory
and on the detailed study of iethods of improving image quality which include the
use of a prioni knowledge and robust (noise tolerant) deconvolution for image
enhancement and restoration. The fact that the 3-D accessed Fourier space data
can be reduced in dimensionality to 2-D or 1-D through the application of the
prt;joction-slicc theorem will allow the study and comparison of the effective-
ness of 1-D and 2-D enhancement and restoration methods. In fact, reduction of
dimensionality is proving to be 2 most useful and powerful tool in our research
in image understanding and processing.

An snalysis of the point-spread function (PSF) of idealized wavelength di-
versity imaging systems shows that considerable advantages of improved resolution and
speckle suppression can be obtained by increasing the spectral range beyond the 6-~17
GHz range utilized so far in our experimental studies. This is expected however to
lead in practice to situations where spectral information can be collected only
over separate non overlapping segments of the overall spectral window desired where

high power sources, receivers and other gear are available. A segmented spectral
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window will then result leading to the accessing of the Fourier space over un-
connected regions. The feasibility of using robust interpolation methods to "£111

in" the data in the missing bands will therefore be comnsidered in our future research.
The experimental counterpart of this future research requires extending the lower
frequency bound of our measurement system down to 2 GHz or lower and the upper bound
initially to 40 GHz. Reducing the lower bou#d of our system from 6 GHz to 2 GHz is
particularly important for supressing certain resonance effects apparent in the images
retrieved so far, while increasing the upper bound will lead to visualization of
finer detail of the test objects utilized in our studies. The net effect is expected
to be a dramatic improvement of image quality beyond the good images of Laboratory
scale objects already obtained and to better prediction of the imaging performance

of broadband microwave systems with real-world objects.

To fully utilize the 3-D imaging capabilities of wavelength and polarization di-
versity imaging we have been also concerned with the study of high speed hybrid
(opto-digital) computing as a means for true 3-D image reconstruction and dis~
play. The ability to display a true 3-D image is extremely important for ex-
ploiting *-e full potential of the human eye-brain system in recognition specially
vhen the number of the 3-D distributed microwave scattering centers on a visualized
target is limited. One hybrid computing scheme being studied (see Appendix VI)
is based on cgrrying out a series of 2-D optical Fourier transforms of weighted
profection holograms,corresponding to different slices of the object, at very high

Afrane rates employing incoherent light. The ability to perform 2-D fourier
transforms of natural scenes at high speed with this scheme provides a new means
of 3-D image formation based again on the projection~slice theorem which will be
considered also in our future work in addition to our research in 3-D incoherent
imaging techniques based on spectrally selective cross-correlation measurements

(see Appendix IX). Both of the above aspects of our research are leading our
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research to the consideration of multiaperture systems capable of performing
specific remote sensing tasks with high efficiency as in certain biological

systems [10],[11].

2. SUMMARY OF IMPORTANT RESULTS

The research program covered by this final report was initiated to study
and develop optimal data acquisition and image reconstruction procedures suit-
able for use in inverse scattering and three-dimensional microwave imaging by
wavelength and polarization diversity. Important findings and accomplishments
of the program and conclusions that can be drawn from them are summarized below.
Details are found in Appéndices I to XI.

(a) The first centimeter resolution microwave projective and tomographic

imagery of scattering centers of a complex conducting target from data measured

utilizing frequency, angular, and polarization diversity techniques is demonstrated.

This is achieved with realistic microwave scattering data obtained with a versa-
tile experimental microwave imaging facility consisting of a network analyzer
that was designed, assembled and installed in an anechoic chamber environment
under partial support from this program. A variety of test targets are utilized
in the study ranging from simple to complex shaped targets. Digital signal pro-
cessing techniques are employed in the preprocessing and image retrieval.

(b) Several TDR (target derived reference) schemes were conceived and

evaluated for the purpose of removing the range-phase term from the collected

&.

data to facilitate accessing the 3-D Fourier space of the scatterer. One of

Te s
Al i

these involving: (i) precise range estimation from each coherent T/R (trans-

mitter/receiver) station interrogating the target from different aspects to a
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prominent visible scattering center on the target or to a scattering centroid,

and (11) use of successive cross-correlation of adjacent angular records for
fine phase-adjustment "phase tweeking", was shown to be practical enabling the
retrieval of imagery with unprecedented resolution.

(c) Microwave image reconstruction using a filtered-back projection
scheme as opposed to the Fourier inversion scheme was studied and demonstrated
for the first time in microwave imaging.

(d) Three-dimensional imaging of dielectrics was studied and demonstrated
in the context of non-destructive evaluation.

(e) The utility of our microwave measurement facility, not only in micro-
wave imaging studies, but also as a versatile tool for characterizing and evalu-
ating the performance of microwave components and devices such as antennas, ampli-
fiers, modulators ... etc., and in instrument calibration over a wideband of fre-
quencies covering 2-18 GHz range was established.

(f) High quality images were obtained using digital image reconstruction
algorithms based on far field inverse scattering considerations under the physical
optics ;nd Born approximations. These demonstrate that the physical optics

scattering regime can furnish a viable approach for imaging the scattering centers

of an object.

(g) The multiaspect frequency response data used in image formation were
obtained from far field measurements done without having to maintain phase co-
herence from one frequency response measurement to another. This has important
implications when multi-aspect interrogation of the scatterer with an array of
widely spaced broadband monostatic coherent transmitter/receiver stations is em-
ployed as the mode for data acquisition. It means that maintenance of phase co-

herence between the sources at the various stations is not essential during data

acquisition. The phase coherence is introduced through the TDR technique during data




-----
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This eliminates the need for reference signal distribution networks

processing.

which are known to be a major obstacle in the realization of giant microwave co-
herent imaging apertures because of economical and practical constraints on their
implementation and is expected to considerably reduce atmospheric phase distortions
and doppler effects in wavelength diversity imaging of remote moving targets.

(h) A study of phase retreival from amplitude data in the context of in-
verse scattering and wavelength diversity imaging was conducted because of the
great simplicity of measuring amplitude alone instead of amplitude and phase.

It is found that the individual frequency responses of a scatterer are causal

but not minimum phase. As a result phase retreival from amplitude through the
Hilbert transform does not appear to be viable. Preliminary results of a digital
simulation show however that phase information retreived from multiaspect amplitude
responses of a test object consisting of a collection of point scatterers yields
the correct image plus additional spurious detail. Further investigation of

this aspect of our study is planmed.

(1) The Fourier domain slice data accessed by the microwave imaging sys-
tem described in our work (see Appendix VII) is identical to the Fourier domain
data that one might access in the inverse SAR geometry of Fig. 2 (a) of Appendix
V1I or the imaging radar network geometry of Fig. 2 (b) of Appendix VII. The
equivalence of the latter two geometries can be verified by drawing the p-space
sampling format for these equivalent geometries to find that they are identical d
since both access the ;;space of the scatterer over the same range of aspect angles
one doing so sequentially in time as the scatterer progresses in its flight and the y
other acquiring the same data all at once. The question of ;;space data acquisition
in the presence of scatterer motion iz not discussed in our reported work since

the emphasis has been on imagery of stationary scatterers in an anechoic chamber

-8-




environment. As mentioned earlier a study of accessing the ;;space of a scatterer

in the presence of relative motion is currently underway.

A BV aA s e -

(3) Because the TDR technique results in a recording configuration similar

‘d

to that of a lensless Fourier transform hologram, the resolution and spacial
sampling requirement from the recording device (recording aperture) are greatly
relaxed. This leadsto significant reduction of the aumber of receiving elements
in the recording aperture that are needed to achieve good image quality.

(k) Because in addition to being dependent on geometry the dimensions of
the acquired three-dimensional data manifold in p-space are dependent on the
spectral range of the incident wave, super-resolution (i.e., resolution beyond
the classical limit of the available physical aperture) is achieved. This aper-
ture synthesis by frequency diversity further helps in cutting down array cost,
since a highly thinned array aperture can be used to frequency synthesize a
larger array with higher filling factor.

(1) One of the significant accomplishments of this phase of our program
has been the use of a vector reformulation of inverse scattering in an experi-
mental demonstration of frequency diversity imaging that accounts f£:1ly for
the vector nature of the electromagnetic field and provides therefore ways in
which polarization diversity can be utilized to improve image quality.

(m) Customarily, the scattering function y(r) (see Appendix VII) is
identified as the scattering function of the object, defined when the object is
perfectly reflecting as unity within it and zero outside [7],[8]. The results
presentzd in Appendix VII show that in practice y(;) can assume zero values on
P those parts of scatterer's surface that are not seen by the imaging system (i.e.,
do not scatter radiation in the direction of the observation points but rather
scatter it specularly away from them). An example is found in the case of the

flat wing sections and other gross detail in imagery presented in Appendix VII.
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(n) The data collected by a thinned array of coherent receivers inter-
cepting the wavefield scattered from a distant target, as the frequency of its
illumination and/or its direction of incidence is changed, can be stored as a
three-dimensional data manifold in Fourier domain from which a 3-D image of the
target can be retrieved by means of (i) a three-~dimensional Fourier transform,
(11) a sequence of two-dimensional Fourier transforms based on the weighted
Fourier projection theorem, or (iii) a sequence of one-dimensional Fourier
transform and using the filtered-back-projection theorem. The PSF (Point
Spread Function) is spatially variant since the size and shape of the three-
dimensional data manifold in E;space and therefore the PSF and resolution will
depend on the relative positions between the target, transmitter and receiving
array and also on the spectral range of the illumination utilized.

