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ERRATA

Page 6, line 1 : For "Artic" read "Avrctic"
- " line 18 : For "(35,37)" read " (35-37)"
‘Page 7, lines 5 & 6 : For '"the aperture is normal to the object plane"

read '"the plane of the aperture, while parallel
to the object plane, is displaced from the latter

"~ along the direction of their common normal'.

Page 10, line 19 : For "signal-to-raise" read "signal-to-noise"

Page 11, line 15 : For "CGhz'" read "'GHz" » S

Page 17 : - In equation 3.2 and the foliowing equations,

, . a (constant) factor, ej2kz, has been omitted.

. Page 25 : : ‘ Equation 3.29 should read : “Az = 2(xz2/L 2)n
- Page 26, last line of second paragraph : Delete "(greater)" .

Page 30, line 12 : For "“as close as to'" read "as close to"

Page 62, 6 lines from bottom : For 'date' read "data"

Page 72, line 2 : For '"lease" read ' least"

Page 111, second last line : Delete "maximm'.  For “preceeds' read ""precedes"

Page 118, line 8 : For "disributor'" read " distributor" |

Page 124, line S : j In ref. 31, "vol. 59" should be '"vol. 57"

Passim ; ' -~ For "Raleigh" read '"Rayleigh"

T N ' For "mS" read “ms! ’(milliseconds)
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SYNOPSIS

This thesis records the theoretical analysis and hardware
development of a laboratory microwave imaging system which
uses holographic principles. The application of an aperture
synthesis technique and the electronic commutation of all
antennae has resulted in a compact and economic assembly

- which requires no moving parts and which, consequently, has
a high field mapping speed potential.

The relationship of this microwave holographic system to
other established techniques is examined theoretically and
the performance of the imaging system is demonstrated using
conventional optically- and numerically-based reconstruction
of the measured holograms.

The high mapping speed potential of this system has allowed.
the exploitation of an imaging mode not usually associated
with microwave holography. In particular, a certain antenna
array specification leads to a versatile imaging system which
corresponds closely in the laboratory scale to the widely
used. synthetic aperture radar principle. It is envisaged that
the: microwave holographic. implementation of this latter
principle: be used as laboratory instrumentation in the
elucidation of the- interaction of hydrodynamic and electro-
magnetic waves. Some simple demonstrations of this application
have been presented, and the concluding chapter also describes
a suitable hardware specification.

This: thesis has also emphasised the hardware details of the
imaging system since the development of the microwave and
other electronic components represented a substantial part of
this research and because the potential applications of the
imaging principle have been found to be intimately linked to
the tolerances of the various microwave components.
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CHAPTER 1

Introduction to Quasi-Real-Time Inertialess Microwave

Holography

- The aquisition of information pertaining to an object via an
image obtained by electromagnetic remote sensing is a common
requirement and a variety of techniques is applicable in
various wavelength regions of the spectrum. This thesis is
concerned with the practical development and hardware deploy-
ment of a high speed synthetic aperture imaging system which
utilises specifically holographic techniques in the microwave
region. '

(m

process,. in which an image is rendered from an intermediate

Holography, first described by Gabor in 1948 , 1s a two-step
recording of a wavefront in the object'diffraction field. A
recording of such a field wherein both phase and amplitude

are preserved, is a hologram, and is generated by the inter-
ference between the object wave and a reference wave. In some
cases.- the reference wave is available as a separate wavefront,
but it may also be synthesised by the recording process. The
hologram, whether derived from electromagnetic or mechanical
radiation, 1is usually understood. to be a planar or quasi-
planar map. Holograms are characteristically diffuse recordings
as there 1s in general no one-to-one correspondence between
object:énd hologram detail and potentially three object
dimensions are accomodatable in two hologram dimensions.

In the microwave domain, holograms may have physical existence
as analogue recordings or may be no more than temporary data
maps stored in memory devices. A great number of competing
techniques is available in the microwave domain for the
recording of the hologram, -but all must in some way generate

a two dimensional, and often planar, map. The two map
dimensions are usually spatial, but there are techniques on
the fringes of microwave holography using temporal(z’s) and
spectra1(4’5)qperérties of the radiation to synthesise the



second dimension. A hierarchy of microwave holographic mapping
within general microwave imaging (Fig. 1.1) is given together
with an indication of the applicable technology.

Continuous two dimensional object field maps are possible
(6,7)

crystal panels, but the majority of reported examples have

using thermographic¢ techniques , typically with liquid
been sampled holograms. Some form of data sampling is obvious-
ly a prerequisite for any computer-based numerical recon-
struction.

(8)

may be used to define the required hologram aperture, but such

Large areal arrays of transmitting or receiving sensors

schemes, although possessing the great advantage of high
mapping speed potential, may be impractical economically or
may pose data collection problems. Such arrays appear to be

(9,10) than of practical

more a feature of acoustic holography
microwave- holography. The aperture need not always be complete-
ly filled on a regular matrix, but may be judiciously and
effectively pruned by random element removal; this approach
has-been'suggésted by Steinberg (11’12) for a "radio camera"

optimised for very high angular resolution..

‘Serial or sequential data collection may be admissible given
a sufficiently stable object environment,. and in such cases a
single transmitting, a single  receiving, or a combined
transmit-receive sensor (the latter possessing an enhanced
resolution capability) may be scanned over the required
aperture.. (13-26) This aperture is commonly covered by either
raster or rotationally symmetric scan formats. A variant of
this scheme employs field perturbation devices, either

physically scanned (such as the spinning dipole system(27)28)

(29) (30) modulators.

or as panels of solid state or plasma tube
The characteristic modulation impressed on the object field
is remotely retrieved by a single sensor. Such schemes tend
to be more economic than microwave sensor arrays, although
their sensitivity may not be as good. Where speed require-

ments militate against point-by-point field sampling,
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the translation of a linear array of sensors (receiving or
transmitting) over a baseline normal to the array long axis
allows the synthesis of an aperture whose area is the product

of array length and its displacement.'(21’31’32)

The requirement of array movement may be eliminated if two
mutually orthogonal linear arrays of-complementary (that is,
transmitting and receiving) sensors are used instead. Such

an arrangement is used in the imaging system described in this
thesis, and it synthesises an aperture equal to the product

of array lengths and is sampled at intervals determined by

the sensor distribution in their respective axes. It has the
great advantage of synthesising an areal array of N2 SEensors
whilst using only two arrays of N elements each. The resulting
crossed-array detector is physically similar to the Mill’s
CToss antennah(SS)
by Weils (34)
graphic system which required no moving parts. Both mono- and

used in radioastronomy, and it was. described
-in 1970 as a potentially very high speed holo-

multiple-frequency variants have been proposed for acoustic

(39-41)  and a few examples of microwave

imaging purposes
versions- have been reported;(ss-ss) The discrete nature of
the synthetic aperture realised in this: system is inherently
suited to computer-based data capture and to the subsequent
image reconstruction process,. and the choice of antenna
spacing allows a tradeoff to be made between the unambiguous
field of view and the lateral image resolution. The reference
wave: function is synthesised by the scanning operation and

(21)

reference wave technique of Leith and Upatniek can be simulated.

its parameters are readily adjustable so that the offset

A significant variant of this crossed array technique is that

(42-45) 140 complementary

described by Ogura and Iizuka.
sensor arrays, both linear, are mutually separate and are co-
axially mounted, and are combined in a systém optimised for
high range resolution. A notable system feature was the ir-
regular (quadratic) antenna spacing which naturally coded the

incident wavefront in a form more suited to reconstruction.



The high range resolution was attained at the expense of
resolution in the other axis, and it compared favourably with
the range resolution attainable by more traditional pulsed
techniques yet used essentially monofrequency transmissions.
Their technique is only quasi-holographic, as three dimensional
imagery 1is not immediately possible. As such it might be com-
pared with other quasi-holographic fechniques, such as

(46) and the implicit pulsed tech-

synthetic aperture radar
nique described by Karg.cz’s) In the latter, a one dimensional
array (itself created by aperture synthesis) generates line
holograms corresponding to planar object sections at a number
of different wavelengths. The series of two dimensional images
reconstructed. from the line hologram sequence is summed and
the: resulting composite image has a depth resolution com-

mensurate with the total bandwidth used

Farhat“(4’5) has proposed a.sweptifrequenéy imaging system.
Under certain conditions, the object diffraction field is a
simple function of frequency. A linear sensor array samples
the object wave at the various frequencies and a hologram
axis is synthesised normal to the sensor array by the process.
The hologram data can be formatted for either optical or
digital computer-based reconstruction.

Early applications of microwave holography were largely con-
fined. to the demonstration of systems for imaging of objects
obscured by optically opaque dielectric media.(6’18’20’zj’28’
47,48) A notable and very successful exception has been
synthetic-apérture radar (SAR), initially developed in the
early 1950”s (46,49)

graphic in character. A true holographic version of this
(31,32)

,, but, as previously noted, quasi-holo~
system was demonstrated by Larson . A linear microwave
mixer (that is, receiving) array fixed beneath an aircraft at
right angles to the flightline generated a strip hologram

which yielded terrain imagery on reconstruction. The aperture
synthesised in the flight path direction was governed by the
system 'footprint'" in the normal SAR manner. The reconstruction



process generated a planar image, but a technique derived from
(18,50-52)

(32)

microwave holographic interferometry was optionally

used to superimpose contours on the image.

The increasing specification of near-~field measurements for
the derivation of far-field radiation patterns of radio and
radar antennae is a process amenable to holographic insight

and is being actively developed. (53-57)

Regarding the record of differential phase shifts (measured
at. a. ground station) between two harmonically related
continuous wave transmissions from a navigation satellite as
a: one dimensional complex hologram has allowed Schmidt and

Tourianen (58)

to image ionospheric irregularities. Their
technique treated .the lower frequency emission as the object
wave. The higher frequency emission was- regarded as a reference
wave which was assumed to have been little perturbed in the

ionospheric transit..

Path profile in microwave communications links can be inferred
from so-called height-gain data using holographic inter-
pretation(59’60’86); the: Fresnel zone field resulting from

the obstacles between the link terminations is treated as an
interference pattern generated by the interaction of the direct
(reference) wave and an object wave scattered by the obstacles.
An example of a remote label reading system proposed and

(61)

cept, although it was explained in pulse compression terms.

- demonstrated by Constant is entirely holographic in: con-
A one dimensional synthetic aperture is generated by the
uniform relative motion of a wayside transmitter-receiver
interrogator unit and a vehicle mounted label binary encoded
with an imprinted dipole resonator sequence. The sensor out-
put is processed by a pulse compression filter, and the com-
pressed data constitutes a line image of the 1label.

A coaxial array synthetic aperture variant of the system
considered in this thesis was developed as a precision ranging
system, and it was intended for the airborne continuous



evaluation of ice thickness in the Canadian Artic; it was
designated HISS. (Holographic Ice Surveying System)(42-45’62)
The reconstruction of the profile found beneath the helicopter
radar platform was based entirely on numerical techniques and
a special purpose computer was evolved to match the displayed
ice profile to the speed of flight.

The orthogonal linear array aperture synthesis scheme was
conceived and developed as a high-speed sonar holographic

(34) considers a fundamental limitation

mapping system. Wells
due to the interaction of sensor sampling rate and the
characteriétic-velocity of propagation of radiation in the
medium, an effect which hampers other.acoustic synthetic
aperture sensors as. well. (63) This effect is, however, quite
insignificant in the electromagnetic domain and in the context
of the envisaged applications. Although some simulations,
using both monofrequency and wide spectrum.radiation have

been reported<(39-41), there have been few microwave hardware
interpretations of this orthogonal array conceptr(35’37)
Quite apart from the hardware economy (witnes-s:N2 field samples
available from only 2N sensors at a single frequency), the
property of physical orthogonality leads to simplified image
reconstruction algorithms, which are usable not only in the
limit of large object ranges.

The: system: described in this thesis implements the- orthogonal
array concept as. a crossed array in. the microwave domain and
has been exercised. in the conventional imaging modes using
both: optically- and numerically-based reconstruction pro-
cedures. The advent of computer-based reconstruction has had
profound implications for the hardware specification and the
design of microwave holographic equipment. Obtrusive signals
(such as the unwanted signals arising from the direct trans-
mission between sensors of the transmitting and receiving
arrays) and hardware systematic errors can in many cases be
compensated, and one such technique , reported herein, was
routinely used to improve the dynamic range performance.



A variant of the quasi-planar imaging mode (very similar to

(64)) has also been

that used in synthetic aperture radar
(31,32)

demonstrated. In contrast to Larson’s holographic radar
in which the hologram aperture was approximately coplanar
with the object terrain, the aperture is normal to the object
plane. The illumination mode is similar to that used in SAR,
and the system has the decided advantage, in comparison with
SAR, of rangé resolution which improves with reducing range;
a- secondary advantage is the relative freedom from spurious
image artifacts introduced by certain hardware errors.

The high speed hologram recording property has been used to
attempt the imagery of object scemes in linear motion. The
motivation for this mode of operation is found in the very
significant and growing interest attached to the remote sens-—
ing of many aspects of sea state via various electromagnetic

probes;,. (68-71,75-84)

of which the SAR sensor is of major
importance.. The complexity of the interaction between hydro-
dynamic and electromagnetic waves suggests controlled labor-
(85)

and. in particular a sensor which can mimic the SAR mode of

atory-scale experiments for testing theoretical models

operation is clearly required. The effects of object motion

d (65—74),,and.a similar:

on;SAR'imagery have been widely reporte
approach has been invoked to explain image modulation arising
from object motion in the orthogonal array microwave holo-

graphiC'system.

It would appear that microwave holography is a suitable
instrumentation tool for the laboratory evaluation of the
wave-wave phenomena and that, as an example, given reasonable
hardware and reconstruction process linearity, object doppler
information is available. Object scenes such as those found

in wind/wave tanks are intrinsically quasi-planar and micro-
wave holography can offer useful range and azimuthal resolution
without having to refocus antennae mechanically or having to
resort to extreme transmission bandwidths. The crossed axis
version of the orthogonal array concept is particularly suited



as a wave-wave probe, and a hardware specification has been
suggested which both optimises its simulation of the SAR
process and also results in a simpler microwave assembly,
without compromising its performance as a conventional imaging
system. The upper limits to scanning speed using the inertia-
less crossed-array system are set only by hardware and
ultimately economic limitations, and the system is sparing in
the use of such hardware.



CHAPTER 2

-~ 2.] Hardware Implementation of Inertialess Microwave Holographic

Imaging System'

Wells (34) has regarded the orthogonal array imaging system
.as an example of two-dimensional aperture synthesis using
one-dimensional arrays. The operation of this system-can be
illustrated by a phased array analogy. A conventional

- phased array radar has access to individual elements of the
transmitting and receiving arrays and would assign programmed
phase shifts to these elements. ..The intersection of the
respective beams, focussed at the same distance, would define
both the position and spatial resolution of an image point.
{(Fig.2.1) The phased array performs the imaging process in

a éingle stage: A simpler holographic implementation realizes
the same imaging principle by & posteriori manipulation of
data gathered using only two elements of complementary type
at a given moment. Holographic imaging is the result of a two
stage process, and the necessary beamforming is performed in
the latter reconstruction stage.

The hardware required for the holographic system is intrin-
sically quite modest. If it assumed that elements of both
receiving and transmitting arrays can be arranged, selected
and activated in some known sequence, and that these elements
are only accessible to the peripheral microwave circuitry

via one port on each array, then just one source and one
detector are required. It is preferable that the detection
circuitry be capable of representing the received signal in
complex notation. The subsequént image reconstruction pro-
cedure can be pefformed by both direct computation and

(8,14,17,24,31,32,47,87,88)

analogue means, the most common

example of the latter being coherent optical proceséing.
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Array Realisations

The orthogonal array technique requires that a number of an-
tennae be available disposed as two linear arrays, and that
synchronous detection of the signal received with all pos-
sible pairs of transmit and receive antennae, used in seq-
uence, yields the required hologram data. The practical
implementation of this microwave hologram system requires a
simple, repeatable and economic array antenna design. It

is further convenient if a prototype array can be equally
well operated in transmitting or receiving mode for the pur-
poses of testing and calibration.

Array designs reported in the literature include equally’

spaced antennae commutated by cascaded mechanical wave-

guide switches arranged in binary sequence (35)

(a4)

, and electro-
nic PIN diode switches The former is'regarded as a form
of inertialess holographic syétem in that there 1s no. physical
transport of an antenna in the field mapping process; how-
ever, mapping rates can be ultimately inertially limited
rather than by any consideration of adeqﬁate signal-to-raise

ratio.