(o) Assuming the scattering process is linear, the frequency response
of a scatterer is related to the impulse response by a Fourier transform. This
means that when impulse illumination is utilized, instead of frequency swept
illumination, a three-dimensional manifold in B;Gpace may be generated by
Fourier transforming the far field 1mbulse response measured at each receiver,
correcting for unequal delay times, and storing the result in p-space of the
object at the values of'; accessed by each receiver. The image reconstruction
algoritims utilized in our work and referred to earlier can then be used to yield
three~dimensional image information. Time domain inverse scattering concepts
as extensively studied for example by Moffatt [12] and Bennett [13] are then
applicable.

(p) Projection imagery of characteristic highlights or scattering centers
of complex shaped targets of the kind employed in our work is shown to provide
sufficient geometrical image detail to enable target classification and identifi-

cation which is the goal in a modern imaging radar system.




(3) The centimeter resolution referred to in item (a) is demonstrated
through the use of frequency diversity in the 6-17 GHz range and angular di-
versity over 90° (polarization diversity that combines two orthogonal states of
polarizations in the data acquisition can also be used) and through the use of
digital image reconstruction and enhancement algorithms. Excellent microwave
image quality is obtained from data contained in a single finite slice of the
Fourier domain accessed in a polar format of 128 equally spaced radial lines
covering an angle of 90° with each radial line containing 128 complex data
points covering a spectral window of 6-17 GHz. A study, of the effect of
angular aperture reduction and thinning, shows that reducing the number of radial
lines (angular looks) covering the 90° angular aperture from 128 to 32
causes little change in image quality while narrowing the angular aperture
to 45° does not degrade the image quality to a degree that renders it un-
recognizable.

(r) The retrieved image is nearly free of speckle noise which'plagues
conventional coherent imaging systems. Speckle noise suppression is attributed
to frequency diversity which tends to suppress and smooth out the side-lobes of
the impulse response (or PSF) of a coherent imaging system making it behave
thereby like a speckle-free incoherent imaging system as discussed in Appendix X.

(s) The range resolution of the wavelength diversity imaging process
studied in our work will not deteriorate with range to the target, as long as
signal-to-noise ratio and the extent of the spectral and angular (aspect)
windows utilized are preserved. This lends credence to the proposal of cost-
effective, extremely broadband coherent radar networks composed of several tens
of stations distributed over continental distance for use in the imaging and
identification of aerospace targets with centimeter resolution. Such reaolutién

may surpass the capability of conventional optical system whose resolution, un-

S S DAt i Tt St A AT /S A AP i S A I et il . LA s e 2t el - gl ey



TESTITIE TSI

—a-m -man:

like microwave systems, is severely degraded by atmospheric turbulance.

(t) Linear and nonlinear digital image processing using a priori and a
posteriori knowledge can be applied to modify the original reconstructed image to
an enhanced version more informative subjectively pleasing to the observer. This
indicates that a powerful image processor is a necessary tool for the future re-
search work in the M.0./E.O. Laboratory. In the future this will be achieved by
connecting our MINC 11/2 computer to a VAX 750 made accessible to our work by the
Artificial Intelligence and Robotics Laboratory of the Moore School.

(u)’ The techniques developed demonstrate that microwave tomographic
imaging systems can be used in the study of not only conducting scatterers
but also dielectric objects for non-destructive evaluation.

(v) The results of the tomographic imagery presented in this report show
that more research work is necessary in studying recording geometries and
image processing in order to present a three-dimensional tomographic image cost-
effectively, for example through the use of inverse convolution (deconvolution)
techniques that can remove the effect of the PSF of the ;;SPlce accessed by
the highly thinned semi-circular apertures considered in Appendix V.

(w) The microwave imaging approach studied in our work has the potemtisl
of being implementable in a real-time microwave imaging radar with the aid of
advanced microwave instrumentation such as comb generators, channelized receivers,
monopulse trackers, and array processors and coherent and noncoherent hybrid
(opto-digital) computing devices that have the potential for furnishing true 3-D
image display.

(x) The concepts of 3-D tomographic and projective imaging by wavelength
and angular diversity studied extensively in our work are extendable to inter-
ferometric imaging of 3-D incoherent objects (see Appendix XI). Preliminary ex-

perimental results obtained using ultrasound are extremely encouraging. These
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3 lay the foundation for passive imaging radiometers in which the spectral degrees

" of freedom of the random wave-field generated by the object can be utilized to

) obtain 3-D detail.

S We conclude this section by noting several areas of application which would
benefit from the findings reported here when either microwave or acoustical

. radiations are utilized.

}; (a) Construction of images of distant aero-space objects, surface vessels,
and submerged obhjects.

(b) Nondestructive evaluation of dielectric products and materials.

X (c) Detection and identification of buried objects.

(d) Biomedical imaging of tumors for medical diagnosis.

(e) Active or passive remote sensing for resource identificationm,
recovery, and management.

(£) Prediction of storms and tornados.

(g) Analysis and synthesis of microwave networks.

(h) Speech analysis.
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APPENDIX 1

THREE DIMENSIONAL IMAGING BY WAVE-VECTOR
DIVERSITY

(Paper presented at the 8th Int. Symp. on Acoust.
Imaging, Key Byscayne, Fla. and published in
Acoustical Imaging, Vol. 8, A.F. Metherell (Ed.),
Plenum Publishing Corp., New York, 1980)
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(Plenum Publisning Corporation, 1980)

THREE DIMENSIONAL IMAGING BY WAVE-VECTOR DIVERSITY

N. H. FARHAT and C.K. CHAN
University of Pennsylvania

200 S. 33rd St., Philadelphia, PA., 19174

ABSTRACT

A method for the three dimensional imaging of objects by wave-
vector diversity (frequency and viewing and/or illumination angle
diversity) is analyzed using a Fourier Optics approach. The anal-
ysis is applicable to two classes of objects of practical interest
namely weakly scattering objects and perfectly reflecting objects.
It is shown that under frequency swept plane wave illumination the
data collected by an array of receivers deployed in the far field
of the object represents a 3-D data manifold that is within a
quadratic phase factor equal to the 3-D Fourier transform of the
object function. Methods for removal of the quadratic phase factor
vhich otherwise can lead to image distortion are discussed. By in-
voking Fourier domain projection theorems we show that the dis-
tortion corrected 3-D data manifold can yield a reconstruction of
the object slice by slice or all at once using integral holography.
Similarities between wave-vector diversity imaging and possible
"imaging” features in certain cetacean and in the bat are pointed
o“t L]

1. INTRODUCTION

The development of longwave (acoustic or microwave) holo-
graphic imaging systems possessing resolution and image quality
approaching those of optical systems is hampered by three factors:
(a) prohibitive cost and size of longwave imaging apertures, (b)
inability to view a 3-D image as in optical holography and (c) de~
gradation of image quality by speckle noise because of the low
numerical apertures aitainable with present techniques. For ex-
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A ample, a longwave imaging aperture operating at a wavelength of

,:i 3 cm should be about 3 km in size in order to achieve image re-

;: solution comparable to an ordinary photographic camera. In

& addition to inconvenient size, the cost of filling such a large -
aperture with suitable coherent sensors is clearly prohibitive.

¥ : Furthermore, recall that in conventional longwave holography when

S optical image retrival is utilized, it is necessary to store the

] : longwave hologram data (fringe pattern) in an optical transparency . -

.& suitable for processing on the optical bench using laser light.

L4 In order to avoid longitudinal distortion* of the reconstructed

: image, the size of the optical hologram replica must be
Ny m (= Along/Alaser) times smaller than the longwave recording aper-
- ture. For the example cited earlier, this means an optical holo-
) gram replica of less than a millimeter in size. It is certainly

’y not possible to view a virtual 3-D image through such a minute

% hologram even with optical aids since these tend to introduce their

- own longitudinal distortion. As a result, longwave holographers

‘ have long learned to forgo 3-D imagery and settled instead for 2-D

% imagery obtained by projecting the reconstructed real image on a

*Q screen. This permits lowering of the reduction factor m and con-

:q sequently lowering of the resolution requirements of the photo-
graphic film. This permits in turn the use of highly convenient

! Polaroid transparency film for preparation of the optical hologram
replica. Because of the small size (measured in wavelength) of

. longwave apertures attainable in practice and the above method of

:: viewing the real image, speckle noise is always present leading

e to degradation in image quality.

A"

N
"

v

In this paper we describe and analyze an imaging method that
utilizes wave-vector diversity (frequency and viewing and/or
illumination angle diversity) that circumvents the limitations
discussed above. It is worthwhile to point out that our studies of
wvave-vector diversity imaging (or frequency swept imaging) are
motivated to a large extent by evidence of super-resolved "imaging"
capabilities by frequency sweeping in certain cetacean and in the
bat which are known to use frequency swept signals in their "sonar".
We first present the theoretical principles of the method.
Fourier-domain projection theorems are discussed next and utilized

q ; lu.iu.-.e.;

:3 to illustrate the ability of the method to provide 3~D image infor-
-fﬁ mation. This is followed by a presentation of the results of a Ny
e computer simulation. Finally the features of wave-vector diversity
35 imaging are summarized and the similarities to "imaging" procedures
e in the dolphin and in the bat are pointed out.

N

1:j *Longitudinal distortion causes for example the image of a sphere to
-:, appear elongated in the range direction like a very long ellipsoid.
oy
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2. ANALYTICAL CONSIDERATION

In this section we present a Fourier-Optics analysis of wave-
vector diversity imaging first of a two dimensional object in which
there is no restriction on the object orientation relative to the
transaitter and the receiver. This is followed by extension to
three dimensional objects.

Consider an isolated planar object of finite extent with
reflectivity D(ﬁo), where B, is a two dimensional position vector

in the object plane (x4,y,). The object is illuminated as shown

in Figure 1(a) by a_coherent plane wave of unit-amplitude and of
wave vector ti -k iki produced by a distant transmitter located

at Rp. The wavefield scattered by the object is monitored at a
distant receiver at KR lying in the far field region of the object.
The position vectors 50. Rt and Ry are measured from the origin of
a cartesean coordinate system (x,,y,,Z0) centered on the object.
The object is assumed to be nondispersive i.e., D is independent of
k. _However, when the object is dispersive such that D(py,k) =
Dl(pl)Dz(k) and D, (k) is known, the analysis presented here can

easily be modified to account for such object dispersion by correct-
ing the data collected as k is changed for D (k).

Referring to Figure 1(a) and ignoring polarization effects,

the field amplitude at ET caused by the object scattered wavefield
may be expressed as,

bR 1 7 DG et Ty °-J:Rrk dd,, ¢

wvhere d5° is an abbreviation for dx,dy, and the integration is
carried out over the extent of the object. Noting that

Tr ™= Bo - ir. ET - -RTIki and using the usual approximations valid

here: rg ~ Rp + pilznR - ig . ;o for the exponential in (1) and
TR ~ BR for the denominator in (1) where Iy = inllk and iki = ky/k
are unit vectors in the RR and ky directions respectively, one can
vrite eq. (1) as,

F)yadk__ e 5)ed PP 45
vk, R) 2 ID(p,) e de,, (2)
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Transmitter

Planar
Object

D(5,} Receiver

n-th Meridonal
Plane

Sy / y°n

- Shadow Region
(it perfectly
h Reflecting 3-D
Object)

D,,(pon)
n-th slice

(b)

Fig. 1. Geometry for Wave-Vector Diversity Imaging of (a) a two
dimensional object and (b) three dinensional object show-
ing a meridonal slice.
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where we have used the fact that the obseryation point is in the
far field of the object so that exp (-] 2RR) under the integral

- sign can be replaced by unity. In eq. (2), § = k (Iy, - Ip) 4
Py ix + Py i& +p, 1, 1s a three dimensional vector whose length

and orientation depend on the wavenumber k and the angular positions
« ° of the transmitter and the receiver. For each receiver and/or

transmitter present, p indicates the position vector for data

storage. An array of receivers for example would yleld therefore

as k is changed (frequency diversity)or as k (=kl, ) is charged

(wave-vector diversity) a 3-D data manifold. The projection of

this 3-D data manifold on the object plane yields y(k,Rp) because

P.Po =Pt - Po=pX * PyYo where p_ = k(ly, ~ 1)y and py-- )
k(lki - ln)y are the cartesian components of the projection p. of p
on the object plane. Accordingly eq. (2) can be expressed as,

e 1k (Ry + Rp) e~ (Pxx, + PyYo)
’ - ZuR, ID(x4550) dx.dy,

(3)

Because of the finite extent of the object, infinite limits can be
assumed and the ingegral in (3) is recognized as the two dimensional
Fourier transform D(p,, py) of D(xo, Yo). It is seen to be depen-
dent on the object reflectivity function, the angular positions of
the transmicter and the receiver, and on the values assumed by the
wvavenumber k but is entirely independent of range. Data containing

5 can thus be collected by varying these parameters. The range in-
formation is contained solely in the factor F = k exp L-jk(RT + RR)]
/27R; preceeding the integral. The field observed at R, has thus

been separated into two terms one of which, D, contains the lateral
object information and the other, F, contains the range information.
The presence of F in eq (3) hinders the imaging process since it
complicates data acquisition and if not removed, gives rise to
image distortion because Ry is generally not the same_for all re-
‘caivers. To retrieve an image of the object via a 2-D Fourier
transform of eq. (3) (vhat can be carried out optically), the factor
¥ must first be eliminated. This operation yields D over a two
dimensional region in the Px» Py Plane. The size of t?is 5cgion,

’

-

-
K|
q
-l
ﬁ
T
.
’i
k)
.1

vhich determines the resolution of the retrieved image depends on ;
the angular positions of the transmitter and the receiver and on &
the values assumed by k, i.e. the width and position of the spectral ]
vindow employed. The later dependence on k implies super-resolution i
L
p
)
'
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imaging capability because of the frequency synthesized dimension
of the 3-D data manifold generated. Because of the dependence of
resolution on the relative positions of the object, the trans-

mitter, and receiver (or receiver array), the impulse response is

clearly spatially variant. In fact a receiver situated at R for
which P is normal to the vbject plane can not collect any laferal
object information because for this condition (p . po = 0) the
integrals in (2) and (3) yield a conatant.

Such a receiver is located in the direction of specular re-
flection from the object where the diffraction pattern is sta-
tionary i.e. does not change with k. In this case the observed
field is solely proportional to F containing thus range infor-
mation only. Obviously this case can easily be avoided through the
use of more than one receiver which is required anyway when 2-D or
3-D objects resolution is sought.

Several methods for the elimination of F from the collected
data appear possible. These include: (a) By furnishing a target
derived reference (TDR) to the receivers by means of Porter's
method (3) (b) By optical filtering (4), (c) By high speed analog-
to-~digitul conversion and storage of the signals detected by re-
ceivers that are furnished with a common reference signal derived
from or phase-locked to the transmitter. In this later case, di-
gital correction for F can then be performed using apriori know-
ledge (obtained by other independent means) of RR for each re-
ceiver. The most attractive of these, the TDR method, is currently
under experimental study.

The analysis presented here can be extended to three dimen-
sional objects by viewing a 3-D object as a collection of thin
meridonal slices (see Fig. 1 (b)) each of which represents a two
dimensional ‘object of the type analyzed here. With the n~th slice
we associate a cartesean coordinate system x,, Yons %0, that differ
from other slices by rotation about the common xo axil. Since the
vectors P, RT and RR are the same in all n-coordinate systems,
eq (3) holds. Yn(k,RT) is then obtained from projection of the
three dimensional data manifold collected for the 3-D object on the
%gs Yon Plane associated with the n-th slice. An image for each
slice can then be obtained as described before. An inherent
assumption in this argument is that all slices are illuminated by
the same plane wvave. This is a reasonable approximation when the
3-D object is weakly scattering and the Born approximation is
applicable or when the 3-D object is perfectly reflecting and does
not give rise to multiple reflections between its parts. In the
later case the two dimensional meriodnal slices D, (P, ) deterior-
ate into contours, such as C in Fig. 1(b) defined by %“e inter-
section of the meridonal planes with the illuminated portion of
the surface of the object.
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|

Accordingly we can write for the n-th meridonal slice or contour,

-1p.0,
- n -
v (&) =FSD (o ) e o, %)
n n
We can regard nn(aon) as the n-th meridonal slice or contour of a
~.‘ three dimensional object of reflectivity U(r) vhere r is a three
<  dimensional position vector in object space. This means that
! Dn(po ) = U(x) 6(:° ) vhere & is the Dirac delta "function". Con-
d uquc%tly eq. (4) bScomes,
ks .
2 -19-5,
o. - -. n -
3 V0 = F U@ 8 (z)) e a5,
n - n
- =jp.r  _
=F JU(r) § (zo e dr (5)

where dr designates an element of volume in object space and where
the last equation is obtaimed by virtue of the sifting property of
the delta function.

Suaming up the data from all slices or comtours of the object
we obtain, f

"jpor

Zyy =FJ U e dr = ¥(p) (6)

because

Z u(r) é (s,) = u(r).
n . n

Assuming that the Factor F in eq. (6) is eliminated as before
by TDR or by other means, equation (6) reduces to

V() = S U@E) & IPT gf 1

The phase or range corrected data W(;) obtained for example
by the TDR method is therefore the 3~D Fourier transform of the
object reflectivity U(r). An alternate formulation to that given
sbove of super-resolved wave-vector diversity e.m. imaging of 3-D
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perfectly conducting objects is possible by extending Bojarski [3]
and Lewis' [4] formulation of the inverse scattering problem to
the bistatic case, along lines that are somewhat different than
those given by Raz [5].

3. THE FOURIER DOMAIN PROJECTION THEOREMS

The preceeding discussion establishes the existence of a di-
rect 3-D Fourier transform relationship between the_object re-
flectivity U(r) and the phase (or range) corrected p space data
¥(p) collected by a coherent array of receivers _forming an imaging
aperture. Image retrieval from the 3-D data w(p) can be carried
out digitally using the fast Fourier transform. This requires
digital data storage and processing. Due to the inherent two
dimensionality of computer displays, the digitally reconstructed
image can be presented to the viewer in cross-sections or in per-
spective. Direct coherent optical processing of the 3-D data
Y(p) is not feasible because the coherent Fourier transforming
property of the convergent lens is confined to 2-D input formats.
A hybrid (opto-digital) approach based on the Fourier domain pro-
jection theorem can circumvent this difficulty. The motivations
for utilization of optical methods are lower cost and high capacity
for data storage together with a prospect for real-time operation
and true three dimensional display.

The underlying principle for hybrid data processing is the
Fourier domain projection theorem. Spatial domain and dual Fourier
domain projection theorems have been utilized respectively in
astronomy [8] and in x-ray crystallography and electron micro-
scopy [9]. 1n this section we will review the Fourier domain pro-
jection theorem then explain its utilization in deriving 3-D image
information from ¥(p).

Let"(p) and U(r) be three dimensional Fourier transform pairs
i.e., rewriting eq. (7)

¥ = fu@e P Tyz 8)
v

vhere t = x°1x+ypiy+z°1 and p = P, 1 +p 1 y*Pz i are position vectors

in object space and Fourier space respectively. In the volume in-
tegral (8) dr designates the element of volume dx dy dz in object
space,

The projection of Y(p) on the px-py plane is

L (px.py) - N'(px.vy.pz.)dpz 9

proj.
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Substituting (8) in (9),

‘
2 =3(px +p_y +p_z_)
A wproj.(px’py) - ‘{u(xo’yo’zo) (Je x0 'y’o "z o'dp,)
]
Fal -

dxodyodzo (10)
If the ; space basis is sufficiently large the integration of the
3' exponential e~JPz, with respect to P, yields approximately 6(:0)
A . and equation (10§ becomes,

3

-i(p_x +p_y_ )

& VYoroj. Px'Py) = ‘{u(xo'yo’zo)G(zo)e x"0 "y'o’dx dy dz
i

3 i ~3(p x +p.y )

; xﬁ’y“t)(xo.yo)e x'0 "y o'dx d .