A significant and potentially very useful variant,.applicable
to a receive array function, uses separate microwave mixers
with individual antennae (32). Reference wave distribution
to every mixer of the array at a frequency offset from that
of the source raises the possibility of individually correcting
receive channel amplitude and phase errors by purely hard-
ware means at the intermediate frequency. Such a provision
is particularly useful if reconstruction techniques are con-
fined to those possible using analogue optical processors,
but reconstruction schemqs based on the,digitél,computer.
afford relatively easier compensation of receiver errors
particularly if the hologram data is available in amplitude
and phase format.
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The transmitted power would ideally follow one path from
(35) and(44)), but

practical consideration of component availability and

source to selected antenna, as in

economics have dictated a less efficient approach leading
to power levels at each antenna much below that of the source.

Array Design

A slotted waveguide radiator,.as used extensively in radar
systems (89), was selected as a . basic signal distributor.
Individual stub waveguides in front of each slot enclosed
diode switch elements and in addition served as polarising

" filters. An antenna spacing of less than one free space
wavelength was deemed necessary and slot spacing was chosen

as 20.2mm. The waveguidelength was double this . value,

- 40.4mm, and the free space wavélength of 30.3mm corresponded

to 9.9Ghz. The waveguide distributor was designed as a
resonant array as this promised straightforward establishment
of equal slot power densities and (ideally) zero relative-
phase shift between slots. 20 elements were incorporated in

each array. (Fig.2.2)

The arrays, although spatially orthogonal, had to be co-
polarised. As standard X-band wavéguide has outside. dimensions
of 12 x 25.4mm, it was necessary to fabricate a special re-
duced éross—section'waveguide of internal width 18mm. The
closeness of this dimension to the cut-off dimensions of
JS.Zmﬁ at the chosen wave1ength_necessitated close machining
tolerances to avoid excessive antenna relative phase errors.
These reduced-section elements were incorporated in the
horizontal array seen in Fig.2.2.

Low transmitted powerrleyels'(of the order of a few milliwatts)
did not justify PIN diode switches, and cheap;‘low capacitance
germanium small signal diodes were used in each element

as shunt switches. A useful feature of the switch design

was the very low power consuméd‘in the "OFF" or zero trans-
mission state, since any element is inactive 95% of the
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time in a twenty element array. The diode parisitic cap-
acitance (about 0.2pF) in reverse biased condition and the
package inductance formed a series resonant circuit shunting

‘the waveguide.

A slight improvement in antennae isolation (that is, "OFF"
state transmission) and a great improvément in system
sensitivity was effected by "marking'" each active antenna:
with a square wave tone unique to that axis.; the received
signal components at the sum of the two modulation freq-
uencies were recovered by post-mixer synchronous detection.
The two frequencies used were 148.327 kHz and 188.601 kHz
and were derived from oscillators controlled by available
crystals. (Fig. 2.3) The bandwidth required at the sum
frequency (336.928 kHz) as a result of the selected antenna.
- commutation rate was not encroached by any harmonic of tﬁe

two modulation frequencies.

The arrays were developed as four separate ten-element
subarrays (Fig. 2.2) and signal combination in each axis
was by a 3dB directional coupler (Fig. 2.3)- A travelling
wave amplifier of 27dB gain was interposed in the path -

between receive array combiner and mixer.

A klystron source at 9.9GHz developed approximately 200mW
when operated with forced air cooling and substéntially
above its rated anode and reflector voltages. Two is-
olators and a reference directional coupler preserved
spectral monochromaticity of the source and reference signal

as the transmitting array was switched and tone modulated.

Received Signal Hardware Processing

. Synchronous detection at 9.9GHz of the amplified receive
array output required two balanced mixers with_ reference

inputs equal in magnitude and in phase quadrature. Typical
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mixer outputs of a few tens of microvolts at the selected
sum frequency of 336.928kHz were boosted by a narrow band
tuned amplifier. A feature of the system was the commutation
of this amplifier between mixer outputs so that any transfer
function tracking problems possible in a two channel system

were sensibly eliminated.(gq)

The inphase and quadrature (hereafter I and Q respectively)
components at the sum frequency were recovered by.synchronous

detection.

The time epoch.allocated.to .a particular.component:of the
signal received from a given transmit and receive antenna
pair was known, and since the received signal suffered _
essentially no delay, it was a simple matter to incorporate a
pair of operational integrators, switched in sequence, to

realize a matched filter function.

Additional c¢ircuitry comprised sample and hold devices to
memorize I and Q components between commutation intervals and
circuitry to recognize the beginning of an array commutation
sequence and to signal the computer external interrupt facil-
ity to begih analogue to digital conversion and storage

of the I and Q components. These were represented as 12

bit numbers, including the sign. Data handling was via an
assembler language program linked to a higher level language

program used for image reconstruction purposes.

The time taken to acquire. 400 pairs of I and Q cdmponents
was arbitrarily selected very early in the development
program as approximately 1 second, the time allocated to
each antenna pair being thus 2.38mS. This period was

further divided into four parts. Two initial periods of
about 600uS each were allocated. to estimation of the I and Q
components, in that sequence, and the remaining time was
intended for analogue computation of .the polar ( that is,
amplitude and phase) representation of these components.
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In the event, and in the presence of significant amplitude
signal components arising from direct coupling between trans-
mitting and receiving antennae, unwanted background signals
and constant I and Q offsets arising in the commutation and
. synchronous detection process, it proved more useful to
assemble the useful hologram data instead after two passes;
that is, with the object introduced only in the second pass.
This (subtractive) mode .allowed. clearer imagery of smaller
objects in considerable clutter. The clutter level was

such that there was usually no detectable change in signal
levels monitored in phasor representation on an oscilloscope
when the object was introduced.

An analogue polar-coordinate computer was incorporated’
(Fig.2.3) which took the.Ivénd Q components .as inputs and
delivered output voltages proportional to amplitude and phase
of the~(comp1ei)-recéived signal. It was little used for
imaging pﬁrposes, but was useful in preliminary testing of
subarrays and in general testing of microwave components
whenever unambiguous phase data (over 2w radians) was re-
quired. Other examples of its use were the location of sub-
array elemental radiators’ phase centres and the evaluation
of helical antennae characteristics reported in Appendix II.
An investigation of microwave tomography (Appendix III) was
also made possible .using this processor. '

The "marking'" or modulation of the individual array antennae
was used in the measurement of antennae phase and amplitude
errors. This investigation was carried out as part of an
undergraduate project using computer acquisition of data.
Prior to this investigation, individual subarrays had been
tested using the analogue computer. In these investigations,
an unmodulated source illuminated an object consisting of

a high gain exponentially flared horn antenna having as
termination.a germanium diode shunt switch backed by a short
circuit one'quarter waveguidelength behind the plane of the
diode. The diode was switched between "ON" and "OFF' states
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and reflected incident continuous wave radiation as an essent-
ially double sideband (SuppresSed carrier) signal. The

array under test was used as a receiver and commutated in the
normal way with a "mark" frequency complementary to that used
by the reflective object, such that the received signal was
characterized by modulation, at inter alia, the required sum
frequency of 336.928kHz. Reflections from objects other than
the reflective 'cooperative target'" were ignored by the
processor due to their lack of temporal modulation, and
effective measurements of the array errors could be made in
an environment far from anechoic. Similar techniques are
standard in field perturbation measurements using microwave

homodyne illuminator and detector insifuﬁenta;ion.(91’93)

A simpler microwave configuration was used to measure the

phase centreposition, in both polarisations, of the radiator
designs selected for transmit and receive elements. This
information was then used to predict wavefront curvature across
the array in various geometries. A least squares fit of this
prediction to temporally averaged measured data was the basis

of the undergraduate investigation. (38)

The measured systematic amplitude and'phase errors of the

array antennae were found to be of a satisfactorily low level

so that error correction was not deemed necessary in the pro-
cessing of data leading to the imagery presented in this thesis.

A most useful feature of the holographic system was the
facility with which component evaluationvcould be performed
once the basic source and two channel mixer and associated
signal processor were available. Using simple reflective
switches and little other hardware most of the functions of
a microwave network analyser (which was not available) could

be simulated, albeit at a siﬂgle carrier frequency.
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CHAPTER 3

" The Theory of the Technique

This chapter describes the theoretical basis of the orthogonal
array imaging system. The imaging process is initially exam-
ined using the simple Fresnel paraxial field descriptions

and the spatial resolution attainable in all axes is derived.
The use of the simplest reconstruction process may produce
characteristic image distortion if applied indiscriminately,
and a more accurate reconstruction process is appropriate in

these cases.

Practical considerations dictate that the arrays consist of
discrete antenna elements, and the resulting sampled holograms
impose certain limits to the object regions unambiguously
accessible to the system. The object region accessibility is
found to depend also on the choice of reconstruction process.

It is found possible to manipulate the form of the reference
wavefront synthesised in the imaging process by controlling
array antenna spacing and g series of simulations demonstrat-

ing this property is presented.

Hologram Formation

The holographic recording system and object geometry are
shown in Fig. 3.1. The object is assumed to be quasi-planar
and 1is conventionally described by a reflectance function
A(u,v). The object is distant z from two spatially orthogonal
arrays of transmitting and receiving antennae. It is assumed
that the antenna arrays are continuous and that the measure-
ment of received signal amplitude and phase is made using
continuous wave radiation. A transmitting element at y
illuminates the object plane while the receiving array maps
the reflected field in the other axis. The received signal is
a phase-shifted and amplitude attenuated sample of the trans-
mitted continuous wave signal. The total phase shift from
source to the phase and amplitude receiver is:
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2 2

1 1
+ZZ)2 + k((V-Y)2+u +zz)2 + constant - 3.1

where p and k are the wavenumbers respectively of the array

px + py + k((u-x)%+v

transmission lines and the medium between array and object

planes. The constant term absorbs phase shifts in the

connections to source, reference coupler and mixer. For par-

axial ray paths, the Fresnel approximation leads to the

following complex received field representation:

ip (x+y) jo= (ux) Pav e (v-y) Beu?) -
e .J[A u,v).e .dudv -=--- 3.2
uv
This can be re-arranged as:

. .k, 2.2 . k 2 2
jp(x+y) Jo—(u®+ 5= {( (u-x) -
e .JfA(u,v).e 2z Y ).eJZZ (a=0) 7 (r=yd )

.dudv 3.3
uv
or, using the convolution notation, as:
.- .k 2. .2 k2. 2
Jp(x+y) Joy(x7+y ™) Jo7(x7+y)
e (A(x,y).e ® e ) emmmmeee- 3.4

where ® denotes the convolution operation. The field meas-
ured with all possible combinations of transmit and receive
elements may be interpreted as equivalent to that found in
a plane formed by the projection of transmit and receive
apertures. (Fig. 3.1) The object region is, in this analogy,
illuminated by a transmitter placed at the intersection of
array axes, and the reflected field is mapped over the pro-
jected aperture. The sensor commutation also synthesises a
plane reference wave. Given a square law detector, the re-
sulting hologram has the following fields incorporated:
h(A,B) = |A|% + |B]? + A*B + AB® —ommmmmmmeen 3.5
where A and B refer to the object and reference waves re-
spectively, and * indicates complex conjugation. Comparing
the fourth term of eq. 3.5 with eq. 3.4, A represents the
bracketed term, and B* the complex conjugate of the synthetic
reference wave exp(-jp(x+y)).

In optical holography, holograms corresponding to eq. 3.5 are

(1)

detection techniques allow more direct extraction of the object

most common but in microwave holography a variety of
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wave information. A system employing a balanced mixer, oOT
using modulation techniques to "mark' both transmitting and
receiving antenna pair (such as has been used in this thesis)
will generate bipolar real data corresponding to the hologram
hr(A,B), where:

h (A,B) = A"B + AB® —oo-omomooomioeoea- 3.6
A more sophisticated receiver which has two balanced mixers
with reference inputs in phase quadrature can generate data
components which directly represent the complex hologram
hC(A,B): )

hC(A,B) = AB  cememmem e e e 3.7
This approach was latterly used in this thesis. A network
analyser used as a coherent receiver in Hayward, Rope, Tricoles
and Yue’s similar microwave imaging system performed

(35

essentially the same role.

Image Reconstruction

Paraxial Theory

The simple form of the hologram in complex format obtained
in eq. 3.4 under the assumption of paraxial propagation sug-
gests image recovery from the hologram by an inverse con-
volution operation. The image amplitude is:

3 1 gar! s [} '2 . |2 '
jplu'+v") Y S L CUaahs
I(u',v') = (e (AQu',v').e Qe ) @

. k 2,2
“jr(ut ')
e 2z T 3.8

This can be expanded as:
e (u?ev?) Jz £ oayh) JZ Xl jquxsvy)
I(u',v') = J[f(A(u,v) e . .e .e .

RAME RIS jl%(u'xw'y) iz X +Y) _3pGey)
.€

The cancellation of the third and eighth terms constitutes

the focussing condition. Hence:
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kK, 2, 2 . :
i) v By

| SjpeturPevd)
Iu',v') = e IJ[IA(u,V).e e
yw ;j —lzs(u-u' -Pki)x
‘ e .dudvdxdy- 3.10
.k, ,2 .
“a(ur i d) it o, .
=e JJA(U,V).G L .51nc(72{u-u'-%39).
uv . kL , Dz _
51nc672{v—v -%EJ).dudv 3.11
.k, 2, ,2 Kk, ,2..,2
i) Jalu v
= e 2z A',v").e z ® SEC(%(U'*‘PIC—Z)).SEC(%(V'*'PI?Z)))
------------ 3.12
The sinc() impulse response terms of eq. 3.12 are defined:
sinc(x) = §%?5

The image plane coordinates are (u',v') and the array lengths
in each axis are taken as L. The complex image amplitude is
seen from eq. 3.74 to be modified by a phase term and shifted
an amount %? in both axes. This image shift is a consequence
of the reference wave synthesised by the holographic mapping
process. The image is also limited in spatial resolution by
the smoothing effect of the aperture impulse response ''sinc"
functions. Conventionally, the image intensity is taken to
characterise the object, rather than the image amplitude, in
which case: '

Image intensity = I(u',v').I(u',v)™ = lI(u',V')I2

The lateral resolution available in the imaging process is
dependent on the form of the system impulse response. Using

the conventional Raleigh criterion, the lateral resolution is
Az

T-- This is the same as that expected of a filled aperture

L x L occupying the same hologram plane.
The paraxial reconstruction process may be regarded as a
modified Fourier transformation of the hologram data; re-
writing eq. 3.8:
-k, 2.2 -k, 2 2
JAxXT+y") G (XT4yT)

®e ))

I(u',v') =

Jp(x+y)
f(e C(A(X,Y).e

X . .
y -ijg((x-u')zﬂy-\f')z)
e .dxdy
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) k., 2 2 .k
ip(x+y) J=(x"+yT) Je=(x"+y™)
(He CAK,Y) .6 22 @ e 2 1)

Xy

LK 122
eJZZ(U ')

K, 2,20 -
et y?) I ereyv)
e . Jdxdy --------- 3.14

(complex weight).Fourier transform((Hologram data).

(Focussing factor))
The image formation operation can be separated into two steps.
The first is the weighting of the hologram data by a paraxial
focussing term, and the second is the spatial frequency trans-
formation of the weighted hologram. This transformation is
conveniently scheduled as sequential x and y axis operations.
(35) The popularity of the paraxial processor is due to the
simple and potentially rapid implementation of the recon-
struction process. The focussing criterion is no more than the
addition of a phase term to each data point in the complex
hologram, and the transformation can be performed separately,
as sequential row-and-column Fourier transformations. Side-
lobe control in the final image can be effected at the inter-
mediate weighted hologram stage by a suitable apodisation
overlay.

Paraxial Reconstruction Processes

Different authors have described the paraxial reconstruction
process in different ways. The notions of '"backpropagation"
and ”backpropagator"(26’87) suppose the propagation of the
reconstructing radiation from the hologram to the image plane,
or opposite to the original object wave propagation in the
hologram mapping stage. The convolution expression (eq. 3.8)
has a negative exponent indicative of this direction.

The paraxial imaging process supposes the object field to be
the superposition of overlapping paraboloidal wavefronts

emanating from the point scatterers comprising the object. A

"matched filter'" imaging process generates paraboloidal wave-
fronts with the centres of symmetry overlying suspected

image detail.(34) By analogy with the (one-dimensional) pro-
cess used in the temporal domain to compress frequency-
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modulated radar pulses, the deconvolving function describing
the wavefronts is the conjugate of the spatially-reversed
hologram-to-image plane impulsé response. Given that the
corresponding free space impulse response is an even function,
the deconvolving factor is again as described by eq. 3.8.