. . =\ =}P.P_,= (11)
3 fD(Do)e odp
s vhere D(x .y ) = D(Bo) is a the slice through the object U(r)

N through the x ,y  plane.

Equation (11) indicates that the projection of the 3-D Fourier

[ domain data on a given plane is the 2-D Fourier transform of the
- object central cross-section parallel to that plane. It follows
= 3

X from eq. (11) by the inverse transform,

- J(p_x 4p .y )

‘ D(x0,Y,) prroj.(px.py) e~ "x% Ty’o” dp dp (12)
b a
'd

-’ vhich is the required theorem. According to this theorem, the pro-
3 jection of the 3-D transform data on any plane yields a 2-D data

N manifold from which a central cross-sectional outline of the
- illuminsted portion of the object parallel to that plane can be

v obtained via & two dimensional Fourier transform which can be
k’ carried out optically. Photographic transparency records of the

. Fourier domain projections are suitable for use as input to an
optical bench utilizing laser illumination to execute an instan-
taneous optical Fourier transform with the aid of a simple con-~

b vergent lens. This leads to optical reconstruction of the

B corresponding cross-section of the object.

3 True 3-D image reconstruction is possible if one can view all
%f projection holograms simultaneously. The most logical way to pro-
-
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ceed in this regard is to combine all projection holograms into a
single composite hologram which can reconstruct when viewed by an
observor all cross-sectional outlines of the illuminated portion
of the reflecting object simultaneously with correct angular
ordering so that an impression of viewing a true 3-D image is
created. Omne potential method of carrying this out is multiplex
or integral holography [10].

Through the use of what we call Weighted Fourier Profection .
Theorem to be described next, it should be possible to recomstruct
parallel slices of a 3-D object from the 3-D data manifold Y (p).

Let Gq(px,py) be the weighted projection of Y(p) defined by,

- Jap
Ga(px.py) I W(px.py.pz) ez dp, (13)

P,

Substituting for ¢ from eq. (8) yields,

- J ap
ca(px.py) J e z x{,.yg’{o “("o’yo"o)

L

=Jp x +p y +p 2_)
e x o yyo z'o dxodyodzodpz (14)

Carrying out the integration with respect to P, first assuming
the extent of the p space data to be sufficiently large, the
integral with respect to P_ may be approximated by 6(z -a) Equation
(14) can be reduced then :3. °

ca(Px'Py) =- {o ;o U(xo,yo,z° -a)e-j(pxxo+Pyyo) dxody° (15)

which says that Ga(p:,p’) and U(xo.yo.:o =) are two dimensional

Fourier transform pairs. The weighted Fourier domain projection
theorea follows from the inverse transform

U(xo,yo.zo =q) = £x£yc (px.py)oj(pxxoﬂ’yyo)dpxdpy (16)
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Accordingly parallel slices of the object can be reconstructed 1
slice by slice by changing the parameter a . (

’ In practice one_expects that digital storage of the corrected

3-D data msnifold Y(p) produced by a thinned receiver array is more

convenient than optical storage. The projections wproj (Px’Py)

and the weighted projections Gc(px’Py) can therefore be carried out

digitally. Two dimensional Fourier transform of these projections
§4 °~  carried out either digitally or optically (and hence the hybrid

5 nature) permits recovery of the 3-D image information slice by
- slice.

4. COMPUTER SIMULATION

[ Computer simulation of wave-vector diversity imaging of two
o ln diameter perfectly reflecting spheres was undertaken to verify
the method. The simulated geometry is shown in Fig. 2(a) where a
circular array of 50 coherent receivers is assumed to be in the far
field region of the object. The choice of the object was influenced
by the ready availability in the literature of series formula for
the field scattered from a perfectly reflecting sphere under plane
wave illumination (12). The direction of illumination was assumed
to be fixed. Wave-vector diversity was realized by sweeping the
illumination wavelength between 7.5 cm and 15 cm (i.e. case of
frequency swept imaging). The corrected (TDR) data Y(P) collected
by the elements of the receiver array was stored in the computer in
the proper format specified by the values of p = k (1k = 1p)

i

7575

assumed for each receiver. The projection of the stored Y(p) on
the plane of the array vas displayed on the computer CRT display

and photographed to yield the projection hologram shown in Fig. 2(b).
The corresponding optically retrieved image is ghown in Fig. 2(c).

A central cross-sectional outline image of the two spheres that is
parallel to the projection plane is clearly delineated as two
adjacent circles of equal diameter as predicted by theory.

5 2 3 e )

e e

To evaluate the fessibility of reconstruction by parallel
slices, the weighted Fourier domain projection theorem was applied
to the stored data y(p) for the preceeding example.

4 XAASRAL

Preliminary photographs for the images retrieved from weighted
projections for values of a equal to zero cm (central slice as in
Fig. 2(c)), 30 cm and 40 cm are shown in Fig. 3. Although the
quality of these preliminary images is not good they clearly ill-
ustrate the ability to reconstruct in parallel slices by means of
the weighted Fourier domain projection theorem.
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Reflecting Spheres

A, = 15cm (2GHz)
Al \,*75cm (4GHz)
R,/2,:0.5 .
zo 0" %0
/'/ ’ {
Trans-
’ mntu\
25%) .-~ ELA
{/ '
T o™ Citcular Array

of 50 Receivers

(b)

()

Fig. 2. Computer Simulation of Wave-vector Diversity Imaging,
(a) Geometry, (b) Projection Hologram, (c) Retrieved
Central Cross-sectional Image.
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(b)

- (c)

Fig. 3. 3-D Image Retrieval by Parallel Slices for Values of
a=0cm (a), 30 cm (b) and 40 cm (c).
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5. CONCLUSIONS

We have presented the principles of a long-wave imaging method
in which wave-vector diversity, or frequency diversity (when the
direction of object illumination is fixed), is employed to enhance
the amount of object information captured by a broad-band coherent
receiving array deployed in the far field of the object. The main
features of the method whose basic principles have also been
verified by computer simulation are:

(a) the data collected by a thinned coherent array of re- .
ceivers intercepting the wavefield scattered from a distant 3-D
reflecting object, as the frequency of its illumination and/or its
direction of_incidence is changed, can be stored as a 3-D data
manifold in p space from which an image of the object can be re-
trieved by means of a 3-D Fourier Transform. The size and shape
of the 3-D data manifold, and therefore the resolution, depend on
the relative position of the object the tramsmitter (illuminator)
and the receiving array and on the spectral width of the illumi-
nation utilized.

(b) the data collected must be corrected for a quadratic phase
term before it is stored in a 3~D manifold and an undistorted image
of the 3-D reflecting object recomstructed through the 3-D Fourier
transform operation. A bothersome range-azimuth ambiguity is also
avoided through elimination of this quadratic phase term.

(c) one method of achieving this correction is through the
use of a TDR (Target Derived Reference) by means of which the
object or target is made to act as a point scatterer by illuminating
it with a sufficiently low frequency signal that is a subharmonic
of the imaging frequencies utilized. Harmonic mixing of the amp-
1ified and limited signals produced by the reference spherical
wavefront generated by the object at the receiving array elements
with those produced by the imaging wavefronts scattered from the
object should in principle yield the required prhase corrected data.
The use of a TDR has many additional advantages.

These include:

(1) Elimination of the need for a central local oscilla-
tor for the coherent receiving array.

(14) Because the target derived reference source moves
with the target there is greater tolerance to target motion during
data acquisition.

(111) Because TDk results in a recording configuration
similar to that of a lensless Fourier Transform hologram, the
resolution requirements from the recurding device are greatly
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X relaxed. In longwave holography this fact is translated into a .
significant reduction of the number of receiving elements in the ,

| recording aperture. In addition the use of TDR allows us to place
all the resolving power of the recording aperture on the target.

4 This weans that high resolution images of distant isolated targets

should be feasible with array apertures consisting of tens of

i elements. The ability to synthesize a 2-D receiving aperture with a

Y Wells array (11) consisting of two orthogonal linear arrays one of

| transmitters and the other of receivers provides further means

| of reducing the number of stations needed for data acquisition

i without sacrifice in resolutiom.

(iv) Greater immunity to phase fluctuationg arising from
" turbulance and inhomogenieties in the propagation medium because

. both the reference and imaging signals arriving at each receiving
. element of the aperture travel roughly over the same path.

:
L]
!
]
3
i
i

X (v) 7TDR eliminates the range azimuth ambiguity and ex-~
. cessive bandwidth problems that arise in frequency swept imaging
: when the reference signal for the array aperture is derived in-

. stead from the illumination source or a centrally located local

, oscillator phase locked to it.

.

- (d) Because the dimensions of the 3-D data manifold Y(p) in
P space are dependent, in addition to geometry, on the spectral
¢ range of the illumination, super-resolution (i.e. resolution beyond
the classical limit of the available physical sperture) is achieved.
This aperture synthesis by wave-vector or frequency diversity helps
L cut down array cost (since a thinned array can be used) and size.
(e) VFourier domain projection theorems enable the generation
of two dimensional holograms from projections {or weighted pro-
jections) of the corrected 3-D data manifold y(p) permitting there-
by optical image retrieval of the 3-D object in meridonal slices
parallel to the projection planes one at s time (or in parallel
k slices one at a time).

(f) True 3-D image presentation could be possible by combining
;. 8 set of distinct projection holograms, using multiplex or integral
:  holography techniques, into a single composite hologram which can
. recomstruct all corresponding cross-sectional outlines of the

> 1lluminated portion of the object simultaneously yielding thus a

. vViewable true-3D image.

(3) Unlike conventional Longwave holography no vavelength
scaling is required here to avoid longitudinal distortion in optical
reconstruction.

! (h) Because of the broad-band nature of the illumination and
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the aperture synthesis by frequency diversity, reduction of speckle
noise in the fmage is expected.

(1) In the Frequency Swept mode of wave-vector diversity
imaging (i.e. when lki = const.), the collected data at each

receiver repesents a frequency response of the object. Assuming
‘the scatterisg process is linear, this frequency response is re-
lated to the impulse response of the object by a Fourier transform
(2), (13). Tis suggests that when impulse illumination is utiljzed, .
instead of fmequency swept illumination, a 3-D data manifold ¢(p) ) <
may be genetxed by Fourier transforming the impulse response at

each receiver, correcting the data for the Factor F, and storing

the result i sccordance to the corresponding p for each receiver.

The resultisg corrected {(p) can then be employed as descridbed in 4
this paper w yield 3-D image information. Impulse illumination is
desirable iszertain instances of rapid target motion but may be
wmore difficulr to implement than frequency swept illumination.

It is difficult to conclude without noting some extremely in-
teresting sisllarities between wave-vector diversity (or frequency
diversity) imging discussed here and certain features of the sonar
system in mammls such as bottle-nosed Dolphins, whales and bats.

These features have been deduced or hypothesized by several workers
(14)-(17) fom observations of the remarkable acoustical behaviour,
activity duriag echo~location, and anatomical studies of these mammals
especially the Dolphin. Some of the more pertinent features which

we only list mere are: -

(a) All signals emitted are of broad-band nature. They are
either in the form of relatively long chirps (whistles), impulse
like pings or clicks of less than lmsec duration and frequency con-
tent extendisg up to 100 kHz, or low frequency barks rich in higher
harmonics.

(b) Ability to detect signals buried in noise indicating
possible cohesent or corellation processing.

(c) Evidence of the presence of a sensor array in the melon
surface with sensitivity in the 15-100 kHz which might be utilized
for reception of acoustic echos in addition to sensing velocity and
temperature. The lens-shaped fatty body of the mellon, which is
essentially soustically transparent,might also be utilized as a
variable focw acoustic lens for focusing of emitted sound on select-
ed targets.

(d) Evidence of super-resolution capabilities i.e., resolution
exceeding the classical limit of any possible available physical re-
cording apertwe, such as the melon even when assumed to be operating
at the higher frequency range of sound emissions.
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3 APPENDIX II1

N HOLOGRAPHY, WAVE-LENGTH DIVERSITY AND
™ INVERSE SCATTERING

(Paper published in Optics in Four Dimensions,
M.A. Machado and L.M. Narducci (Eds.), Am.
Inst. of Phys., New York, 1981)
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HOLOGRAPHY, WAVE-LENGTH DIVERSITY
AND INVERSE SCATTERING
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ABSTRACT

The use of wavelength diversity to enhance the performance of
thinned coherent imaging apertures is discussed. It is shown that
wavelength diversity lensless Fourier transform recording arrangements
that utilize a reference point source in the vicinity of the object
can be used to access the three-dimensional Fourier space of non-
dispersive perfectly reflecting or weakly scattering objects. Hybrid
(opto-digital) computing applied to the acquired 3-D Fourier space
data 1s shown to yield tomographic reconstruction of 3-D image detail
either in parallel or meridional (central) slices. Because of an
inherent ability of converting spectral degrees of freedom into spatial
3-D image detail true super-resolution is achieved together with
suppression of coherent noise. The similarity of our key
equations to those of inverse scattering theory is pointed
out and the feasibility of using other forms of broadband radiation
such as impulsive, noise and thermal is discussed. Finally, the
possibility of utilizing wavelength diversity imaging in microscopy and
telescopy 1s discussed.

INTRODUCTION

A frequently encountered question in the science of image formation
is how to make an avajlable aperture collect more information about
the scene or object being imaged in order to enhance its resolving
power beyond the classical Rayleigh l1imit. This process is known as
super-resolution and is relevant to all imaging systems whether holo-
graphic or conventional. There are five known methods for achieving
super-resolution. These include: weighting or apodization of the

aperture datal’z; analytic continuation of the wavefield measured over
the aperturd3’4; use of evanescent wave 111um1nations; maximum entropy

methods; and use of the time channe17. Weighting and analytical
continuation techniques are known to become rapidly ineffective as the
signal to noise ratio of the collected data decreases. Maximum
entropy techniques are known to be more robust,as far as noise is
concerned but involve usually extensive computation. Illumination
with evanescent waves is practical in limited situations where full

control of the recording arrangement exists as in microscopy, for example.
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This leaves the time channel approach in which one can collect in
time more information about the object through the available recording
aperture by altering the object aspect relative to the aperture by

means of rotation or linear motiona’g"8 or by altering the parameters of
the illumination such as directions of incidence, wavelength and/or
polarization as discussed in this paper. These latter operations are

known to increase the degrees of freedom of the wavefields impinging on

the recording aperture enhancing thereby their ability to convey information
about the nature of the scattering object. Sophisticated imaging systems
endeavor to convert the nonspatial degrees of freedom of the wavefield, e.g.,
angular, spectral and polarization to spatial image detail, enhancing
thereby the resolution capability beyond the classical Rayleigh limit

of the available physical aperture. Obviously such procedures involve

more signal processing than that performed by conventional imaging

with lens systems or holography.

In this paper we consider generalizing the holographic concept to
include wavelength diversity as a means of enhancing resolution. A
quick examination of the basic equations of holography reveals that
the lensless Fourier transform hologram recording arrangement is
amenable to this generalization. This conclusion is used then as a
starting point for a Fourier optics formulation of wavelength diversity
imaging of 3-D (three dimensional) nondispersive objects. The results
show that measurement of the multiaspect or multistatic frequency (or
wavelength) response of the 3-D object permits accessing its 3-D

_ Fourier space. The resulting formulas are identical to those obtained

from a multistatic generalization of inverse scatteringm’u’12
establishing thus a clear connection between holography and the inverse
scattering imaging problem. The inclusion of wavelength diversity in
holography is shown to have several important features: (a) the
availability of the 3-D Fourier space data permits 3-D image retrieval
tomographically in parallel or meridional (central) slices or cross-
sectional outlines by the application of Fourier domain projection
theorems ; (b) suppression of coherent noise and speckle in the retrieved
image ; (c) removal of several longstanding constraints on longwave
(microwave and acoustical) holography such as the impractically high
cost of the apertures' needed, the inability to view a true 3-D image
as in optical holography because of a wavelength scaling problem, and
minimization of the effects of resonances on the object.

WAVELENGTH DIVERSITY

We start by inquiring into the conditions under which the data
from N holograms of the same nondispersive object recorded over the
same aperture, each at a different wavelength, can be combined to
yield a single image superior in quality to . the image retrieved
from any of the individual holograms.




One approach to answering the question posed above would be to

£

LY

§.

: determine the conditions under which the well known formulas13 for the
focusing condition, magnification and image location in holography can

N be made independent of wavelength. This quickly leads to the conclusion k

; that wavelength independence can be met if a reference point source 3

1 centered on the object is used and proper scaling of the individual :

! holograms by the ratio of recording to the reconstruction wavelength

is performed before superposition 15’24. The former condition isrequired i

Al for recording a lensless Fourier transform holograml4"29, where the
presence of the reference point source in the object plane leads to

the recording of a Fraunhofer diffraction pattern of the object rather
than its Fresnel diffraction pattern because of the elimination in the
recorded hologram of a quadratic phase term in the object wavefield.

’ This is known to result in a highly desirable reduction in the

! resolution required from the hologram recording medium and is therefore of
) practical ‘ importance especially in nonoptical holography. More

y detail of the processing involved in combining the data in multi.-

wavelength hologram can be found elsewherels.

et IR o o P

3 Additional insight into the process of attaining super-resolution
by wavelength diversity is obtained by considering the concept of
3 wavelength or frequency synthesized aperture ‘16'20. The synthesis

of a one dimensional aperture by wavelength diversity is based on
- the simple fact that the Fraunhofer or far field diffraction pattern
of a nondispersive planar object changes its scale, i.e. it "breathes”,
, but does not change its shape (functional dependence), as the wave-
3 length is changed. A stationary array of broadband sensors capable
s of measuring the complex field variations deployed in this breathing
¥ diffraction pattern at suitably chosen locations would sense different
parts of the diffraction pattern as the wavelength is altered, this

i allows collecting more information on the nature of the diffraction
p pattern, and therefore on the object that gave rise to it than if

v the wavelength was fixed (stationary diffraction pattern). Each

% stationary sensor in the array is thus able to collect, as the wave-
i length is changed, and the breathing diffraction pattern sweeps over

it, the same set of data or information collected by mechanically
scanning a sensor over the diffraction pattern when it is kept
q. statfonary by fixing the wavelength. Hence the term wavelength or
N frequency synthesized aperture.

The orientation and location of the wavelength synthesized aperture
for any planar distribution of sensors deployed in the Fraunhofer
N diffraction pattern of a planar object and the retrieval of an image

from the collected data has been treated earlier16’17. It was clear,

‘Q however, that extension of the wavelength diversity concept to the
by case of 3-D objects is necessary before its generality and practical
use could be established.