The numerical technique most widely used in microwave ,
acoustic and seismic holographic reconstruction processes
avoids the convolution operation by Fourier transformation of
, (35,87,94,95,102) . .
the focussed hologram data. This technique
implements eq. 3.14, and is obviously best used when either
software or hardware fast Fourier transform (FFT) processors
are available.

The choice of reconstruction technique depends oh the format
of the hologram data (which may be complex, real bipolar or
monopolar(biased) real data) as well as the degree to which
the paraxial approximation simulates the holographic process.
Most early work in microwave holography relied on coherent
optical reconstruction.(6’7’14’17’18’20’24’31’32’88) The
inherent limitations of film in reproducing hologram data
produces imagery possibly accompanied by obscuring background
fields generated by the other terms in the transmission holo-
gram.(eq. 3.5) Quite apart from image obscuration, the holo-
gram scaling process necessary to implement convenient optical
processing is nearly always incomplete; that is, the hologram
scaling factor is less than the ratio of microwave and oﬁtical
wavelengths. This results in longitudinal image distortion.

An exception is found in synthetic aperture radar (S.A.R.),
since the significantly greater apertures synthesised usually
permit convenient and faithful optical reconstruction of the
reduced-scale quasi-holograms generated by this technique.
Despite the inherent depth distortion, a certain operational
inflexibility and some delay in (chemical) processing of the
reduced-scale transmission holograms, optical reconstruction
of images from microwave holograms does have the considerable

advantages of quasi-instantaneous reconstruction due to
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parallel processing. Variations in hologram aperture make
sensibly no difference to the image formation time, a property
which is certainly not possessed by digital computer-based
reconstruction algorithms since these are usually implemented

by sequential processing.

The Optical Reconstruction Process

This section uses the pertinent results from the analysis,
presented in Appendix I, of the optical reconstruction process
applied to reduced scale microwave hologram transparencies.

The image reconstruction procedure need only be based on the
manipulation of the complex hologram hC(A,B) formed by inter-
action of the object wave A and the reference wave B (eq. 3.7)
but practical considerations dictate that this complex function
cannot be simply represented by the field emerging from a
transmission hologram illuminated by plane wave coherent
radiation. A constant bias is added to the real bipolar com-
ponent of this complex hologram and a reduced scale analogue
transparency prepared. This has a transmittance T(x',y'):

T « (constant bias) + AB® + A¥B  mmmmemoao- 3.15
T has transmission values in the range zero to unity. The

1 of the linear dimensions of the

hologram so prepared has K~
original mapping aperture, that is:

x = Kx', and y = Ky' ===-eececcmcccccemmm e 3.16
Fig. 3.2 shows the main features of the optical processor.
The optical scale reduction stage uses two lenses and was in-
cluded to allow plane wave illumination of the hologram
transparencies, additional scaling of the hologram and ready
access to the hologram transform plane without disturbing
any optical components. The overall reduction factor, includ-
ing the initial photographic stage and optical processor
action, led to an effective K-value of 350. The plane wave
reconstruction wavefront was chosen for experimental con-

venience in checking image longitudinal position.

The field emerging from the hologram is assumed to be:
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y(x',y') « T(x',y'), to within a complex constant.
--------------- 3.17
The emergent field component which is a reduced scale version
of the original complex hologram AB* forms a virtual image
behind the hologram. The field analogous to the component A*B
forms a real image, focussed beyond the hologram. Thus:
igmi(r?es?)

wr(r,s) = Tr(r,s) @ e 0 eeeemeeeeeae- 3.18
where the image plane coordinates are (r,s), k' = —, A' =
632.8nm and z' is the image focal distance measured from the
plane of the reduced and re-~-imaged hologram. The subscript r
denotes the real image component. The paraxial approximation
is valid in this process. The virtual and real image terms
are found equidistant z' from the hologram. From the focussing
condition:

o= R A 3.19

kK™ A'K

The longitudinal position of image and object plane are

simply related using plane wave reconstruction. For the proto-
type system:

z' A
R T . 3 et 3.20
E A K2 |
In the focal plane z', the real image distribution is:
2 2
. k., 2
o dggrlres 4 % ZAT  Z\AS -JZZ(r 9. (F5— 7] z z)
wrcr’s) =e€ (A (KZ X',KZ'X') K
1 1~ 1
51nc(——{pK .)) sinc(%f{pKﬁggﬁé)) ------- 3.21

That eq. 3.21 represents a conJugated reflectance term is of
little consequence if the image is regarded as the intensity
of this field. The image is laterally scaled by a factor Mlat

where:
_ Kz'Aar
Mat = —zx T X 3.22
The relationship between image and object distances has been

taken from eq. 3.19. The sinc() terms on the extreme right
hand side of eq. 3.21 represent the image (r,s) plane impulse
response, and the resolution in this plane according to the

Raleigh criterion is:

_ Kz'"x' Az _ Az
Ar = Zh .T = Mlat'T 3.23
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Likewise, the s-axis resolution is just:
~ Az
As Mlat'Y .
X and Y represent the original (that is, microwave domain)

hologram aperture dimensions. The resolution is seen to be

. fixed in the hologram recording stage by the aperture available

in that domain. The image is in addition displaced an amount
Mlat;%? in both r and s axes as a result of the offset reference
wave synthesised in the recording process.

In the prototype system, the microwave wavelength was X, and
equal to 30.3mm, and the optical reconstruction wavelength X'
was smaller by a factor of 48000. The scale reduction factor
K was only 350 and this implies significant longitudinal

image distortion. This is, however, acceptable in the quasi-

planar object geometry considered here.

Longitudinal Image Resolution in Paraxial Processing

The longitudinal or depth resolution available in the image
reconstructed from a full-scale microwave hologram using par-
axial region processing is found by examining the effect of
small focal length perturbations on the lateral impulse response.
Applying eq. 3.9, the image field amplitude in a plane z" from
the hologram is:
i) ety ety S aevy)
I'(u',v') = J[f[A(u,v).e .e .€ .e .

Xyuw . 2,24 . . .k 2. 2
“Jogm(u' T ) %.,(u'XW'y) Jp(x*y)  —Jpmw(xTHyT)
.e .e .e .
.dudvdxdy ---- 3.24
The image distance in the reconstructed image is defined as:
z" = z(1+4), A<<l —------e----—- —————————————— 3.25

Supposing a point scatterer at u, in the object plane leads
to a modified impulse response in the image plane u' axis:

2 .
f R X u-(1-a)ur -BE)x
€ . e .

dx ~=—emmmmmmmm—eem—- 3.26

X
Integration is performed over the x-axis dimension L of the
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microwave array. This integral (eq. 3.26) has the form of an
even function of x. The image maximum will , consequently, be
symmetric about the point u', where:

ut ~(BE-u)/(1-8) = (u -BE).(1+8)  -mmmmeme-e- 3.27
The image detail is, according to eq. 3.27, magnified an
amount (1+A) for image distances z'">z and similarly demagnified
if z'"<z. The locus of image detail, thus, in the region of the
focal plane, lies on a straight line joining the aperture
centre and the detail itself. (This result will be invoked
in the examination of longitudinal image resolution in other

object environments.)

Sutton(87) finds that the maximum value of eq. 3.26 drops to
-3dB of its focussed value (that is, for z'" = z), when the
peak value of the argument of the first term is /4 radians;

hence:
AZ
Y
The z-axis image half-power points are thus:
zt = z/(1'&%) —————————————————— ——m—mm—————— 3.28
L _

and the z-axis resolution is approximately Az, where:

Az = (Az%/L%) e e e 3.29
The longitudinal and lateral image resolutions are equal if
the paraxial approximation is valid at a distance z equal to

the aperture dimension L.

The prototype system has a maximum aperture (in the horizontal
axis) of 686.8mm, A = 30.3mm and if z is 1 metre, then the
longitudinal resolution is 128mm or 13% of the object distance.
At twice this object distance, the longitudinal resolution is
523mm or 26% of the range. In contrast, lateral resolution is
a constant fraction of the range.(eq. 3.12) High range
resolution is not a striking feature of microwave holographic
imaging systems using monofrequency techniques. As the range
increases, the range resolution becomes worse and in the limit
of far-field operation no range ''clues' are present in either
hologram or image. The situation is rather better in the quasi-
holographic S.A.R. system.(77) As an example, a system aperture
of 180m at an X-band wavelength equal to that used in the



100 9N\ -~ 5
~
o Minimum range
80 - ~t & L 4
S
S O\
60 =~ - o _ - 3
Range e = = B lEL Minimum
40 T e e X T T ~ 2
- “x—-
Resolutlonx,_. Range resolution Range
20 T Az - 1
(m) (km)
0 - T N E— T ] T 0
1 2 3 4 5 6 7 8
(9.9GHz) Wavelength (1.2GHz)
. (A/30.3mm)

Fig. 3.3 On the dependence of range resolution on wavelength

for a fixed aperture




3

.4

26

prototype laboratory system is possible. At the minimum range
for which the paraxial approximation is valid, and taking
into account the effective wavelength reduction due to the
go-and-return mode used in S.A.R., the range resolution is
25m. This'represents a much more useful fraction of range
than that obtained in most microwave holographic systems.

One group (77) has exploited this property in the examination
of object motion effects on S.A.R. imagery. The technique
resolved ambiguity in the direction of propagation of ocean

wave trains.

Reducing wavelength while keeping effective aperture constant
is not a useful method for improving range resolution. This
parameter, for a constant 180m aperture, over a 8:1 ratio of
wavelengths shows only 2:1 improvement in absolute (that 1is,
spatial) resolution. (Fig. 3.3) The improvement in the
relative range resolution is just 4:1. In each case, range
resolution was optimised in the sense that the paraxial
minimum range was evaluated; the range resolution is worse

(greater) at longer ranges.

Image Plane Distortion in Paraxial Processing

Wells(34) has described the holographic implementation of the
orthogonal axis synthetic aperture system as ''conic holography"
The term refers to the synthetic aperture system’s equivalence
to a system of two orthogonal linear arrays of sensors (trans-
mit and receive), mechanically focussed at a constant range,
and each rotated about one axis to define an object region.
(Fig. 3.4) Given that the arrays are sensibly isotropic

normal to their long axes, the position of the beam maximum
gain region is the intersection of the hyberbolae defining

each array’s planar object field maximum gain "strip".

The monofrequency holographic synthetic aperture system may
be conceptually equated with a continuous wave phased array
system, given a static object environment. The holographic
and phased array systems differ only in the implementation
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of the beam-forming process. In holography, only-one sensor
pair may be activated at any one time for reasons of signal
identifiability, and the post-detection signal "complex
weighting and integration' technique of reconstruction (eq.
3.10) is analogous to the hardware implementation of the
same signal weighting and coherent summation which defines a

given object region in both transmission and reception.

Wells considers the differences between holograms produced

by '"areal' and '"conic' holography, the first referring to
filled-aperture sensor array techniques.. (Chp.1) The holo-
grams are identical for objects in which the paraxial approx-
imation is valid, and as a result the simple consecutive and
separable convolution reconstruction process is applicable to

either mode of recording.

Outside the paraxial region, any comparison between '"areal"
and ''conic'" holograms is of little utility, since the optimum
reconstruction processes are significantly different. The re-
construction process applicable to "conic" holography has the
advantage of separability, albeit with a more complicated
algorithm than the paraxial one, but still potentially im-
plemented in less time than that needed for the reconstruction

of the "areal" h010gram.(34)

The aim of this section is to develop practical limits to the
application of the paraxial reconstruction process, and to
investigate, using the prototype system as the example, the
relative degradation of system impulse response arising from
(a) the paraxial approximation and (b) the intrinsic hyber-
bolic impulse response loci implied by this process. To this
end, only one axis of the equivalent phased array system need
be considered. Limitations imposed in one axis may be inferred

in the other.

The vertical phased array in Fig. 3.5 is focussed at a range

z, by including a set of parabolic complex weights. This
analogue of the paraxial reconstruction process generates a
hyberbolic beam trajectory in the object plane, and the impulse
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response is a function not only of range and the u-axis co-
ordinate, but also of the orthogonal axis coordinate. The
impulse response is degraded in three ways. Firstly, the
paraxial processor is only approximate and secondly, the
constant focal length implies u-axis defocussing if imaging
is attempted at large (v,z) plane angles. Thirdly, the beam
maximum locus is an hyberbola on a planar object region.
Taking the last statement, it has been shown (eq. 3.27) that
the beam maximum lies along a straight line joining origin
and object point. The beam locus is given by:

uz/ué - VZ/ZZ = ] mmmeme e e - 3.30
where u, is the u-axis intercept for v=0. Hence:
u = u0(1 + Vz/Zz2 - V4/824 et ) m-—me-—-- 3.31

The Taylor series expansion has been used here. It 1s reason-
able to require u to be within a fraction « of a beamwidth

o)
the largest value of interest in the u-axis, and is determin-

from Uy for a range of v-axis values not exceeding u,; u is

ed by the paraxial approximation and allowable impulse re-
sponse degradation. Thus the u-axis error is limited to:

uvi/22% ¢ @ Az/L mmmmmmmmmmmmeemeeeee oo 3.32
The aperture dimension is L, and the beamwidth is taken as
Az/L. Hence: J g3

vV g (m.u L)2 ------------------------------- 3.33

. o . . . .
If a (square) object area u, x uj is considered, and if v is
smaller than ugs then the hyberbolic distortion is taken as

significant.

Considering the second cause of impulse response distortion
due to defocussing, the field at (uO,O,z) due to the phased
array is accurately expressed as
jk((xmuy) 2yt
F(uo,O,z) = J(array weights).e ° Coudx =---- 3.34
array :

The array has been assumed to be continuous.
k((x—u0)2+zz)% = kz(1 + (x—uo)z/ZZ2 - (x—uo)4/8z4 + tiieen.) =—=== 3.35
The first term on the right hand side of eq. 3.35 is constant

and the second term is the common second power paraxial
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approximation. The quartic term must be kept sufficiently
small so as not to degrade the impulse response. Requiring
this term to be less than m/8 radians (peak value), following
a '"far-field" type of argument, is unnecessarily restrictive;
depending on the criterion chosen for impulse response de-
gradation, simulation suggests that peak quartic term values
between m and 27 radians are possible, although impulse re-

sponse degradation is rapid after this figure.

Simulation using the aperture and wavelength dimensions of
the prototype system, covering the useful range of 0.75 to
2 metres, has revealed that phase errors from the quartic
(and higher) terms of m radians caused sidelobe levels to
rise from approximately -14dB (residual non-apodised value)
to -6dB using a point scatterer object. In addition, the im-
pulse response maximum was in error in its location by one
quarter to one half the spatial resolution, and suffered 1-2
dB gain loss. The increase in sidelobe level was considered
to be more limiting than the loss in spatial resolution. From
eq. 3.35: ‘ 1
o uy CIPR LI IR 3.36
The peak phase error (¢max
the restrictions on uo(eq. 3.36) and v(eq. 3.33)(Fig. 3.6)
the conclusion is reached that, in the range of useful object
distances accessible to the experimental system, the paraxial

) is taken as m radians. Combining

assumption is more likely to degrade imagery than the hyber-
bolic impulse response locus. The effect of the varying range
from array to object position has been ignored for the sake
of mathematical tractability in the preceding analysis.

Fig. 3.6 Paraxial and Hyberbolic 0?75 0??3 Ofgix
Limits 1.00 | 0.25 | 0.59
Dimensions are in metres. 1.50 | 0.46 | 0.80
A= 30.3mm = =1 2.00 | 0.65 | 1.04
L =0.6868 ¢max= m radians 2.50 10.83 1 1.29

The preceding conclusion has been checked by a simulation
which describes the phase of the object wave exactly and re-
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constructs the supposed hologram by a constant focal length
0,2) in the

object plane, and using the paraxial process for reconstruction

paraxial process. Given an arbitrary point (uO,V

of the complex hologram results in an imageu'-axis distrib-

ution along a line parallel to the (x-axis) array:

F, (') = dX ——mmmmmmmmoe- 3.37

. 2 2.1 .
f ik(xmu) e (yv ) 2Dt i ?
e . .
(o]

array
The array and hologram plane variables are (x,y), and the
image axis is u'. If the hologram plane y-axis is coincident
with the centroid of the array, then (y-vo) is replaceable by
just v, in eq. 3.37. This provision allows the largest object
displacement Vo since v, will, in general, be of either sign,
and this requires that the arrays cross as close as to their
centres as is possible. This compact geometry has been used

with the experimental prototype system in its final form.

The image reconstruction process of eq. 3.37 has been simul-
ated for a range of operational focal lengths and offsets Vo
In every case, the effect of the increase of the distance to
object point by the orthogonal axis offset v, was investigated
for a range of v, not exceeding u,- The simulation result,

based on:

. 2 2,.2.\3 -k 2
Jk((x-u )™+ (v "+27))* -jz-(u'-x)
= fe © © e 22 X mmmmmmmm—mee- 3.38

E, (u")
o
: array
is exemplified in Fig. 3.7. Here, a range of 1 metre is assumed
and. a- point scatterer object position (uo,0,1) initially used.
(u0 = 360mm) This corresponds to about 4.8 radians peak phase

error in the paraxial approximation for v, = 0.(eq. 3.35)

The image lateral resolution is initially 55mm(measured be-
tween -3dB points, and about 25% more than that indicated by
simple theory), and is degraded to 90mm if the object is moved
laterally, keeping u, constant, but changing v, from zero to
400mm. The image maximum is, however, degraded only 1dB and
shifted -25mm, which 1s less than one half the expected spatial
resolution. The image shift for v, = 0 is due to the paraxial

reconstruction process.
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It would appear from this and other simulations corresponding
to smaller paraxial phase errors that a peak phase error of

m leads to imagery whose detail is not noticeably degraded by
the inherent hyberbolic distortion of '"conic" holography when
the paraxial reconstruction process is indiscriminately
applied. Thus, the resolution degradation due to reconstruction
processor mismatch is relatively worse (for the prototype
system) than the inherent hyberbolic distortion caused also
by the same processor.

It is also noteworthy that the positions of the image maxima
indicated in Fig. 3.7 contract with increasing v-axis offset;
this is in accordance with the equivalent phased array model
of Fig. 3.5, since the image plane contours corresponding to
equal processor weights are presumed horizontal in the par-
axial reconstruction process, whereas the equivalent object
plane beam maximum traces a hyberbolic trajectory. This re-
sults in a characteristic "pincushion' distortion of the image.

Hologram Formation and Reconstruction outside the Paraxial

Region

Theoretical Description

The simple paraxial reconstruction method has been seen to be
ultimately limited by impulse response distortion, leading to
impaired resolution and errors in image plane geometry. The
paraxial reconstruction processor can also restrict system
field of view unnecessarily when array sampling is considered.
Using the phased array analogy again, the application of par-
axial theory without regard to accuracy in the prediction of
beam maxima of a discrete element array, having antennae at
one half (free space) wavelength spacing, would indicate sub-
sidiary grating lobe flanking the main lobe. In reality, such
an array exhibits only a single lobe beam pattern. More
effective use can be made of the available aperture by employ-
ing a more accurate description of the impulse response of
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the region between hologram mapping plane and object plane

in the design of the "backpropagation function.

The technique(87) is nearly "exact" in respect of wavefront
phase description, but neglects the apodising effects of the
varying propagation path lengths between object detail and
array elements and the non-isotropic nature of real antennae.
A minor constraint easily met in practical systems sets a

near-field limit outside the antenna reactive region.(103)

The total phase shift from a transmitting antenna to a re-
ceiving antenna via a reflecting region dudv on the object
A(u,v) is, from eq. 3.1 and Fig. 3.1:

1 1
px + py + k((u-x)2+v2+z2)% + k((v-y)2+ulez?)T cmmcomoooon 3.39
The complex hologram 1is:
1 1
ip(x+y) k(w0 in?ezh)t jk(vy) Brutezh
h.(x,y) =e [JA(u,v).e .e .dudv 3.40

uv
This form of the (complex) hologram from ''conic' holography
is rather different to that which would be generated by a
system having an areal receiver aperture equal to the pro-
jected array dimensions (Fig. 3.1) and with illumination pro-
vided by an isotropic source. In such a case, the complex
hologram would be:

JpCxty) jkaayteah)E  greteyPeh?

hsphérical(X’Y) = e Alx,y).e ®e --= 3,41
Clearly, the equivalent areal aperture-plus-illuminator con-
cept valid under the paraxial approximation cannot be carried

(34) indicates that

over to a wider field of view system. Wells
image reconstruction in this region from holograms generated
by "conic'" systems is, despite the increased complication of
eq. 3.40 compared to eq. 3.4, still potentially faster than
the image reconstruction from an "areal" hologram. He finds
that the complex ''conic'" hologram separates into two multi-
plicative factors, which, if not independent as in. paraxial

imagery, still allow sequential row-and-column operations.

In paraxial holography, the image data obtained by one axis
deconvolution of the hologram data assumes constant focal
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length across the orthogonal image plane. In conic holography,

however, and assuming a rectangularly sampled planar object

geometry, the impulse response distortion and hyberbolic

error is defeated by adjusting the deconvolving factor focal

length for orthogonal axis position. The required image re-

construction operation is, using the '"backpropagator' notion:

k(o) 2 2e2?) k() B B ?y

I(u',v') = ffhc(x,y).e . Jdxdy 3.42
Xy

This may be implemented by two sequential convolutions operat-

ing on orthogonal axis data:

N

—jk(ut 2+ (vr2+2?y)

1 ! 1y = 1 "Y®de - e m————
(a) I'(u',v") hC(u V') Qe v'=constant 3.43
The second convolution generates the final image from the
intermediate array:
1
k(v 2 (ur 2ezt))?
[ 1 = T! 1 ! ——————
(b) I(u',v") I'w,v') ®@e u'=constant 3.44

In effect, if the deconvolving factor is envisaged as the
generator of a (uniaxial) sequence of intermediate image values
from a data row in the hologram, then that factor is modified
according to the position of the image row in the orthogonal
axis. The image is completed by a similar sequence of operations
in the orthogonal axis using column data.

Image Lateral Resolution

The hologram mapping and image reconstruction process may be
viewed as spatial-frequency domain operations.(87)

H(fy,£)) = A, £).Q(Ey,£))  —==rmmmmmmmommmomes 3.45

The (upper case) H,A,Q refer to transformations of hologram,
object and "propagator'" respectively. If eq. 3.45 is rewritten
in short form notation as H = A.Q, then the corresponding
image reconstruction operation is clearly: _

I = H.Q'1 --------------------------------- ———- 3.46
where Q-1 = Q*/IQIZ. The image reconstruction operation is thus

rewritten as:
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1= A0 - 3.47

The bracketed term represents the spectrum of the (measured)
complex hologram. If the approximation is made that the
propagator amplitude spectrum is constant or nearly so, then
eq. 3.47 is equivalent to eq. 3.42, since:

"R (£ ) = 4T (ox, oy, 2) = AT xy,n) —emeee 3.48
The backpropagator q is an even function of x and y. Drawing
an analogy with temporal domain pulse compression techniques,
the image reconstruction operation is very close to matched
filtering. The resolution offered by the process is taken as
the inverse of the spatial frequency extent (occupancy) of
either propagator or backpropagator. The (x-axis) deconvolving

factor is from eq. 3.47:

: 1
-k (xPeyPez?y

e  eemsmsccccccmecccccnmmcacsae m—_m———— 3.49
The spatial frequency extent of this function is estimated by
the stationary phase technique:(103)

. 1 d _—
Bandwidth (cycles/metre) _Qﬁf'af(q(x)) x=+§ 3.50
~2

The aperture dimensions are X and Y in x and y axes respect-
ively. The resolution is taken as the reciprocal of the band-
width: (eq. 3. 50) :
2,X%, 2.1
8x = X(z Ty )2 ------------------- —————————— 3.51

2
Similarly 8y = Y(z +——+ )2 ----------------------------- 3.52
Using the same argument the paraxial approximation suggests
propagator bandwidth of X/Az in the x-axis. Hence resolution
in the x-axis is confirmed as:
_ AZ . AZ

6x = %, and Sy = Y TTTTmmmssessosss——sm—eoo--o 3.53
The resolution available using the extra-paraxial processor
of eq. 3.42 reduces to the above (eq. 3.53) forms in the limit

of longer object distances z.

That the lateral resolution in the image plane is not constant
over the plane can be taken as indicative of the adjustment

to the deconvolving factor needed to maintain beam focus over
an assumed plane object region. The linear resolution is

worst at the edges of the object plane. Described in spatial
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frequency terms, the hologram formation and subsequent image
reconstruction processes are linear, and the overall impulse
response should be an invariant function of image plane
position. However, eq. 3.45 does not explicitly include a
term which describes the finite hologram aperture available
and which convolves the propagator spectrum , since this

term has been assumed to be sufficiently narrow not to modify
the propagator spectrum. The spatial domain backpropagation
deconvolution approach matches propagator and backpropagator
wavefronts (having regard for their relative directions) and
ignores aperture dimensions. As a result, the impulse response
and hence the spatial resolution vary over the image plane.

The Sampled Hologram

The assumption has been made up to this point that the holo-
gram is a continuous recording. Practical microwave holograms,
however, are nearly always discrete data recordings, and a
digital computer-based image reconstruction process can in
any event only incorporate a finite number of sampled field

values.

The prototype system had two orthogonal arrays each comprising
two 10 element subarrays functionally combined with direction-
al couplers. Antenna spacing was 20.2mm in each axis, and al-
though the arrays were broken at their centres to accommodate
directional couplers and their cross-over, the antennae were
fitted to a constant pitch. The gap in array centres is not
considered here, as its effect on the imaging process does

not contribute to the elucidation of the sampling process.

An approximate spatial frequency domain analysis is appropriate
to determine the limits of object range and lateral extent
(offset) imposed by the constant spatial frequency sampling
interval. The spectra are approximate in the sense that
amplitude characteristics are of secondary concern, and the
limits of "instantaneous' (that is , local) spatial frequency
are taken as the field bandwidth. A feature of the orthogonal
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axis imaging system is the possibility of synthesising a
plane reference wave which may make an arbitrary angle with
the array plane .by adjusting the antennae spacing. This offset
reference wave mode is most useful in image reconstruction
systems where the hologram data is real, so that spatial
separation of the desired and potentially interfering image
and other terms may be achieved. From eq. 3.5, the hologram
resulting from the interference of object wave A and reference
wave B 1is:

h(A,B) = |A[% + |B|? + A®B + AB® —-mmmmemomo- 3.54
In a reduced-scale optical reconstruction mode, the limit-
ations of monopolar real hologram transmittance mean that all
4 terms of eq. 3.54 will be present in the field emerging
from the hologram, although only the third (or fourth) is re-
quired , in principle, to recover the original object wave
and hence the original object scene. A digital reconstruction
system can, however handle real bipolar or complex data, and
the spatial separation requirements can be relaxed or even
ignored, as the background '"clutter' producing terms in eq.
3.54 are then absent. A computer-based reconstruction system
‘has therefore access to a potentially larger object region.

The object regions accessible without ambiguity are dependent
on the process chosen for reconstructing the hologram data.
This data, in turn, can be in one of three categories:

(a) Complex data corresponding to the object wave or its con-
jugate;(eq. 3.7)

(b) Real bipolar data corresponding to a component of the
object wave;(eq. 3.6)

(c) Monopolar real data corresponding to an analogue of eq.
3.54.

The first two data representations are the usual (but not
necessary) preserve of computer-based reconstruction. The last
(c) is commonly used in optical reconstruction. Complex data
has been recorded on film for optical reconstruction as so-
called "kinoforms" (107) but the process is neither simple

or common.
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The sampling process is viewed here as an overlay or multi-
plication of the supposed continuous hologram by a two-
dimensional square sampling grid. The equivalent spatial
frequency domain representation convolves the continuous

field and sampling grid spectra. Real, virtual and "background"
fields will be spatially distinct in the image plane if their
spectra do not overlap. The accessible object regions are
divided according to the form of the hologram data. The Nyquist
sampling criterion determines the allowable spectral occupancy.
Case 1: (Fig. 3.8) Given antenna spacing A in both axes, the
permissible spatial frequency limits are just #1/2A in each
axis, and maximum object wave bandwidth is 1/A.

Case 2: (Fig. 3.9) Less spectral occupancy is available as

the overlapping conjugate spectra of a real bipolar data holo-
gram have been separated by introducing a spatial carrier
frequency 1/4A in both axes. Maximum object wave bandwidth is
1/2A in both axes.

Case 3: (Fig. 3.10)The first term IAI2 in eq. 3.54 corresponds
to a spectral "patch'" twice the width of the object wave
spectrum, and has the form of the autocorrelation function of
the spectrum of A. In addition, the reference term {Blz is
clustered around the sampling harmonics. The available holo-
bandwidth is more restricted than in either previous case, and
is just 1/4A in both axes. The separation of spectral regions
leading to real and virtual image terms has been accomplished
by the introduction of a spatial carrier at a frequency of
3/84A.

Image lateral resolution tends to be at a premium in microwave
holographic imaging systems, and the above three cases are
examined to find the largest object region accessible, as a
function of both range and the reconstruction technique. It
will be shown that the paraxial reconstruction process does
not always allow efficient use of system aperture.

Case 1 (a) Non-offset point object

For a point scatterer object at a range z from the crossed
orthogonal array system, the complex x-axis field is:
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jk(xez?y?
h(x) = e = =eccccccccccccccccc e ccmeeee 3.55
The object position in the (u,v,z) coordinate system is
(0,0,z), and the maximum array dimension in the x-axis is %.
In the prototype system, the x and y array dimensions were
X = 686.8mm and Y = 585.8mm respectively. The maximum record-

ed spatial frequency is:

£l nax = ———7547—T (m™") (x is taken at maximum
A(xT+z7)* v
value.)
€ 1/2B  =mmsmmmmemmmooeeeoooaoooos 556
Thus z 3X(8%/2%-1)%  —-ee- e 3.57

In the practical system, assuming zero object offset, the
minimum range values are:

Znin - .304m in the x-axis, and similarly,
Znin - .258m in the y-axis.
In comparison, the paraxial approximation (applied without

regard to considerations of its accuracy) would suggest an x-

axis field: jkx2
h(x) = e SR 3.58
The corresponding minimum range is:
- XA _ . s
Zpin = % ° .46m 1n the x-axis.

(b) Offset point object
From eq. 3.40, the object field due to a point object at (u,v,z)

is:

[ STEY

1
k(2w k() Paled)
h(x,y) = e e ememmmmmemeememeeaao 3.59
Using a stationary phase approximation, the maximum offset
possible in the object plane is:

max

_ 2.2 % _
Viax - 1.134(u"+2%)* =

u = 1.134(v2+zz)% - % , and similarly:

2
A feature of eq. 3.60 is the increase in permissible object
offset with orthogonal axis offset, due to the reduction in
wavefront dispersion. A conservative 1imit is found when the
orthogonal axis offset is zero. The longer (in this case, x-
axis) aperture limits the maximum object offset at a given

range, as shown in Fig. 3.11. This shows that the use of the
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paraxial processor, when constrained by defocussing limitations
will not lead to aliased imagery, although the accessible ob-
ject region is restricted both in minimum range and in maxi-
mum offset compared to the region available to the more exact
technique. (sec. 3.5) The absolute value of offset is plotted
and the forbidden regions are indicated. The paraxial limits
for /2 and 7 peak phase errors are derived from eq. 3.36.

The ranges used in Fig. 3.11 exceed the practical maxima of

the prototype system. The use of the paraxial processor 1is

also restricted by the Nyquist criterion in its own terms;

for an x-axis field:

. k 2
JQE(U‘X)
h(x) = e " = ==ce--- e meem e ——— 3.61
Applying the Nyquist criterion, the maximum x-axis offset is:
S 3.62
Unax A 2 )

Case 2 The exploitable object wave bandwidth of a real bi-
polar data hologram is half that of the previous case. Using
the approach leading to eq. 3.57 and assuming no object off-
set and the use of the '"'exact' processor:

Znin . 835m
The minimum range derived from the paraxial approximation 1is,
following eq. 3.58:

Zoin .92m
A conservative value for the maximum u-axis object offset and
assuming the ''exact'" processor is:

Upax = 4052 - F memmemecmmme e 3.63
The Nyquist criterion applied to the paraxial processor leads
to a more restricted offset:

U= 3752 = F e 3.64
The limitations on the minimum range and maximum offset of
the point scatterer object using the two processing tech-
niques, and including also the offsets leading to 7m/2 and =
peak phase error in the paraxial approximation are summarised
in Fig. 3.12. The penalty exacted for complete image com-
ponent separation is a severe limitation of the system’s

field of view compared with that obtained in Fig. 3.11. The
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simple paraxial processor is, however, applicable almost to

the edge of this field of view.