For this purpose we considered20 as shown in Fig. 1(a) an isolated
planar object of finite extent with reflectivity D(po), where Po

is a two dimensional position vector in the object plane (xo,yo). The
object is illuminated by a coherent plane wave of unit-amplitude and
of wave vector Ei = k Iki produced for example by a distant source
located at Ry. The wavefield scattered by the object is monitored at
a receiving point designated by the position vector RR belonging to a

recording aperture lying in the far field region of the object. The
receiving point will henceforth be referred to as the receiver and the

source point at the transmitter. The position vectors 60. RT and RR
are measured from the origin of a cartesian coordinate system (xo. Yor
zo) centered in the object. The object is assumed to be nondispersive

i.e., D is independent of k. However, when the object is dispersive .
such that D(po,k) = °1(°1)°z(k) and Dz(k) is known, the analysis

presented here can easily be modified to account for such object
dispersion by correcting the collected data for Dz(k) as k is varied.

Referring to Figure 1(a) and ignoring polarization effects, the
field amplitude at RR caused by the object scattered wavefield may be
expressed as,

k - -ji . ;‘ -Jk PR -
vikRg) = &K rog e T T e " &, (1)
R
where dSo is an abbreviation for dxodyo and the integration is carried
out over the extent of the object. Noting that r, = 50,- RT’ RT = -RTIk
i

T
and using the usual approximations valid here: rp - Rp + p§/ZRR -IR. Bo
for the exponential in (1) and ra = Rg for the denominator in (1) where
= Eilk are unit vectors in the “R and Ei directions

1can write eq. (1) as,

respectively, one

-jk(R, + JP.p
w(k, Ry) = %%ﬁh e IRy RR)1'0(50) e 1P - % dpys (2)

In eq. (2) we have used the fact that the observation point is in the far
field of the object,so that exp (-jkqﬁ/ZRR) under the integral sign can
be replaced by unity. In addition, p = k (Tk1 - TR) é pg ix + Py Ty +

P, Iz fs a three dimensional vector whose length and orientation depend
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‘ n-th slice
) (b)

. Fig. 1. Geometries for wavelength diversity imaging. (a) Two dimensional
N object, (b) Three dimensional object with the n-th meridional
(central) slice and cross sectional outline c shown.
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on the wavenumber k and the angular positions of the transmitter and
the receiver. For each receiver and/or transmitter present, p indicates
the position vector for data storage. An array of receivers for
example would yield therefore a 3-D data manifold as k is varied (fre-
quency diversity) or as k (=k1ki) js varied (wave-vector diversity)

The projection of this 3-D data manifold on the object plane yields
w(k,RT) because p . Py = Py » Py = DX, + PyYo where p, = k(Ik. - IR)x
and Py = k(Ik. - IR)y are the cartesian components of the projéction

Py of p on thé object plane. Accordingly eq. (2) can be expressed as,

. -j(p x P.Y,)
K -Jk(RT + R) xo + yyo
vk, Ro) = 7#‘; ¢ R S D(x4g3¥,) ¢ dx dy, (3)

Because of the finite extent of the object, the 1imits on the integral
can be extended to infinity without altering the result. The integral
in (3) is recognized then as the two dimensional Fouvier transform

D(px.py) of D(xo,yo). It is seen to be dependent on the object reflec-

tivity function, the angular positions of the transmitter and the
receiver and on the values assumed by the wavenumber k but is entirely
independent of range. Information about D can thus be collected by
varying these parameters. Note that the range information is
contained solely in the factor F = jk exp [-jk(RT + RR)]/21rRR preceeding

the integral. The field observed at R, has thus been separated into

two factors one of which, the integral, D, contains the lateral object
information and the other F, contains the range information. The
presence of F in eq. (3) hinders the imaging process since it complicates
data acquisition and if not removed, gives rise to image distortion
because R, is generally not the same for all receivers. To retrieve

an image Bf the object via a 2-D Fourier transform of eq. (3), the
factor F must first be eliminated. Holographic recording of the

complex field amplitude given in (3) using a reference point source
located at the center of the object will result in the elimination of
the factor F and the recording of a Fourier transform hologram. This

operation yields D over a two dimensional region in the px.py plane.

The size of this region, which determines the resolution of the retrieved
image depends on the angular positions of the transmitter and the
receiver and on the values assumed by k, i.e. the extent of the soectral
window used. The latter dependence on k implies super-resolution imaging
capability because of the frequency synthesized dimension of the 2-D

data manifold that is generated. Because of the dependence of resolution
on the relative positions of the object, the transmitter, and receiving
aperture, the impulse response is clearly not invariant. In fact

a receiver point situated at RR for which p is normal to the object




...............

E Plane can not collect any lateral object information because for this
- condition (p . Po = 0) the integrals in (2) and (3) yield a constant.

Such receiving point is located in the direction of specular reflection
from the object where the diffraction pattern is stationary i.e. does
not change with k. In this case the observed field is solely propor-
tional to F containing thus range information only. Obviously this
case can easily be avoided through the use of more than one receiver

which is required anyway when 2-D or 3-D object resolution is sought

sy YOI

20,21

i The analysis presented above can be extended to three dimensional
)~ objects by viewing a 3-D object as a collection of thin meridional or
. central slices as depicted in Fig. 1(b) each of which representing

! a two dimensional object of the type analyzed above. With the n-th
slice we associate a cartesian coordinate system X02Yo *Zg that

. : n n

" differs from other slices by rotation about the common Xq axis. Since
the vectors p, RT and RR are the same in all n-coordinate systems,

Y eq. (3) holds. wn(k,RR) is then obtained from projection of the three
: dimensional data manifold collected for the 3-D object on the Xo*Yon

) plane associated with the n-th slice. An image for each slice can

h then be obtained as described before. An inherent assumption in this
argument is that all slices are illuminated by the same plane wave.
This isareasonable approximation when the 3-D object is a weak
scatterer and the Born approximation is applicable,or when the 3-D
object is perfectly reflecting and does not give rise to multiple
reflections between its parts. In the latter case the two dimensional
meridional slices Dn(p° ) deteriorate into contours, such as C in

Fig. 1(b) defined by the intersection of the meridonal planes with
the i1luminated portion of the surface of the object. Accordingly
we can wrrite for the n-th meridional slice or contour,

- -3p.p .
vo(kRe) = Fro (5, ) e °n o (4)
n n
We can regard Dn(So ) as the n-th meridional slice or contour-or a

three dimensional oBject of reflectivity U(F) where ¥ is a three

dimensional position vector in object space. This means that ﬁ

Dn(p ) = U(r) &(z_ ) where § is the Dirac delta "function".
: o cn :
] Consequently eq. (4) becomes, N
: by
3
=
T}
:
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3
’ 8
U . -3p.p, -
N Vy(koRg) = F S U(r) 6 (zon) e n doo
[ ] -p.F (5)
G =F fu(r) s (zo ) e dr
& n
;ﬁ where dr designates an element of volume in object space and where
T the last equation is obtained by virtue of the sifting property
i of the delta function.
‘ﬁz After summing up the data from all slices or contours of the object
) we obtain,
T -
5 _ -jp.r  _ _
’ ty =FLUF) e dr = y(p) (6)
‘ nn
b1
N because
Y
)
?T ﬁ u(r) 6 (zon) = U(r).
32 On assuming that the Factor F in eq. (6) is eliminated as before,
X equation (6) reduces to
¢ . _. -¥p.r _
% ¥(p) =sU(r) e dr (7)
o which is the 3-D Fourier transform of the object reflectivity U(r).
I Thus, wavelength diversity allows one to access the 3-D Fourier space
‘ of a nondispersive object and provides the basis for 3-D Lensless
o Fourier transform holography. An alternate formulation of super-
i resolved wave-vector diversity imaging of 3-D perfectly conducting
) objects is possible22 by extending the analysis of the inverse
3? scattering imaging prob]emw’n to the multistatic case, along lines
- that are similar to but somewhat different from those given by Razlz.
P2 The resulting scalar formulas are identical to (7) thus establishing
:§ the connection between the holographic and the inverse scattering
A approaches to the imaging problem.
[~
" THREE DIMENSIOHAL IMAGE RETRIEVAL
fl The above considerations of multiwavelength holography have pro-
v vided a means by which the 3-D "~urier space of the object can be
5y accessed by employing snychronous detection. It is clear that once
= the 3-D Fourier space data is available, 3-D image detail can be
- retrieved by means of an inverse 3-D Fourier transform that can be

LR

carried out digitally. Alternately, holographic techniques
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can be invoked again. Fourier domain projection theorems“~ that are

dual to the spatial domain projection t:heor'emz‘r”z6 can be applied to
the Fourier space data to produce a series of Projection holograms
from which 2-D images of meridional or parallel slices of the object

can be retrieved on the optical benchzo. This procedure does not

involve any specific scaling of the size of the optical hologram
transparency relative to the size of the original recording aperture *
by the ratio of the recording to the reconstruction wavelengths as

in longwave holography there the scaling necessary for viewing a 3-D

image free of longitudinal distortion ususally leads to an impractically
minute equivalent hologram transparancy that cannot be readily viewed

by an observer. The lateral and longitudinal resolutions in the

retrieved image depend now on the dimensions of the volume in Fourier

space accessed by wavelength diversity. This volume depends, in turn, on the
wavelength range and on the recording geometry. Thus the longitudinal
resolution does not deteriorate as rapialy with range as in

conventional monochromatic imaging systems.

An example of computer simulations of frequency diversity holo-
graphic imaging of a 3-D object consisting of eight point scatterers
distributed as shown in Fig. 2 is given in Fig. 3. Shown in Fig. 3 are
three weighted Fourier domain projection holograms and the corresponding
optically retrieved images for three equally spaced parallel slices
of the object containing distinguishable 2-D distributions of scatterers.
The simulated recording arrangement shown in Fig. 4 consisted of an
array of 16 receivers equally distributed on an arc extending from ¢ =

40° to ¢ = 77.5° surrounding a central transmitter capable of providing
plane wave illumination of the object. The results shown were obtained
with microwave imaging in mind assuming a frequency sweep of (2-4)GHz.