It is in addition necessary to shift the spectra of the con-
jugate image fields to avoid overlap, as indicated in Fig. 3.9.
The offset can be generated by appropriate antenna spacing,

or, if this is not a free parameter, by including a known
phase shift from antenna to antenna of both arrays. The re-

quired reference field is:
jZ“%E:X)

B(x,y) = € 0  smemememmememem—e—e—oomeo—o--o 3.65
This function has spatial frequency 1/4A(m_1). From eq. 3.4,
the reference field isijp(x+y)

B(x,y) = e e — 3.66
The propagation constant of the waveguide array distributor
is :

P = Zﬂ/kg

Hence Ag = 4A. This value of Ag implies operation rather
close to the cut-off frequency of the waveguide, if A = 20.Zmm,
and an alternative approach establishes the incremental phase
shifts pAx and pAy in the two arrays by including phase shift
elements in the path between distributor and antenna aperture.
In this example, -7/2 radians incremental phase shift would

be required, using the prototype system parameters.

Case 3 Monopolar real data holograms require spatial separation
of real, virtual and background image components and only half
the bandwidth available in Case 2 can be exploited. Applied

to the prototype system, the paraxial approximation is
adequately accurate throughout the useful object region, so
that limitations on object offset derived by both '"exact"

and paraxial approaches are very similar. The minimum object
range, for no object offset, is:

Zmin - 1.84m
The Nyquist criterion limits either axis offset:
- _X .o
U ax = .188z > and similarly
Vo= . 188Z = Y e 3.67
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simple paraxial processor is, however, applicable almost to
the edge of this field of view.

It is in addition necessary to shift the spectra of the con-
jugate image fields to avoid overlap, as indicated in Fig. 3.9.
The offset can be generated by appropriate antenna spacing,

or, if this is not a free parameter, by including a known
phase shift from antenna to antenna of both arrays. The re-

quired reference field is:
jZW(X+X) ,

B(x,y) = e S SR 3.65
This function has spatial frequency 1/4A(m_1). From eq. 3.4,
the reference field isijp(x+y)

B(x,y) = e e ———————— 3.66
The propagation constant of the waveguide array distributor
is

P = ZW/Xg
Hence A _ = 4A. This value of xg implies operation rather
close to the cut-off frequency of the waveguide, if A = 20.Zmm,
and an alternative approach establishes the incremental phase
shifts pAx and pAy in the two arrays by including phase shift
elements in the path between distributor and antenna aperture.
In this example, -m/2 radians incremental phase shift would

be required, using the prototype system parameters.

Case 3 Monopolar real data holograms require spatial separation
of real, virtual and background image components and only half
the bandwidth available in Case 2 can be exploited. Applied

to the prototype system, the paraxial approximation 1is
adequately accurate throughout the useful object region, so
that limitations on object offset derived by both "exact"

and paraxial approaches are very similar. The minimum object
range, for no object offset, is:

| Znin - 1.84m

The Nyquist criterion limits either axis offset:

.188z - X , and similarly

umax = 2
- D
vmax = ,188z 5 3.67
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L .
The paraxial processor is in this case limited by sampling,
rather than by accuracy, considerations. (Fig. 3.13) The
spatial frequency carrier can be implemented by reference
wave manipulation in a similar manner to the previous example.
In terms of the prototype system, the provisions of Fig. 3.13
result in a severely limited system. The minimum range alomne.
was close to the practical limit, and even at a range of 3
metres, the accessible object region is less than four beam-
widths (-3dB points) wide.

Paraxial Simulation of Holograms from the Orthogonal Array

In this section, the paraxial field description is used ex-
clusively to simulate the orthogonal array system. A 400 point
hologram is generated by two 20 element arrays, with unit
antenna spacing presumed in each case. The system wavelength
was varied, keeping antenna spacing constant, to demonstrate

a range of synthesised offset reference wave formafs. In all
examples, the point scatterer object has been placed at the
centre of the projected aperture at the position (10.5,10.5).

Qffset Reference Wave

The wavelength is given as a fraction of the antenna interval.
If the wavelength is (1+8) units, then the reference wave
makes an angle « with the array axes, where: (Fig. 3.14)

« = arcsin(g) —==-=---=-o---- e emme e — e ————— 3.68
Equal antenna spacing in both transmit and receive axes means
that the reference wave subtends equal angles with both axes.

The reference wave is described:
_jZn(x+y)tanoc
A

B(x,y) = e T mmmmemmmememememememee 3.69
The reference wave spatial frequency in one axis 1s just the

reciprocal of the system wavelength, measured in units of
antenna spacing. The resultant spatial offset of the zone
plate centre for the simple point scatterer object, is, in
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the x-axis:
Zone plate centre shift = ztanx --------------- 3.70

Examples from Simulation

A series of 4 examples exhibit diminishing hologram spectral
occupancy with increasing object range. The wavelength is
taken as equal to the antenna spacing. From eq. 3.68, =« = 0,
and the reference wave 1s coplanar with the hologram aperture.
There is no shift of zone plate centre.(eq. 3:70) The array
coordinate system has the result of antenna (1,1) measurement
at left bottom. The hologram is presented as a "hard-limited"
version of a bipolar real data gathering process. (Figs. 3.15
(a) to (d)) The spectral diagram (Fig. 3.16) shows only the
hologram of Fig. 3.15(a) to be undersampled, although all 4
holograms have coincident real and virtual image spectra.

The hologram bandwidth is taken as %%, from eq. 3.54, where
both x and y axis have an aperture of L = 19 units, and A =

1 unit. For the purposes of image reconstruction, a hologram
is considered aliased if it is impossible to perform spectral
bandlimiting without reducing the spectral extent beyond that
determined by the continuous version of the same hologram.
Reduction of the spectral occupancy to avoid aliasing reduces
resolution potential in the image.

Increasing the wavelength by 11% of the antenna interval
generates a synthetic reference wave, not planar with the
array aperture as in the previous cases, but at 6.3° to both
axes. The zone plate centre (Fig. 3.17) is consequently
shifted ztan= = 8.3 units in both axes. The hologram spectrum
(Fig. 3.18) shows incomplete separation of real and virtual
image terms, so that image spatial separation is also not
complete. The reconstruction process (Fig. 3.19) supports this
result; the real image is chosen here for reconstruction using
plane wave illumination and this image maximum lies near a
corner of the extended virtual image background. Calculation
shows the real image to be centred about (18.8,18.8,75).
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A further wavelength increase to 1.25 antenna units establishes
spatial separation of the two image components. With X = 1.25
units, the reference wave angle « = 14.50, and the image is
offset 19.4 units in both axes. The zone plate centre is thus
9.9 units beyond the top right-hand corner of the aperture.
(Figs. 3.20 and 3.21) Further increases of wavelength (to
A = 1.35 and 1.5 units) develop larger offsets of the zone
plate centre, as shown by the increase in perceived hologram
spatial frequencies.(Figs. 3.22 and 3.23) Even in the latter
case, the hologram is not aliased.
The image repeats at intervals of:

Image period = %é ----------------------------- 3,71
(6 = 1 in this simulation.) In the example of Fig. 3.23, the
image period is 112.5 units, and the offset due to the refer-
ence wave 1s not so large that an aliased image maximum is
indicated on the hologram as an apparent zone plate centre
towards the bottom left corner.

Reduction of Wavelength below Unity

If the system wavelength is reduced and made less than the
antenna interval, the synthesised reference wave subtends an
included angle whose sign changes.(eq. 3.68) An example for
which A = .8 units and z = 25 units is given in Fig. 3.24.

The point scatterer object is centrally located at the position
(10.5,10.5,25) as before. The hologram spectrum (Fig. 3.25)
reveals that, although the hologram has been adequately
sampled, the separation of real and virtual image components

is not complete, an observation which is in accord with the
fact that the zone plate centre is visible on the hologram.

An extreme example of hologram aliasing (Fig. 3.26) arises
for an antenna spacing of many wavelengths. Here, the wave-
length is only 10% of the antenna interval, and according to
eq. 3.71 the image period is 7.5 units. The hologram reveals
subsidiary maxima clustered around the central maximum and

having just this spacing. The object is again a point scatterer
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and is located at (10.5,10.5,75)

Conclusion

The theoretical analysis of an elegant implementation of an
inertialess microwave holographic imaging system has been

presented.

The paraxial Fresnel region of operation utilises a simple
reconstruction process, but the limited spatial resolution
generally available in microwave images prepared by holo-
graphic techniques encourages the exploitation of object
regions for which the paraxial reconstruction process is not
suited. In these regions, a more exact description of the
mapping process leads to a reconstruction process in which
the orthogonal array geometry has inherent advantages com-
pared with equivalent apertures formed by areal arrays.

Maximum accessibility of the object region is obtained if
the hologram data is in complex form, which implies a com-
plicated hardware signal processor. In such cases where this
hardware complexity is not possible, it is feasible to man-

ipulate the reference wave synthesised by the mapping operation

so as to ensure spatial separation of wanted and unwanted
image fields, although this done at the expense of limiting

object region accessibility.
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CHAPTER 4

Optical Image Reconstruction

Equivalent. System Description

A series of preliminary tests of the holographic system
used simple objects and a coherent optical reconstruction
system in every case. There was appreciable direct coup-
ling between transmitting and receiving arrays and large,
smooth metal objects were used. to ensure that the structure
of the measured hologram was dominated by the specular
reflection from such objects.

The form of the image distribution using a selection of
planar, cylindrical and spherical conducting objects depends
both on the description of the object surface and on the
holographic mapping system. Subject to the validity of the
paraxial approximation the orthogonal array system has been
shown equivalent to a system having a receiving aperture
whose area 1is equal to the projection of the transmitting
and receiving arrays, and a single illuminating quasi-
isotropic transmitting element situated at the point of

intersection of the two arrays. (Fig. 3.1,(34'37))

The quasi-isotropic illuminator is common in microwave

holography (14,17,18,20)

since it allows a wide and pre-
dictable object region coverage with simple hardware and
requires, as a result, little space both in the plane of
the hologram aperture and in the direction normal to this
plane. Other microwave holographic systems employ planar
wavefront illumination, and these systems nearly always
synthesise such a wavefront using some variant of the
simultaneously scanned transmitter-receiver technique.
(22-26,32) Such techniques extend into two dimensions

the one-dimensional quasi-holographic S.A.R. concept.(46’49)
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Specularly Reflecting Objects

The image reconstruction process operating on any hologram,
whether derivative of electromagnetic or mechanical radiation,
is directed towards the re-establishment of the original
object wave. In some cases, the progress of this object wave
is followed on a purely numerical basis, but a reduced scale
analogue of the object wave is created in the optical re-
construction technique. If some & priori knowledge of the
likely distance between hologram and object plane is avail-
able, then following the object wave’s progress back to that
plane derives an image distribution. In the case of specularly
reflecting objects, the object wave appears to have originated
at a significantly greater distance from the hologram mapping
plane and behind the object.

Extended Planar Objects

The object is assumed to be uniform over a u-axis dimension
ugs and coplanar with the antenna arrays. The object distance
is z. The reflected field on the object in the u-axis is:

Fig. 4.1 .k 2
(Fig ) : Jz7(u™) u
A'(u) = e rect(T ) —mmmmmmmmmmmmmeooo- 4.1
0
where the function rect(% ) = 1 for |ul <« Yo
0 2
= 0 for |u|l > Y% ------ -— 4.2
2

The field A'(u) propagates from object to array plane and
appears to originated in a plane z behind the planar object
and 2z from the array plane. As a result, an image recon-
struction operation will, if maximum image intensity is any
criterion, assume that the object represents the reflection
from a point scatterer 2z from the arrays.
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Tilted Planar Object

An object tilt may be represented, for small angles «, as

a graded complex reflection coefficient multiplying the
object dimension projected on to the (u,v) plane. (Fig. 4.2)
The refiected field in the u-axis is:

J%%(uz) j2ku«
.e

rect(g )

.k 2.2 Yo
~372(4m vA ) (u+2mz) u
= e . rect(a ) mmmmmmmme—e- 4.3

Av(u)

This is within a complex constant of the field apparently
originating from a point z behind the object, and laterally
offset 2=z from the (projected) illuminator position.

Far-field Imaging

If a planar object is of suitably restricted extent in

both axes, the illuminating function can be regarded as.
sensibly flat. From eq. 3.12, the image amplitude I(u!'!;,v'). of
an object A(u,v) is:

EPACKRGR w2
I(u',v') = e ‘ (A(u',v') e ®
51nc( (u'+E—)) 51nc( (v'+R—))y’ m—————————— 4.4

A non-reducing reconstruction mode is assumed for the sake
of clarity, although the result is equally applicable to
optical reconstruction techniques. If the object dimensions
are such that a peak phase deviation of /8 radians in the
third term of eq. 4.4 is not exceeded, then the object finds

the array atztw1ce the (object) far-field distance. This
kM 7
4z ¥
The reference wave is asgsumed to be coplanar with the arrays;

hence p = 0. Thus z > i%—. In this case eq. 4.4 reduces to:

.k 2,2
Szt tev ) kLu
I(u',v') = e (A(u',v') ® 51nc(

occurs if: The largest object width is taken as M.

).sinc (XEY'))
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If the field intensity characterises the image:

II(u',V')l2 = (A(u';v') ® sinc(%%?').sinc(%£¥'))2, ----- 4.5
since a planar object implies real A(u,v). The image is a
replica of the object, although it is limited in spatial
resolution in the normal manner. An example of this imaging
mode is shown by Farhat and Guard.(14) The object used was a
rectangular flat copper plate.

Limiting Image Dimension

A simple geometrical optics consideration of the image
distribution obtained with a semi-infinite planar object

(Fig. 4.3) suggests that the image will not exceed one-

half the array dimension in length. This conclusion is also
supported by eq. 4.4. Assuming that the object extent 1is
unlimited, then the last two terms (that is, the impulse re-
sponse) of eq. 4.4 can be regarded as imposing an upper limit
on the spatial frequency bandwidth of the preceding two terms.
The analysis is simplified by working in only one dimension,
and by ignoring (a) the offset implied in the impulse response
terms ( since in the prototype system the reference wave was
coplanar with the array aperture, so that p = 0), and (b) the
first term of eq. 4.4 ,(since this term disappears when image
intensity is calculated). Accordingly, the third term’s spatial

frequency extent is limited by the rectangular spatial filter
rect(%%%)’ where:

F(sinc(522')) = C.rect(8&}) —mommoomoe- ————- 4.6
F indicates the spatial frequency transformation operation, C
is a constant, w is the spatial frequency variable (in -
radians per metre) and the x-<axis aperture dimension is L.
The spatial frequency bandwidth of the third term of eq. 4.4
is derived by stationary phase techniques. (eq. 3.50-3.54)

A maximum image plane dimension u' corresponds as a result
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4mu’

to a maximum spatial frequency - radians per metre.
Hence, from eq. 4.6 the maximum u'-value is: |
dru' . mL memmm-ee-e- e e e L L PP 4.7

Az Xz’
and the largest u'-axis image spread is just L/2. An example

of a long thin wire imaged in this manner by real-aperture

(14)

microwave holography is shown in

Cylindrical Objects

For the purposes of accounting for specular reflection,
cylindrical objects can be represented with a complex
reflectance indicating curvature in one axis: If a long
cylinder has its axis of symmetry aligned with the u-axis,
then the approximate reflected field in a plane tangent to
the cylinder is:

k

. 2 2
Jj;(u

w?) )
A'(u,v) = .
The reflected field appears to have originated, at least
in the u-axis, from a point z behind fhe'plane-tangent. to
the cylinder surface facing the array antennae and in the
v-axis, from a point T:%7Evbehind the same plane. The
cylinder radius of curvature is 2f. Images of cylinders using
the paraboidal illumination wavefront synthesised by the
orthogonal array system thus exhibit different object wave
focal lengths in orthogonal axes. The result is also applicable
if the cylindrical long axis lies at another angle in the

(u,v) object plane.

Spherical Objects

Extending the description of the cylindrical reflectance
leads to the approximate field A'(u,v) reflected from a sphere
and measured in a plane tangent to the sphere:
ipsul?) ifpuler?)
A(u.v) = .€
The reflected field appears to have originated from a
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single point scat .
gle p terer 7572 behind the tangent plane. The
radius of curvature of the sphere is 2f, and it is taken as
positive, but a portion of a spherical surface object seen
as concave from the array will have f a negative quantity.

The analogies between the behaviour of optical components and
the much larger specular objects considered here have been of
some value in checking the operation of the prototype
orthogonal array holographic imaging system. Simple geo-
metrical optics theory is adequate to describe. the salient
aspects of the expected imagery.

Specular Effects with Regularly Spaced Objects

Two point scatterer objects spaced A apart can be rendered
as two distinct images if their separation is sufficiently
large. The analysis is again based on the description of the
reconstructed image (eq. 4.4), but for the sake of clarity,
only one image u'-axis is considered, and the non-offset
reference wave mode (p = 0) used in the prototype system is
assumed. The object is represented as:

A(u) = 6(u*nA/2), where n = 1 ==smememceeceee= 4,10
Hence the image u'-axis field is just:
k., 2
e kL
I(u') = e .(51nc(72(u'tAu))) e ---4.11

The image has two cophasal distributions which are replicas
of the impulse response. The object is resolved if the
spacing A. is somewhat in excess of the Raleigh resolution
limit of %%, since this limit does assume the use of in-

coherent radiation.

It might appear that a large regularly spaced object would be
free of specular effects, but an example indicates the
opposite. The regular object array is described:(|n| is odd.)

A(u) = <S(utI—12A—).rect(L-£ ), where u_ is the total
U, o
object width. The corresponding image amplitude is:
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koo, 2
jz(u'™)
z .rect(% ) ® sinc(kLB' ------- 4.12

I(u') = G(u'i%é).e 55

The assumptions made in sec. 4.2.3%re also made here. The
restrictions on object spacing (A) and number (n+1) are best
examined from the domain of the image spatial frequency
spectrum. (Fig. 4.4) The convolution operation in eq. 4.12
becomes, in this domain, a rectangular "window" 2n(%§) radians
per metre in bandwidth. (eq. 4.6) The first three terms of

eq. 4.12 represent a parabolic wavefront of tdtal width uy

sampled at an interval A, and has a spectrum proportional to:

rect (22 ) @ (-1)™.8(wtEMM) ool 413
o

where |m| takes zero and integral values. The convolution
operation copies the spectrum of the continuous field-
exp(%u'z) with centres at multiples of %g radians/metre.
(Fig. 4.4)

If object spacing is so small that only the spectrum of

the continuous field is preserved by the resolution "window"
of the system, then no image periodicity is apparent, and
object length Uy should not exceed L/2, by eq. 4.7. If,

on the other hand, u, is sufficiently small so that the

O .
system resolution "window" is much larger than Zn(%%o),

then image periodicity will begin to be apparent when:

27 L
T < 237

This implies that the object spacing must satisfy:

A > 2(%%) S S ———— e 4,14
This value is just twice the Raleigh (incoherent) resolution
limit. An approximate limit to the total number of object
points n+1 which can be imaged is derived by assuming that
only one sideband pair need to be included within the re-
solution window. (Fig. 4.5) On this basis. the maximum
object length is:

Y = 7
The minimum object spacing is:

ao= 43D
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The total number of pointszthat can be imaged is thus:

= Y = L -
n+lt = AQ 5 4.15

From eq. 3.54, the spatial bandwidth occupied by a field L
in extent and originating z from the array iskg.. Hence eq.

4.15 suggests that the total number of points that can be
imaged when these are assembled into a regular array is a
fraction of the system aperture-bandwidth product, a result
which is completely analogous to the operation of the linear

(65)

FM-pulse compression process used in the temporal domain.

Examples of Reconstructed Images

Hologram Transparency Preparation

The. images considered in this chapter have all been re-
constructed from hologram transparencies prepared from data
photographed from a storage oscilloscope screen. A signal
component (I or Q) of the complex received signal (Fig. 2.3)
modulated the z-axis (brightness modulation axis) of a storage
oscilloscope, while the position of the transmitting and
recelving array element pair active at a given time was re-
presented in x-y mode on the screen. No attempt was made to
preserve data dynamic range, and following popular practice,
"hard-limited" binary holograms were used. The data was
manually transferred to an accurate scale grid representing
the projected aperture in use at the time, and reduced
photographically. Including the reduction in the optical re-
construction processor, the overall dimensions of the hologram
were reduced by a factor K, where K = 360. Further details of
the optical reconstruction process are given in Appendix I.
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Image Analysis

The optical reconstruction processor used in this thesis

is shown in Fig. 3.2. The plane wave illumination format
implies a simple and direct relationship between object
(mapping) domain and image domain distances (focal len-
gths). Image distributions were recorded directly in

their respective focal planes, using a standard camera
with lens removed as a convenient film holder and timer.
The images are characterised by a dominant zero-order
central distribution representing the "background' terms

of eq. 3.5. and a two-dimensional spatial harmonic structure
of the hologram sampling grid. The (required) real and
diffused virtual image distributions accompany the zero-
order background and all sampling harmonics. All measure-
ments have been made using the real image component
accompanying one of the first-order sampling maxima, as the
image plane extent of these is significantly less that that
of the zero-order terms. (sec. 3.6)

The hologram reduction factqr (350) is much less: than the
wavelength ratio (about 48000) of respective microwave
mapping and optical reconstruction domains, so that the
reduced transparencies are characterised by many sampling
grid maxima, and the paraxial description is completely
adequate over many such maxima in the optical domain.
(Appendix I) Image analysis is made using optical trans-
parency magnification, and the periodic sampling and image
structure served as an invariant scale for the purpose of
predicting object (mapping) domain detail. This procedure
takes the fractional image offset in the reconstructed
image, and knowing the paraxially-approximate repetition
interval in the object (mapping) domain, compares the
product of the two with the measured position of corres-
ponding object detail. (Appendix 1) The only linear
measurement required in the optical domain is that of
focal length z'. Given the known scale factors, the object
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domain distance (focal length) z is:
2= 2,56 2 s mm e mmm e oo 4.16

2 x 1 Array and Planar Object

An early deployment of the microwave arrays had two
vertical transmitting and one horizontal receiving arrays.
The object was a simple rectangular mesh plane, with a
mesh period much less than the system lateral resolution
and as a result treated as a planar conducting object.

The array andvobject geometry are presented from the point
of view of an observer facing the microwave radiating
elements. The vertical array offset was caused by the
waveguide: directional coupler used in this plane. The
horizontal array was 20mm further from the object than the
transmit array, but in view of the characteristically
extended depth resolution (sec. 3.3.4) did not limit
performance .. (Fig. 4.5)

A bright image maximum (indicated in Fig. 4.5 (c)) 1is

found at z! =395mm.. The mesh object was parallel to

the hologram and at 480mm range-. The image focal length

z! =395mm corresponds, using eq. 4.16, to a mapping domain
object wave focal length z=1010mm. This value is within

% of twice the planar object range, and so illustrates

the simple theory of sec. 4.2.1. The real image has been
recons:tructed and presented from the same aspect as in

the mapping stage, so as to aid the geometrical elucidation
of the image plane measurements. In the crude hologram
(Fig.. 4.5 (b)), the contours of equal relative phase
suggest clearly an image to the left of the aperture.

An image maximum appears to the left of the defocussed
first order component (Fig. 4.5(c)) and has essentially

no vertical offset. The horizontal offset is measured

as 18% of the image repetition interval. From the paraxial
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reconstruction theory (Appendix I), the supposed (microwave
array) mapping stage image repetition interval should be:

%% = 1.52m. (The antenna interval Ax = 20.2Zmm, and. microwave
wavelength X = 30.3mm.) The expected mapping stage offset

is thus 18% of 1.52m, or 268mm. From Fig. 4.5(a), the
illuminator is 380mm left of the hologram centroid, and
according to the theory of sec. 4.2.1, the object wave origin
is likewise expected 380mm left of the hologram centroid.

The error in position of this object wave origin inferred from
the image and more directly from Fig. 4.5(a) is 112mm, but
this is within the spatial resolution of this axis (170mm)

calculated at the same range.

The image vertical: position is very close to the horizontal
axis. The mesh object, being parallel to the hologram
aperture, causes the object wave origin to lie close to the
centroid of the projected aperture. (Fig. 4.5(a)) The error
in this axis is only 2% of the image repetition interval.

If the notion of an equivalent point illuminator at the
intersection of the orthogonal (subarray) axes is strictly
followed, then the system should be regarded as having two
such illuminators horizontally spaced 81.5mm. However, the
typical horizontal axis resolution (combined with the com-
plicated "sidelobe'" structure of the impulse response) did
not justify such elaboration.

2 x 1 Array and Cylindrical Object

A cylindrical object was aligned with the transmitting array
axis (Fig. 4.6(a)) and tilted in the plane normal.to the array
at an angle of 9.6m Rads. The cylinder portion opposite '
antenna 20 was closer to the hologram plane than lower antennae.
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A bright specular imagebmaximum is found at z'= 400m

(Fig. 4.6(c)) and corresponds to a (microwave) mapping
domain range z = 1023mm, using eq. 4.16. The fractional
image offset in the horizontal axis is 26%, (391mm in

the mapping domain, using the paraxially based reasoning
of Appendix 1), and the vertical offset (-2.6%) corresponds
to -39mm in the mapping plane. The cylindrical object
tilt of 9.6m Rads. causes the object wave origin appar-
ently found in this plane to be raised 10mm. From Fig. 4.6
(a) and the theory of sec. 4,2.2, the illuminator at 0
would be 98mm below the hologram centroid and the object
wave origin is calculated as 10mm higher or -5.7% of

the image repetition interval. It is significant that
both object geometry and optical image predict maxima.
below the hologram centroid.

The: theoretical distance to the focal plane corresponding
to the cylinder scattering line (taken here as half the
cylinder radius below the object surface, from sec. 4.2.5)
is z' = 200mm. The image is characterised by two

separate components horizontally offset by 27% of the
image repetition interval, corresponding to 204mm in- the
mapping plane. From Fig. 4.6(a), the scattering

centre will lie in the direction of the vertical array
as. seen from the cylinder centre. The expected scat-
terer offset is thus 235mm from the hologram centroid;
the error is only 31lmm compared to the horizontal axis
resolution of 97mm at the half intensity points. The
horizontal axis resolution for Fig. 4.6(d) is 78mm
(referred to the mapping domain), which does show that
the scattering centre is correctly resolved. The

locus of the (horizontal) image with increasing range
beyond the focal point was shown (sec. 3.3.4) to be a
straight line joining hologram centroid and object.

The same fractional image offset at both z'=200mm

(27%) and 2'=400mm(26%) is confirmed in this example.
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The lateral offset of the two transmit subarrays (81.5mm)
is not important in this example since the cylindrical
surface acts-to demagnify the "images'" of the in-
dividual subarrays, such that their separation is
negligible. However, the differing path lengths do intro-
duce a phase discontinuity in the object wave recording
causing a shift of the impulse response structure with-
in the overall "sinc" envelope. This effect is

considered in Appendix 1.

2 x 2 Array and Convex Object

An image characteristic of a point reflector and obtained
using a large (900mm) diameter searchlight reflector
(414mm focal length) presenting its convex surface to the
microwave arrays tends to confirm the equivalent
illuminator-and-areal-aperture model in the expanded
holographic system. (Fig. 4.7)

The apparent object wave origin is derived from eq. 4.9,

and the expected hologram to image maximum range is _.

z = 1106mm. referred to the mapping domain. The optically

reconstructed image (Fig. 4.7 (c)) is found at z" = 450mm,.
corresponding to z = 1150mm in the mapping domain. The
range difference to the two apparent sources, developed
by the- lateral offset of the vertical subarrays, induces
only 0.1 radians relative object. wave phase shift. The
demagnifying effect of the convex surface results in

only 10mm lateral (receive array axis) separation of

the two apparent sources., and being almost cophasal,

they are: not resolved at this range.

An Image series using the 2 x 2 Array

A rigid planar aluminium sheet (450 x 535mm) has been
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used to check the image plane trajectory of the object
- wave origin as the sheet rotated throught 38° (in 2°
increments) from -26° to +12°, relative to a plane
parallel to and at a range of 673mm from the hologram
aperture. (Fig. 4.8) A series of 20 images is given
in Fig. 4.8 (c) and the initial and final holograms. of
the set ciearly suggest by their contours that the
image maximum has migrated across the aperture from
right (-26°) to left (+12°). (Fig. 4.8 (d)) The
trajectory of the specular image maximum increases with
object angle (Fig. 4.8-(e)), but is sensibly constant

in the vertical axis. The axis of rotation made an
angle of 1.6° with the vertical (transmit) axis such
that the object wave origin appeared higher than the
equivalent system illuminator. (sec. 4.2.2) Fitting

a straight line to the data of Fig. 4.8 (e) predicts
zero image effect for an angle.of'-13°. Applying
previous reasoning, this prediction is in error by only
32mm;. which is about 30% less than the image lateral
resolution at this range (referred to the mapping
domain), and taking into account the interrupted
horizontal aperture. The slope of the linear fit to
the data. of Fig. 4.8 (e) is 1.1% of the image repetition
interval per 1° of object aspect change, and corresponds
to 0.93° of apparent planar object aspect change per'1°;
Significantly, the image trajectory predicts smaller,
more conservative offsets than those controlled
experimentally. Referring to Fig. 4.8 (b), the +12°
object position would seem to predict 660mm specular
image: offset from the hologram centroid, in contrast

to 480mm from the optically reconstructed image,
referred to the mapping domain.

This lack of accuracy is attributable to violation of
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the Fresnel paraxial approximation at larger angles.
(sec. 3.4) The optical reconstruction system has a
maximum width between centre and largest unambiguous
image position of 3.3mm in this particular example,
and the paraxial approximation is entirely adequate to
about three times this distance. (Appendix I) In

the mapping domain, however, the same criterion is
only valid to an offset of 400mm, and the resulting
misapplication of the optical processor results in
characteristically conservative image offsets. A
single-axis simulation of the +12° object geometry
using paraxial reconstruction predicted 425mm image
maximum offset, or just 55mm different from that value
inferred from the optical image. The same simulation
at the other extreme object position (—26°J showed.
agreement to within 40mm. The paraxial approximation
violation tends to produce a hologram which has less
fringes, or equivalently, given a point scatterer
object, the phase of the wave front recorded in the
hologram plane is less dispersive than that of the
(assumed) paraboloid. The nature of the reconstruction
process 1is such that the reconstructing field fits the
object field best when the paraxial reconstructing
wavefront is of relatively longer focal length and has
less offset.
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CHAPTER 5

Computer-assisted Image Reconstruction

5.1 Introduction

The inclusion of a digital computer in the two step holo-
graphic imaging process facilitates the rapid manipulation of
both hologram data and image. Additionally, the known
systematic limitations of the mapping stage can be corrected.
If a two channel receiver is used to generate complex holo-
gram data from I and Q (Fig.2.3) components, then phase and
amplitude errors of the elements of the transmitting and
receiving arrays can be compensated, and the unwanted data
arising from the direct coupling between these two arrays

can be removed.

Accurate complex data representation may improve image con-
trast, since the desired image need not be overlaid by the
(defocussed) conjugate image distribution and/or the fields
arising from the necessary inclusdion of a bias term in the
optical analogue hologram. This 1is not to dismiss optical re-
construction as unworthy of consideration, since it has the
significant advantage of parallel processing, continuous out-
put, and negligible delay, once the hologram has been prepared.
As an example, the doubling of éperture dimensions in a holo-
graphic system relying on optical reconstruction would not
affect image formation .timé, but the image computation time
in a serial processor might be drastically increased, as the
data handled would be quadrupled, and probably more image
plane points would be desirable.

The reconstruction procedure applicable to synthetic aperture
radar (SAR) is of comparable complexity, but only quite
recently have dedicated digital systems been designed for
préctical imaging; not the least of the problems involved 1is
the very high data rate, quoted in one spaceborne imaging
system as approaching 100Mbits/second.(105)
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There are optical analogue techniques available whereby the
hologram emergent field represents substantially the
original object wave unaccompanied by other terms. An early

(106) is essentially a two-dimensional coherent

technique
optical implementation of a single-sideband processor and
combines two holograms mapped by an orthogonal reference
wave pair. A more elegant approach (107) uses the principle
of the (stepped) Fresnel 1lens. Both appear to require some

skill and possible delay in preparation.