They clearly indicate a lateral and longitudinal resolution capability

of the order of 25 cm. Wider sweep widths yield better resolution.

Fgr example a (1-18)GHz sweep would yield a 3-D resolution of the order
of 1.5 cm.

DISCUSSION AND CONCLUSIONS.

Seeking means by which the information content in a hologram can
be increased, for example by wavelength diversity,we have arrived at a
formulation of 3-D Lensless Fourier transform holography capable of
furnishing 3-D image detail tomographically. This ability of
producing 3-D images in slices from coherently detected wavefields -
enables us to regard the method also as coherent tomography. The Fourier
space accessed in the above fashion by wavelength diversity can be
viewed as a generalized 3-D hologram in which one dimension has been
synthesized by wavelength diversity. Such a generalized hologram
contains not only spatial amplitude and phase data as in conventional
holography, but also spectral information. Consequently, it can yjeld better
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resolution than the classical Rayleigh 1imit of the available aperture
operating at the shortest wavelength of the spectral window used. This
super-resolving property is further enhanced through an inherent sup-
pression of the effects of object resonances and speckle in the retrieved
image; the latter property is a consequence of the fact that frequency
diversity tends to make the impulse response of the system unipolar and
to resemble that of a non-coherent imaging system that is free of speckle

and coherent noise artifacts'>. Further enhancement of information_content

and resolution can be achieved by polarization diversity where the p space
can be multiply accessed for different nonredundant polarizations of the
illumination and the receivers and the resulting polarization diversity
images added either coherently or non-coherently in order to achieve a

degree of noise averaging as discussed elsewherels.

The removal of several longstanding constraints on conventional
longwave (microwave and acoustic) holography attained through the use
of wavelength diversity as described here leads to a new class of imaging
systems capable of converting spectral degrees .of freedom into 3-D image
detail, and thus of furnishing true super-resolution. Wavelength diversity
is applicable to the imaging of two classes of objects: perfectly
reflecting objects of the type encountered in radar and sonar,and weakly
scattering objects of low or known dispersion of the type encountered
in biology and medicine. The practical application of the concepts
presented here to optical wavefieldsis presently under consideration.
The availability of tunable dye lasers and electronic imaging devices

- suggest interesting possibilities of three dimensional wavelength

diversity microscopy. Here one can conceive of an arrangement in

which a minute semitransparent object with homogeneous or known dispersion
is transilluminated by a collimated coherent 1ight beam from a tunable
dye laser which can also be made to provide a coherent reference point
source in the immediate vicinity of the object. The resulting reference
and the object scattered wavefields are intercepted by the photocathode
of an electronic imaging device of known spectral response such as a
vidicon. Because of the minute size of the object, the photocathode

can easfly be situated in the far field of the object. Thus nearly a
lensless Fourier transform hologram recording arrangement results. The
spatial frequency content in the resulting hologram is therefore expected
to be sufficiently low to be resolved by a high resolution electronic
imaging device. By recording and digitally storing the resulting detected
hologram fringe pattern as a function of dye laser wavelength one can
gain access to the 3-D Fourier space of the object, since Tki and IR

are precisely known for the recording geometry.

A similar recording arrangement can be envisioned in the active
coherent imaging of a distant reflecting object (active telescopy) where
the object can be made to furnish a reference point source situated on
its surface, such as a wavelength independent stationary glint point or
an intentionally placed retroreflector. Because in such an arrangement
the reference and the object wavefields travel over the same path,
atmospheric effects are expected to be minimized. The generation of an
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object derived reference geometry in longwave (microwave and acoustic)
wavelength diversity imaging has been described elsewhére2°’27.

Finally it is worthwhile to note that since the scattering process
is Tinear the multiaspect or multistatic frequency or wavelength
response measurements referred to in this paper can be obtained also
by measuring the multiaspect impulse response followed by a Fourier
transformation of the individual impulse responses that have been -

measuredlg. This means that impulsive illumination can also be
utilized. Because the impulse response of a linear system can be
measured by using random noise excitation and by cross-correlating

the output with the inputlg. the possibility also emerges of using
random noise (white 1ight) illumination and cross-correlation detec-
tion rechniques as a means for accessing the 3-D Fourier space of
the object. .
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APPENDIX III

‘ THE VIRTUAL FOURIER TRANSFORM AND ITS APPLICATION
" IN THREE DIMENSIONAL DISPLAY

~ ‘ (Paper published in Optics {n Four Dimensions M.A.
Machudo and L.M. Narducci (Eds.), Am. Inst. of Phys.,
New York, 1981)
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P THE VIRTUAL FOURIER TRANSFORM
AND ITS APPLICATION IN THREE DIMENSIONAL DISPLAY

1& N.H. Farhat and C.Y. Ho

a University of Pennsylvania

S The Moore School Graduate Research Center

N Philadelphia, PA 19104

ABSTRACT

3:3' _

i In contrast to the well known and widely used instantaneous

Fourier transforming property of the convergent lens in coherent
(laser) light, the "Virtual Fourier Transform" (VFT) capability of
. the divergent lens is less widely known or used despite many advantages.

§? We will review the principle of the VFT and discuss its advantages in

12 certain applications. In particular a method for viewing the virtual

Y Fourier transform of a two dimensional function with the naked eye
using an ordinary point source will be presented. A scheme for three-
dimensional image display based on a "Fourier domain projection theorem"

e utilizing varifocal VFT is described and a discussion of the properties

iﬁ of the displayed image given.

INTRODUCTION

i

'gi Several sophisticated three dimensional (3-D) imaging techniques

ﬁ% such as x-ray tomographyl. electron microscopyz, crystallographyz,

ey wave-vector diversity imaging and inverse scattering3. involve measure-

ments that give access to a finite volume in the 3-D Fourier space of
L2 a 3-D object function. A 3-D image of the original object can then
‘3. be reconstructed by computing the inverse 3-D Fourier transform. The
X retrieved 1amge normally represents the spatial distribution of a

% relevant parameter of the object such as absorption, reflectivity,

= scattering potential, etc.

Obviously, the required inverse transform can be performed digitally.
Digital techniques however often preclude real-time operation partic-
ularly when the object being imaged 1s not simple but contains consider-
able resolvable intricate detail. More importantly, because of the
{nherent two dimensionmality of CRT computer displays,direct true 3-D
image display is not possible. Present day computer graphic displays
are capable of displaying 3-D image detail either in separage cross-
sections or slices, or in a computed perspective (isometric) view of
the object, or in some instances stereoscopically where an illusion of
8 3-D scene is created in the mind of the observer who is required

usually to use special viewing glasses'S. |
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Hybrid (opto-digital) computing techniques offer an alternate
approach to 3-D image retrieval from 3-D Fourier space data. They
furnish as shown in this paper the ability to display true 3-D image

detail. The approach is based on "Fourier Domain Projection Theorems"z’3
that are dual to "Spatial or Object Domain Projection Theorems" used in

radio-astronomy’  and tomographyl. These theorems permit the recon-
struction of 3-D image detail tomographically* i.e. in slices from

2-D projections of the 3-D Fourier space data2’3. Although the required
2-D Fourier transform can be carried out digitally, the emphasis in

this paper is on coherent optical techniques for performing the 2-D
Fourier transform.with particular attention to implementations that
permit the execution of the necessary 2-D optical transforms of the
varifous projection hologram sequentially in real-time. Specific
attention is given to a technique that atilizes the virtual Fourier
transform which permits the viewingofavirtual 3-D image in real-time.

FOURIER DOMAIN PROJECTION THEOREMS

There are two Fourier domain projection theorems. One leads to
tomographic object reconstruction in parallel slcies and is called the
“weighted Fourier domain projection theorem’; the other leads to
tomographic object reconstruction in meridonal or central slices and
can therefore be called the "meridonal or central slice Fourier domain
projection theorem'

We_begin by considering a 3-D object function f(r) with r =_
xIx + ny + zlz befng a position vector in object space. Let F(w)
be the 3-D Fourier transform of f(r) defined by,

=Wt
Fiw) = s f(r)e dr (1)

where dr = dx dy dz and w = "xIx + w&ly + "zIz is a position vector
in the Fourier or spatial frequency domain.

Consider next the projection of F(w) on Wy oWy plane defined by,

Fp(wx.yy) = ‘z F(w) dwz . (2)

and combining eq. (1) and (2),

-j(wxx +yyy +wzz)

Fplwgow,) = &z{;g f(x,y,z)e dxdydz}dw, (3)

:;;om the Greek work Tomos meaning slice.
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Integrating with respect to w, first and assuming that the volume in
w space occupied by F(w) is sufficiently large we obtain,

=J(w x + w y)
Folwew,) = {{{ f(x.y,2) & (2)e Ty dxdydz (4)

= § § flx.y,0) e'm"x "y )dxdy (5)

The 2-D Fourier domain projection Fp(wx,yy) and the central slice

f(x,y,0) through the object form thus a Fourier transform pair. This
may be symbolically expressed as,

Fo(ww ) > f(x,y,0) (6)

Other parallei slices through the object at z = z., 2z, being a

. constant describing the z coordinate of the n-th parallel slice, can

in a similar manner be related to "weighted" Fourier domain projections
of F(w) defined by, '

Jznwz :
Fp.n (wx.yy) = éz F(w)e - dw, : (7)

Making use of eq. (1) and again performing the integration with respect
to w, first we obtain,

Fp’n (Wxswy)ﬁf(xa.yszn) ' (8)

which indicates that the weighted projection Fp n(wk.yy) and the n-th
| ]

parallel object slice f(x.y.zn) form a Fourier transform pair.
Equation (6) is seen to be a special case of eq. (8) when z, =o.