A computer-based reconstruction technique lends itself to
the exploitation of image planes where the scaled optical
-impulse response differs from that of the mapping stage.
Such a technique is explored in the latter part of this
chapter as a variant of the planar object imaging system.
The limitations on lateral resolution imposed by the Fourier
transform relationship between image impulse response and
hologram aperture occupancy can be alleviated by recourse to

(108),vdeveloped

more recent spectral estimation algorithms
for time series analysis, but equally applicable in two-
dimensional form in the spatial domain. These techniques
appear to offer substantially better resolution and are less
sensitive to the effects of additive data noise than tech-

niques such as superdirectivity. (109-111)

As well as conventional digital reconstruction from complex
data, a hybrid technique is also used in sec. 5.6, wherein
the potentially obscuring cross-coupling field is removed
and image contrast improved in an optical reconstruction
system. A synthetic offset reference wave is added to the
hblogram data after the recording stage, and the result used
to regenerate the phase-only (binary) optical hologram
transparency.
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In the interests of reliability, the array hardware was
transferred to a rigid support with subarrays accurately
aligned in their respective axes and fitted to a regular grid.
The arrays were also accurately coplanar, and were arranged
with axes crossing near the centroid of the equivalent holo-
gram aperture to maximise the system pointing accuracy with
the paraxial reconstruction processor. (Figs 5.1 and 5.2;
sec. 3.4)

Subtractive Field Techniques in Microwave Holography

Wavefront subtraction has been variodsiy;suggestedﬁgé.improye
microwave holographic imagery. That routinely used in this
work generated a complex difference hologram from two re-
cordings. The object was only introduced in the latter stage.
If the field arising from the direct transmission between
active elements (a '"cross-coupled"” field) can be regarded as
Teading to an unwanted. image component, then the subtraction
procedure is similar to that proposed by Kujoory and
Farhat.(47), except"that'their‘subtraction'operation was
carried out analogously and the image optically recon-
structed. frem a double exposed hologram. Their process
relies on film linearity, generates low-level intermodula-
tion products, and allows only low modulation depth and con-
sequently a. poor ratio of image to zero order distribution
intensity.

By contrast, the computer-based subtraction is trivially and
speedily accomplished with either real or complex date. For
effective removal of the cross-coupled component, the
linearity condition must be extended to the mapping stage.
No interaction between cross-coupling and object field is
permissible, but the hologram-object geometry mitigates
against this possibility in practice. -
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The enhancing of bottom surface reflections in the pre-
sence of much larger top surface returns has been sub-
tractively performed in the holographic ice surveying
system (HISS) (45), and the imaging of blockage effects
in aperture antennae has been facilitated by removing
from the holographically mapped data the field predicted

for the undisturbed aperture. (53)

Generating an Offset Reference Wave

The crossed array geometry optimises the object region
available to the paraxial processor (sec. 3.4), whether
this is implemented by computation or optically but ob-
jects close to the (projected) intersection point of the
arrays (Figs. 5.1 and 5.2) tend to lead to images obscured
by the: central zero order background and periodic dist-
ributions produced by the sampled hologram structure.

The. periodic image property is, however, a valuable feature
in retrieving image lateral dimensions, and. an interim
reconstruction scheme added an offset reference wave to
createta'binary'hélogram. (The array design was based

on the slotted wall “resonant waveguide distributor,

and: the. reference wave function accordingly was coplanar
with the plane of the transmitting and receiving elements;
see sec. 2.3) Data corresponding to orthogonal components
of the- received field found with and without object were
converted to polar form and an incremental phase shift

of 4.2 radians per element added to the complex hologram
(enhanced by the subtraction process) in both vertical
(transmit) and horizontal (receive) axes. Taking one com-
ponent of this, and hardlimiting produced a binary re-
duced-format transmission hologram.

From the theory of sec. 3.7, the reference wave subtends
an angle of 45° with the array plane, and, from eq. 3.70
the image lateral offset, referred to the mapping domain,
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becomes just the object range z. In the reduced scale optical
image, the image offset becomes % in each axis, using eq. 3.21.
(K is the overall hologram reduction factor) The image re-
petition interval is, from Appendix I, just %(%%), where the
element spacing Ax (in both x and y axes) is 2/3 of the micro-
wave wavelength. In the optical image, the deliberate offset

is thus 2/3 of the image repetition interval.

The orthogonal receiver I and Q outputs were sampled
sequentially by a single analogue-to-~digital converter for
the first 400 antenna pair intervals after the (1,1) pair
epoch. Total data gathered amounted to 1600 samples, from
which a 400-point complex hologram was calculated wherein

the object wave phase was unambiguously resolved in the range
-90° to +270°. (This was a range of 3600) All hologram data
was gathered in two separate one second intervals.

Examples of Optically Reconstructed Images

A Rectangular Planar Object

A large rectangular planar object, placed approximately
coplanar with the array plane at a range of 765mm resulted in
an offset image maximum (Fig. 5.3(a)) at a focal length

z" = 594mm in the optical reconstruction processor. The
corresponding mapping plane dimension z = 1.52m is very
close to twice the real object distance expected of such an
object. (sec. 4.2.1) The superior image contrast possible
with the synthesised reference wave manipulated after the
recording operation can be assessed by comparison with the
same- image plane derived from a non-offset reference hologram.
(Fig. 5.3(b)) Here, the image maximum corresponding to the
apparent object wave origin is superimposed on the central
zero order and sampling structure distributions and is by
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no means obvious. The respective offset and non-offset
holograms (Figs. 5.3(c) and 5.3(d)) are mirror images of
those used in the reconstruction process, but it is evident
that in the former the lowest spatial frequencies, indicating
the direction of the image maximum, are to the top and right,
in contrast to the symmetrical appearance of the non-offset
hologram.

Measured image lateral offset as a fraction of repetition
interval is 67% horizontally and 65% vertically. 67% is
introduced deliberately in both axes, and the measured object
tilt of 19 mRadians accounts for -1.3% offset in the vertical
aspect. (Fig. 5.3(a);sec 4.2.2)

A Toroidal Object

A circular image is obtained using an ordinary car inner
tube, covered with metal foil. The image 1is found at
zT'=>282mm3 corresponding to 36mm more than the object range
of 690mm to the nearest surface, when referred to the mapping
domain. The minor diameter of the torus (140mm) would sug-
gest a focal length of 35mm for this surface. The torus
major diameter was- 360mm and that estimated from the image

is  slightly conservative (308mm), since the object is close

to: the paraxial minimum range.

The: appearance of"a'bright’central region within the fainter
extended circular image is evidence of internal torus re-
flections and is not due to any ''ghost imagery”cllz)
generated by the thresholding operations necessary to de-
rive the binary hologram. The result of a similar experiment
(Fig. 5.5), performed using the same object but with an inner
circumferential lining of microwave absorptive material,
demonstrates the removal of the central image component and
provides a rather more distinct image of the torus. The

circular image is broadened by the extended impulse re-
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ponse of the system. The estimated object diameter of

300mm from Fig. 5.5 is also conservative. The position of
the image centre is correct to within the calculated lateral
resolution at this range.

A Regularly Corrugated Object

An image of a tilted corrugated object (Figs. 5.6(a) and
5.6(b)) shows marked specular character. The measured image
focal length of z'= 720mm is translated as z = 1.67m in the
mapping stage. This figure is intermediate between twice
the object range limits of 670mm and 1.05m and the vertical
fractional offset indicates an apparent object wave origin
at an angle of 16.3° below the equivalent quasi-isotropic
illuminator, allowing for the deliberate vertical axis off-
set. The horizontal image offset is negligible since the
corrugations are parallel to the hologram plane.

Thé combination of superficial wavelength and amplitude
leads to near-normal incidence reflection for a calculated
depression of’l6h7o,,and the incremental distance to neigh-
bouring components of the corrugation is one wavelength at
this depression angle. The corrugations in this angular
region reflect: cophasal components as from a sampled plane.
The calculated depth resolution at this range (about 400mm.
is indicated from eq. 3.29) is insufficient to resolve the
individual strips contributing to the specular effect.

Rotating the same object such that the corrugations are in
the plane of the array (Fig. 5.7(a), yields a fainter image
(Fig. 5.7(b)) at a reduced focal length z' = 410mm, cor-
responding to z = 962mm. The observed image behaviour
larger focal lengths was such that the image was of super-
ficial detail, since the image is characteristically
focussed in the vertical axis, but horizontally extended.
The corrected vertical image offset of -19.3% of the
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repetition interval predicts a return from a region 19.5°
below the equivalent illuminator. (Fig. 5.7(a)j Including
the known vertical angular offset of the object, an object
corrugation is expected to present normal incidence at a
depression angle of 25°. The conservative image offset
estimate is characteristic of the paraxial processor when
used at excessive offsets. (sec. 3.4)

A Cylindrical Object

An extended image provides further evidence of the equivalent
linear scatterer behaviour of a cylindrical object. (Fig. 5.8;
sec. 4.2.5) The image is close to and slightly above a line
from the image centroid and at 45° to the horizontal axis.

A component. below the highest proved to behave as a con-
jugate: or defocussed virtual image with changing focal length

in the optical processor.

The lateral image dimension is essentially that of the.
system impulse response in this axis, and the measured
spacing of the three interrupted vertical Iines is that
expected at the calculated range z = 937mm in the mapping
stage. (Appendix I).

The: image centroid is found at 73.3% of the repetition
interval in the vertical axis. Allowing for the deliberate:
offset of 67%,. that remaining is very closely that expected
of a. cylinder whose centre is in line with the equivalent
illuminator (Fig. 5.2) and consequently somewhat above the
holograﬁ centroid. The cylinder long axis was parallel to

the: mapping plane.

Vertical fractional extent of the real image component
(23%) corresponds to an object dimension of 325mm or 66mm
more than that measured. The object length is thus not
accurately determinable given the complicated impulse
response of the vertical axis which tends to extend
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perceived lengths, and the conservative estimates produced
by the paraxial reconstruction system.

Examples of Digitally Reconstructed Images

In this section a series of digitally reconstructed images
using complex data holograms tends to confirm the object
specular behaviour deduced from optically reconstructed
images. The same set of objects as that used in the first
section have been used again here. The paraxial recon-
struction process was implemented as a direct deconvolution
operation on the phase of the complex hologram, according

to eq. 3.8, and, in contrast to the real image displayed in
the optical system, the virtual image was computed here.

The reference wave synthesised by the antenna commutation
sequence is coplanar with the arrays, and hence the hologram
represents essentially object wave data. No offset reference
wave is necessary in this reconstruction mode. (sec. 3.6)
The (subtractive) crosscoupled suppression scheme was used

routinely.

The stratagem determining image dimensions as fractions of
the repetition interval is unnecessary, and in the images to
be. presented the image plane left bottom corner was close to
the (1.1) antenna coordinates (Fig. 5.2) and is presented
from the point of view of an observer facing the array. " The
image field is quantised into ten levels, symbolically re-
presented according to Fig. 5.9(c), and scaling was used to
fill most of this range.

A Rectangular Planar Object

An apparent paraboidal object wave origin is imaged at
z=1.9m, behind a large rectangular plane 950mm from and

coplanar with the hologram aperture. (Fig. 5.9(a);sec. 4.2.1)
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The maximum intensity point is found 8.5 units right and
9.5 units above the origin, and the image field is com-
puted at 40.4mm (twice the antenna interval Ak) increments
in both lateral axes. The image maximum position is in
error by only -30mm in the vertical axis and essentially
correct in its horizontal position. The first sidelobe
pair of the image is spaced 222mm in the horizontal axis,
and from the calculated angular distribution in Appendix T,
closely approximates the diffraction-limited copy of the
quasi-isotropic illuminator supposed at the array inter-

section.

A lower amplitude dispersed distribution is obtained if
reconstruction is attempted in a plane corresponding to
that: of the real image in an optical system. (Fig. 5.9(b))
The: image amplitude has been amplified 8 times relative to
that of Fig. 5.9(a) and shows no additional focussed. term
(up to the second display level) which might have been ex-
pected had serious orthogonality error been present in the
reference channel of the microwave mixer. The orthogonality
error is estimated as- less than 50, using the simple theory
of Appendix II'. For the apparent point scatterer of Fig.
5.9(a), the approximate ratio of virtual image amplitude to
that evaluated in the plane corresponding to the real image
isi,, from?thevsame.theory,,%é}, for a continuous hologram
aperture XY in area. In the practical system, the conjugate
background. to the focussed (and optically produced) real
image' is characterised by four separate 'patches'" (as an
example, see Fig. 5.6(b)). Ascribing the continuous. aperture
ratio to the practical system in these regions indicates
about 7% relative amplitude, whereas Fig.. 5.9(b) has dis-
persed regions up to 11% relative amplitude.
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5.6.2 A Horizontal Cylindrical Object .

5.

6.

7

An image of a thin cylinder, parallel to the horizontal
array and with the scattering centre estimated at z = 1m
from the array, is impulse response limited in the vertical
direction and hofizontally extended. (Fig. 5.10(a)) The
estimated centre of the image is within 10mm of its correct
position. At double this range, the image is compressed
horizontally and vertically extended. The first sidelobe
pair spacing is, from Fig. 5.10(b), 242mm and compares
favourably with the calculated value 257mm. The range axis
focal separation in orthogonal axis is similar to that ob-

served in Fig. 4.6.

The same object tilted in the plane of the array exhibits
similar separation at the same range values, but the
structure of the impulse response and its array axial
dependence diminish image recognizability in this case (Figs.
5.11(a) and 5.11(b)), although the two components do appear
to subtend complementary angles.

A Toroidal Object

The image of a toroidal object is perturbed by the impulse
response of the system, but there is evidence of an extended.
quasi-circular scatterer. (Fig. 5.12) The horizontal and
vertical diameters are estimated at 320mm and 283mm respect-
ively and the image aspect ratio has here been corrected to
remove perceived distortion tolerable in point-like and
extended linear images.. The more subtle modulation of the
image radius according to the aspect of the equivalent ill-
uminator relative to the object is not appreciable. The
image dimension is somewhat less than the 360mm diameter of
the scattering circle, but is comparable to the optically
reconstructed image of the identical object under the con-

ditions obtaining in Fig. 5.5.
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Spherical Object

A single spherical object shows evidence of some impulse
response distortion (asymmetry) attributable to the much
lower reflected field amplitude and subsequent poorer
signal-to-noise ratio (Fig. 5.13), but is comparable as a
point scatterer at z = 1.1m with the form of the specular
image component obtained from a large planar object.
(Fig. 5.9(a))

A Range-Plane Imaging System

This section describes a variant of the planar imaging
system which sacritices an image dimension to obtain
azimuthal and enhanced range resolution. The procedure is
designated '"range-plane" imaging. The imaging system is
shown in Fig. 5.14, and the enhanced range resolution

arises from the grazing intersection of the (assumed)

planar object region and the extended focal axis structure
of the equivalent vertical axis beam, since the object plane
is: constrained to be considerably below the array projected
aperture. The geometry considered here has an object plane
parallel to the horizontal as this configuration is probably

most useful experimentally.

Range: resolution is achieved in a rather different way to

both the holographic depth probe (HISS) of Tizuka et al.(42745)
and Karg's implicit pulse domain technique. (z,3) The

former had two coaxial (rather than two orthogonal) arrays,

and the intersection of the "fan beams'" of transmitting and
receiving arrays is a compact function of range. That the
beam focal regions intersect at an included angle which 1is
itself a function of range, ylelds a range-varying depth
resolution. Karg's holographic imaging system is capable

of two-dimensional imagery with most impressive and constant
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range resolution by using wide bandwidth, but it is felt
that in at lease one application (the laboratory instrumen-
tation of a variable focal length microwave probe for the
wave-wave interaction process is proposed in Chp. 1 and
discussed in Chp. 6) the monofrequency system may be pre-
ferred. In most static imaging techniques, the extension
of the imaging system's bandwidth (in a temporal sense)
generally improves the recognizability of the image.(z)
The monofrequency system does, however, have the advantage
of simplér processing.

The geometry considered in this section does require a
priori knowledge of the vertical position of the object
plane, but even this can be obtained given a single object
at known range as a calibration point.