Given the 3-D Fourier space data manifold F(w) one can digitally
compute and display a set of "weighted projection holograms" F

A corresponding set of images of parallel slices or cross-sectional
outlines of the 3-D object can then be retrieved via 2-D Fourier
transform operations which can most conveniently be carried out
optically from photographic transparency records of the weighted
projection holograms displayed by the computer.
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Returning to eqs. (1) and (2) one can also show that projections
of F(w) on arbitrarily oriented planes other than the wx,yy plane

chosen for eq. (2), yields "meridonal projection holograms” that are
2-D Fourfer transforms of corresponding merdional (central) slices
of the object. This is the "meridonal Fourier domain projection
theorem. It furnishes the basis for angular multiplexing of the
resulting meridonal projection holograms into a single composite
hologram which can be used to form a 3-D iamge of the object in a

manner similar to that in integral ho'lography8 which is increasingly
being referred to as Cross holography*.

THE VIRTUAL FOURIER TRANSFORM

In contrast to the well known spatial Fourier transforming pro-

PGFFYQ of theconvergent lens widely used in coherent optical computing,
the complementary virtual Fourier transform capability of a divergent

lens10 is less widely known or used despite many attractive features.
This 1s surprising since the power spectrum associated with the VFT
is a phenomenon that is frequently observed in daily 1ife when one
happens to 1ook at a distant point source such as a street light
through a fine mesh screen or the fine fabric of transparent curtain
material. The spectrum of the screen transmittance appears then as
a virtual image in the plane of the point source.

The VFT concept of the divergent lens i{s easily derived from the
Fourier transform expression of the convergent lens. Figure 1 illustrate
the well known process of forming a real Fourier transform with a
convergent lens. The object transparency, with complex transmittance
t(x_,y.), is placed at a distance d in front of a convergent lens of
focdl ?qngth F and 11luminated with a normally .incidnet collimated
laser beam. The complex field amplitude of the wavefield in the
back focal plane, the transform plane, is given by the well known formula

k dy,.2 2
-85 1(1 -
T(x..Y) = -i-l e Jz [( F)(x Ty )]

k
- Fxx +yy)
F o . 0
X {i t(xo,yo) e dxody° (1)
in which the integral is recognized as the two dimensional Fourier
transform of the object transmittance. T(x,y) becomes the exact
Fourier transform of t(xo.yo) when d = F that is when the object

transparency is placed in the Front focal plane of the lens. The
power spectrum associated with the transform is real and can be
projected on a screen placed in the back focal plane. It is also
well known that a scaled version of the transform can be obtained
in the back focal plane by placing the object tranparency in the

converging laser beam to the right of the lensg.

*Named after Lloyd Cross the originator of integral holography.
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Fig. 1. Real Fourier transform formed with a convergent lens
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Fig. 2. Virtual Fourier transform formed with a divergent lens
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Noting that eq. (1) does not change when we replace d by -d,
F by -F, Xo and Yo by Xy and Y, respectively, we. can arrive at the

complementary VFT arrangement illustrated in Fig. 2. An inverted
transparency t(xo.yo) is placed now in the divergent coherent beam

to the right of the divergent lens (of focal length -F) and a VFT
given by eq. (1) is observed in the virtual focal plane of the lens.
The same VFT can be seen by removing the divergent lens and replacing
"~ the laser beam with a point source placed at the origin of the VFT
plane as depicted in Fig. 3. Thus a simple way of viewing the power
spectrum associated with the VFT of a given diffracting screen

(which is usually a Fourier transform hologram or a projection
hologram of the type described above) is to hold the screen close

to the eye and look through it at a distant bright point source. The
point source used need not be derived from a laser. In fact it is
preferable for safety purposes to use an LED or a spectrally filtered
minute white 1ight source such as a "grain-of-wheat" subminiature
incandescent lamp or a miniature Christmas tree decorating lamp
covered by a color or interference filter. This has the added
ddvantage of furnishing a measure of control over the coherence proper-
ties of the wavefield impinging on the screen providing thereby a
means for reducing coherent noise in the observed VFT and also, as
will be ‘'Yscussed below, a means for coherent or noncoherent super-
post/ .- of VFT's. As the distance of the point source from the

di.” «<ting screen is decreased in order to make it compatible with
typic.1 laboratory or optical bench dimensions, the size of the
observed VFT decreased because of the change in the curvature of the
wavefield 111luminating the diffracting screen. To compensate for this
effect it is necessary to reduce the size of the diffracting screen or
transparency often to such a scale where viewing the VFT throught the
small available aperture becomes difficult. To overcome this limitation
the displacement property of the Fourier transform can be utilized.

A composite transparency containing an ordered or random array of
reduced replicas of the transmittance function t(xo,yo) arranged side

by side as illustrated in Fig. 4 is prepared. When such a composite
transparency is viewed with the point source, the VFT's formed by the
individual elements will overlap in the virtual Fourier plane. The VFT's
are identical except for Linear phase dependence on x,y which depends
in each VFT on the central position of each element in the composite
transparency. This leads to a desirable noise averaging effect and
the appearance of fine checkered texture in the image detail. A1l
this leads to an enhancement of the quality of the observed power
spectrum. Both coherent and noncoherent superposition of the over-
lapping VFT's is possible using this scheme by varying the coherence
area of the wavefield illuminating the composite transparency. When
the coherence area is roughly equal to the size of the individual
elements of the composite transparency noncoherent superposition
results, while a coherence area equal or greater than the size of the
composite transparency would yield coherent superposition.
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Fig. 3. Arrangement for viewing a virtual Fourier transform with a
point source
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Fig. 4. A composite screen consisting of an ordered array of identical
Fourier transform projection holograms.
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THREE DIMENSIONAL DISPLAY

The VFT concept and the "weighted Fourier domain projection theorem"
discussed above can be combined in an attractive scheme for the recon-

- struction and display of a 3-D image from a series of weighted projection

holograms corresponding to different parallel slices through the object.
The scheme is based on viewing a series of weighted projection
holograms sequentially in the proper order of the occurance of their
corresponding slices in the originalobject while displacing the point
source axially for one hologram to next by an axial increment proportional
to the spacings bwtween adjacent object slices. In this fashion the
reconstructed virtual images of the various slices are seen in depth

at different VFT planes that are determined by the positions of the
axially incremented point source. Repeated rapid execution of this
procedure by displacing the point source back and forth leads the
observer to see a virtual 3-D image tomographically in parallel slices
or sections as he looks through the series of projection holograms
passed rapidly, as in a motion picture film, infront of his eyes.

More specifically the scheme is based on preparing a series of
N weighted Fourier domain projection holograms from the 3-D Fourier
domain data F(w) of a given object f(r) as described in the preceeding
sections. Each of the projection holograms would correspond to a
different parallel slice through the object. A composite transparency
similar to that shown in Fig. 4 is formed for each projection hologram.
In fact Fig. 4 is an example of a computer generated composite hologram
containing an array of identical weighted projection holograms corres-
ponding to one slice of the test object shown in Fig. 5. The test
object chnsen consisted of eight point scatterers arranged as shown.
The 3-D Fourier space of this test object was accessed in a computer
simulation of wavelength diversity imaging as described in acompanion
paper in this volume*._The resulting computer generated Fourier
space data manifold F(w) was used to compute three weighted progection
holograms corresponding to the three planes Ré=1m,0,1m of Fig.

containing the three different distributions of point scatterers. A
composite array such as that of Fig. 4 was formed and displayed by the
computer for each of the three projection holograms, each was photo-
graphed yielding a set of three projection hologram composite trans-
parencies. Copies of these were then mounted on a rotating wheel as
shown in Fig. 6 (a) and viewed with an axially scanned point source.
Four sets of transparency copies of these three composite projection
holograms were mounted in the order 1,2,3,2,1,2 ... on the periphery
of a rotating wheel as shown in Fig. 6 (a). The wheel is driven by

a computer controlled stepper motor. The axially scanned point source
was produced by scanning a focused laser beam back and forth on a
length of fine nylon thread with the aid of a deflecting mirror mounted
on the shaft of a second computer controlled stepper motor as shown in
Fig. 6 (b). The laser and optical bench arrangement for forming the
scanned focused beam appear in the background of Fig. 6 (a). The
computer controlled steppers enable precise positioning of the secondary
point source on the scattering thread in synchronism with the hologram

#Jee paper entitled "Holography, Wayelength Diversity Inverse
Scattering” in this volume. ‘




g R Sy Ny T (D

9 N
Rz :
N (-xo0%, Zo)
K (ot *l zo)
tx00,0 - \ (xo, Yo, 20)
e (o:0l0) |
! o, - N R‘y
o0 Z0) - \ x
\ Ry \
(%0:% +20)
& 1]
-x'? ?o - — R) Ry = -20 plane
1
-¥%
An'y
— + —> R Rz= © plane
-Xo
1%
Ry
r 1
.;o I ;o —> Ry Rz=* 2 plane
fig. 5. A three-dimensional test object consisting of a set of eight
point scatterers shown in isometric and R;‘-R;‘ plane views at
R;--zo.o,zo. xo-yo=z°-100 cm.

......... ettt avae, s
A A AT I BRI SR R SRty

R TRt LU JPUL LU
RN LA A T AL R S L S AN :

.........




0 AU
~& R R AP A R

1R

Ty —
GA RIS
: I g P SRFLT

P AN .i.

.

§ A A,

g >

LI

A
—ax

Ao O G, A v
LEARA RIS NP

i

..

TN i i

SRR A
it i W T AP BB

Ty e .

TR vf;\.'."c-

i

1
L4
'

(b)

Fig. 6. Quasi real-time three-dimensional image reconstru