Theory of Range-Plane Imaging

“The analysis is confined to static, planar object distri-

butions.. The: array intersection point (Figs. 5.1 and 5.2)

is- at a height' Y above the mapping plane coordinate systemn,,
and: the arrays are envisaged as '"looking down' at the object
plane. (Fig. 5.14) If the: object region is static during
the- holTogram data acquisition interval, and if the vertical
antennae- are assumed. to be commutated. more rapidly than the
horizontal antennae, then the system is similar to that used
in synthetic aperture radar (S.A.R.), where a platform
(aircraft or satellite) transports a coherent pulsed radar

at constant speed past the object plane. (49,64)

In: SLA.R..,. range discrimination is achieved naturally by

the temporal ordering of the scattered signals, but useful
range resolution in a laboratory continuous wave holographic
system requires a second mapping region coordinate, and
knowledge of the height of the object plane.
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It should be noted that mapping of an extended plane object
does not intrinsically require field measurements to be
made in two dimensions, since in principle holographic
mapping is able to collapse two object dimensions into a one-
dimensional linear record. The geometry of reconstruction
of such a linear (complex) hologram is suggested in Fig.
5.15. The hologram is considered to be illuminated from be-
hind by a plane wave, representing the original reference
wave in the practical system. The dotted area on the object
plane suggests the action of the reconstruction process. In
most laboratory microwave holographic systems the range
resolution is sufficiently poor not to warrant serious con-
sideration of this mode, but as the scale of the imaging
system increases, so does the range resolution become a
more useful specification. (sec. 3.3.4)
Ianig, 5.14 the complex field measured in the hologram
mapping using all combination of transmitting and receiving
elements, and assuming that the chosen element spacing leads
to: an equivalent coplanar synthetic reference wave, 1is:
e L (O R ek
ht(X;Y') ='IJA(U,V).6 .e .dudv

A(u,v) '
———— 5.1

The variable y = y'+Y, dy=dy' , and Y is the height of the
transmitting and receiving array intersection point above
the chosen (u,v) object plane. Both exponents of eq. 5.1
are functions of the object plane coordinate system, and
this<cpmplicates the: image reconstruction operation. The
required. image ‘IIU*V') I's strictly reconstructed from the
complex hologram h_(x,y') using the '"backpropagator"
approach (26,87) ,©
' 2 Zj%

B - 1 .
-5k (u' 2eyPav 22 i ( (u-x) Zey 2y

I(u',v') = [Ihc(x,y').e .e
xy' dxdy' --===-=---- 5.2
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This repeats the reconstruction procedure of eq. 3.42,
The image plane is specified by the (u',v')coordinate
system, where v' is a coordinate in the range direction
normal to the hologram projected aperture. Direct eval-
uation of eq. 5.2 poses a sizeable calculation problem;
given only a 20 x 20 array of complex data comprising the

‘hologram and calculating a similarly sized image array

requires that the backpropagation function be calculated
as’ 400 complex data for each of 400 proposed output plane
points. This direct calculation has been performed as a
check on an‘approximate»method(gg), and even using Fortran
5 execution on a terminal system, routinely took between

1 and 2 minutes while using Basic took over an hour. Since
this: investigation was of an exploratory nature, and as the
geometry was not envisaged in the original system design,
some- sacrifice of image positional accuracy was felt worth-
while in order to force separability on to the reconstruction
algorithm and consequently improve image computation time.

Approximate Reconstruction Procedure

The: image  reconstruction procedure (eq. 5.2) can be simpli-
fied. if the maximum azimuthal image plane dimension is such
that azimuthal dependence can be neglected in one exponent

of eq. 5.2. The approximate reconstruction procedure is:

Sk P Bt jkur ) By i By
I(u',v") ==IJhC(x’y')“e' e .

1
xy : dxdy' =mmem—m——m-m-—-= 5.3

The approximate procedure can be viewed as a two-step pro-

cess producing a final image I from an intermediate field T,

where: -jk(y2+v'2)%
I'(x,v") =FJhC(x,y')-e Ady' e --= 5.4
d Y . 2.1
an Sk (u’-x) 2o (Y aviZyy 2
I(u',v') = JI'(x,V')-e .dx ---- 5.5

X
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The intermediate field produced by the first integration
(eq. 5.4) can be regarded as a range-ordered sequence of
fields sampled at only one position in a plane normal to v'
and coplanar with the hologram mapping aperture. (Fig. 5.16)
If eq. 5.4 is rewritten as:

[ ST

Sk ((y-w)Zevrd)

I'"(x,w) = fh'c(.x,y').e - .dy  ---- ————— 5.6

y!
then eq. 5.6 describes a procedure which genefates an inter-
mediate field I'' using hologram column (y-axis) data,
assuming a constant range v', and performing a deconvolution
operation in the vertical (w-axis) direction. The procedure
of eq. 5.4 generated a series of fields I'', range-ordered,
but only sampled at the single point w=0. This point is
coincident: with the (known) position of the object plane.
The range-plane object is thus treated as an assembly of
range-ordered strips at a constant distance below the holo-

gram array intersection point.

The image is (approximately) determined by the second
operation (eq.. 5.5) which acts on the intermediate field I
row. data by operating on that data with a function which is
adjusted for image u'-axis offset in the normal manner, but
is also adjusted for the range (v'-axis) assigned that I' row
data by the initial operation. (eq. 5.4J The complete range-
plane reconstruction process is thus equal in complexity
(and hence in execution time) to the separable paraxial imag-
ing process of eq. 3.8, when both are implemented by direct de-
‘convolution, except that a single line only of azimuth (u'-axis)
data is calculated at a given range v', but many such v'-axis
azimuth samples constitute avplanar image. A simpler second
stage process has also been used:

-3k ((u'=x)%/2v")

I(u',v') = JI'(X,V').e edX  emmemme-ea 5.7
X
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This is based on the paraxial reconstruction process.
(sec. 3.3.1)

The approkimate reconstruction procedure (eq. 5;3) is also
supported by the equivalent phased-array view of the imaging
process. (Fig. 5.17) The intersection of the vertical
(y-axis) and horizontal (x-axis) beam maxima défines the
location of the particular object region point as a function
of the separate array complex weighting operations. The
price paid for the simplification of the reconstruction
algorithm as separable operations on each axis's data is a
range error or ''walk' coupled to azimuthal object offset
(u-axis), and a '"gain error'" (of less importance) arising
from the lack of exact registration of the two beam maxima
at other than object positions directly in line with the
array intersection point. The latter error 1is easily cor-
rected in a digital reconstruction process.

The hologram data comprised a 20 x 20 array of complex field
values. The algorithm, which implemented eq. 5.3 as a
direct. integration in a Basic program, generated an inter-
mediate (complex) array by calculating first the approximate
vertical ''backpropagator' and applying this to the hologram-
data, according to eq. 5.4. The image was completed by im-
plementing eq. 5.5, or, in some preliminary cases, the
simpler version in eq. 5.7. The azimuthal (u'-axis) spread:
of the image was 19 units of 60.6mm, or 576mm on each side

of the: projected aperture.

Demonstrating the Range-Plane Imaging Mode

The: initial demonstrations: of this rangefplane.imaging_mode
were- made using only the vertical array of antennae and re-
placing the horizontal array functionally by a single horn
antenna. The object chosen was a narrow cylindrical bar
which was laid across the object region parallel to the
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u-axis and at a known distance below the horizontal array.
The object range was varied from .4 to 1.2 metres and the re-
construction operation was confined to the evaluation of a
series of vertical sections through the suspected object
plane. The height-range sections for the first and last
experiments are shown. (Fig. 5.18)

In all 8 cases, the image estimate of range was within the
inherent 50mm resolution of the displayed data, assuming

that the object's distance below the array centre was
accurately known. The vertical beam cross-section did not
vary much in the focal region along a line joining array
centre. and focal point, so that the range resolution could

be estimated by projection onto the object plane. (sec. 3.3.4)
For  an object range 0.4m, and using the extra-paraxial theory
of sec. 3.5.2, the vertical resolution (-3dB points) 1is
approximately &y |

Ni-4

2 o 2
Vertical resolution - A +(Y+Ly/2) )
and Y=606mm. 9B Ly
The: angle between array centre, focal point, and object plane

,. where Ly=585h8mm,x=3043mm,

ie:
« = arctan(Y/v) =:SO°, whence range resolution Av is:

Av. = §y.cotw = 44mm..(The display increment. was 50mm.)

The: 1inear hologram or one-dimensional data array repre-
sented measured complex field values in polar form. Image.
fidelity was improved by subtracting the field measured in
absence: of the bar object from that found in its presence..
(sec.. 5.3) The image was found using:

- 2., .2
: =FKL(w=y) “+v ")
Jhk(y*)ne: - ~dy"’ 5.8

[SIEVY

Tw, vy =
y-'

The variable w is an image plane variable parallel to y.
(Fig. 5.16) Image amplitude is displayed as one of ten
possible levels, and follows the format used in the first
part of this chapter. (Fig. 5.9(c))
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An early implementation of the range-plaﬂe imaging system
was undertaken’using‘the'paraXially-approximate’second
.stage reconstruction process. (eq. 5.7) One example of
imagery using both antenna arrays and this reconstruction
process resulted from a triangularly corrugated metal sheet
object. The corrugation wavelength was 69mm, and the crests
were parallel to the u-axis. The sheet was 400mm wide and
extended from 700mm to 1.2m in the range (v) axis. The
image has been presented from the point of view of an ob-
server stationed at the array'intérsection point, and
looking outwards and downwards.

The. image structure is complicated by sidelobes arising

from the interrupted array geometry, but has an extended
maximum around range 1.2m and also at 700mm. The latter is
probably due to the return from leading edge of the object;
the former may similarly be from the far edge but is signif-
icant that the Bragg mode of reflection could enhance the
return from this region. Given 69mm pitch and 30.3mm wave-
length, a Bragg reflection maximum should occur for:

cos® = 2\/A, where A is- corrugation pitch and A is wavelength;
Incident beam and object included angle=arccos (2.30.3/69)
=28.6°, (118)

v=¥Cot(28.6°)=1413m; This estimated range to the Bragg

This angle is found at a range v, where:

interaction region is clos¢ to the image maximum in Fig. 5.19.
The: horizontal image structure is. extended as a result of the
specular reflection from the object.

The- same reconstruction process was used to track the u-axis
position of a simulated point object at constant range Vv .
from: the arrays. (Fig. 5.20)

The object, a 150mm diameter metal sphere, was initially at
a range of 880mm and closely aligned with the horizontal
array centre. As in previous experiments, the complex data

represents the difference hologram. The image maximum is
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within 60.6mm of the correct position and to the left, and

has no more than 80mm range error.

By contrast, moving the same object 7 display units (424mm)
to the left (Fig. 5.20(b)) and right (Fig. 5.20(c)) results
in slightly reduced image amplitude (86%), but the image
position is severely misrepresented. The object positions
inferred from the images are conservative and the range
errors. (averaging 150mm) are reminiscent of the similar

"range-walk" effect encountered in S.A.R. imageryh(losj

Demonstration of Hologram Averaging

The demonstration of the range-plane imaging mode revealed
that below a certain object wave amplitude (it is understood
that the difference hologram mode has: been used in all
experiments) the noilse introduced into the complex data
destroyed the correspondence between image and object detail.
This noise arose mainly in the receiver-mikers, and uncor-
related. additive noise from this. source was converted. into
phase and amplitude noise in the polar data representation.

The object used in Fig. 5.20 was placed at a range of 1.29m
from the arrays,. and in a known object plane. Object:
positions were in line with the horizontal array centre, and
a point: 18Zmm to the right. (3 display units) In Fig.
5.21(a), the image maximum has only 13mm range error, and

is aximuthally 30mm left of the correct position, which is
about one-half the lateral resolution of a filled array.
Moving the object results in image Fig. 5.21(b), and a
reduction in object wave amplitude has destroyed the image.
There is a component at the correct position, but ambiguous

components abound.

The image fidelity has been improved by the simple expedient
of recording several (8) object fields, as difference
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holograms, and averaging by vector addition. Such images,
reconstructed from averaged holograms, are given in

Fig. 5.21(c)—(e); The object positions, at a constant

range of 1.29m, were central and 250mm left and right of

this point. The ''range-walk'" phenomenon has been greatly
reduced since the reconstruction process used here is that

of eq. 5.3. The "range-walk" amounts to 38mm; using the
equivalent phased array notion of Fig. 5.17 indicates 24mm.
The estimated object offsets from the images are 333mm

(Ieft) and 242mm (right) and this: error is not worse than
the- 67mm azimuthal resolution at this range. The curva-

ture of the image trajectory at constant range of the object,
but with varying lateral offset is opposite (that is, con-
vex with respect to the array) to that indicated in Fig. 5.17.
In this equivalent phased array description, the concave
object region beam maximum is a contour of equal processor
weight, and larger aximuthal offsets are accessed by longer
(rather than shorter) vertical array processor focal lengths.
In this respect, reasoning is similar to that advanced in
sec. 3.4 to explain hyberbolic image plane distortion.

A cylindrical object, laid parallel to the x-axis was
successfully imaged by the multiple field averaging technique
at a range of 1.9m. (Fig. 5.22) As in previous demon-
strations, y-axls position was assuméd known, and the re-
construction process- was that of eq. 5.3.. The image
azimuth extent is, at 670mm, very close to the true object
length of 620mm, but the theory of sec. 4.2.4 suggests that
the limiting image dimension of one-half the array aperture
in that axis is apparently extended by the horizontal axis
impulse response distribution. The range 1is accurately re-
presented to within two display units (100mm). At this
range, some care must be taken in estimating the effective
scattering centre of the cylinder, as every lmm error in
y-axis position influences the image range by -2.8mm.
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5.7.4 Simﬁlation of the Exact Reconstru

A direct deconvolution check of the range-plane imaging
mode using a point object and with Fortran 5 translation of
the reconstruction procedure of eq. 5.2 has been performed
by Pare (38) as a continuation of an undergraduate project.
The images were generated using both synthetic and measured
data, and the former assumed array geometry indentical to

that of the prototype experimental system.

9 images (Fig. 5.23(a)-(i)) reveal that there is sensibly no
error in the location of the image maxima, although the
point object offset of 303mm left and right of the hori-
zontal array centre at the lowest range simulated (581mm)
would. have produced at least 74mm range error (according to
the: equivalent. phased array approach of Fig. 5.17) had the
simpler approximate reconstruction process of eqg. 5.3 been
followed. The images have been presented as if the object
plane- were viewed facing the array elements.,. and the side-
lobe: structure: surrounding the image maxima is a function
of the: aperture antennae distribution rather than an inherent
feature: of the technique.

The: small errors ifA: maxima position (not worse than 1 unit
of 40.4mm) have: been traced. to an integer rounding operation
which has. generated. the: image in a plane:r 5% higher than the
object plane. As a result, all image dimensions are slightly
conéervative, which is in agreement with the: operation of
the' equivalent phased array of Fig. 5.17.

An exampler of the reconstruction of experimental data by the
process isi given in Fig. 5.24(a). Image orientation 1is as
for  other images from measured data. The object was the
150mm metal sphere used in previous studies. Hologram data
was captured using the local Varian V-77 minicomputer and
stored on punched paper tape. The Univac Fortran 5 system



11000000V TI0GHY0 === ===
T1o0looulangoonyot
I T T R T KRR VR IR (X I

=R VE N i

]

13510000 uduNYyLlOBON
2320000400 uyvuguiygg
1110000390000000000
1000Nu090UOuHY000Q0
VIvYugYYUOUIYNAHUYON
UN00YYUBONaNLNYOUn
0vdwdeQuNYNYIENUDYD
QUNVBRBONOBLBYIUYON
QUOUOVNIOGHUIVIVO00
DVOVOVNYYVILIYOUNYY
QUGBUNOOD0NNYH0RLOY0
1OVDVOOOUOULYYUOUOUG
JOVNVOUNHYYLUIYOYIQD
0040VBYHBUOVHYBUN0YLUY
GOULYOYNUOUOUIYUUNUD
QOUOUYB06ouiuiIVNNU0D
0OUNYOVUUAUONNYUULLG

(a)

1]

——C S CCC T ECh

Laygoongoynudunuouo
VROV YOYINNYBYBUD
3220000 00ynudyouogn’
5142100000000000000
WI2TD0R0UN0Y00I00D)
JUYOUNDOGYNLIYNNY .
431000000000 000000
331101001000 000U0) = = = = = =
d120101G60000000000

1000300000 YAQ0YNYLQ
S0u0ynNYOYLIUNIYYNY0
APleanQoynydygnyaeaQ
2311010300000000000
LY ana0UnOdno
JOUHW0QOUNY0UBEI0Y
0000000RH0QHU00000D0
00VOUNNNEHUNYAYNNO0U0
YOUNROUNYNEIYIVONOUD
UOuNuoyuNgnyYNLYYOIHn
_oououuunooonuﬂouunuov

i
: (d)

1u!unun0nunn;uooﬂon
foluivovovoudyyguidog.
QUHLIYNWYYNIDDNV0OU0
QUOUBU0UOUIYDYYUNYD
gounuta0v0unnYY000g0
QU OLOLBINYOYO LN
D10000000u0uLYOYLYD
0V0UYOGUBOBVAUIGOYIGO
1 19009060099 0y0do
3 1OY0aduYutyoYn
4 1081wy upuhu
LOYNUDYYHOGNN0
vi0nuoudgoyoul
(VTR VY )]
01001010000

02000 10000YY = = = === =
U1

»

vuu ooy
i} 10900000009
[ IV AT IV RV I R0 ] ‘
nuObOunuouUOOOO .

=
I"‘:C-——-—( (= At
PP

L}

1
Uvooullﬂqallunonunuu - = @S YOUBUHOOOONNILY 7220
00100001200000100000 VOUNUiINYlunl 1620111
0n100112521100100000 GadudeYrulyouigod et
000QU1I22622100000100 00VdVLLuDUDYNULSH6120
00000011311 0000000U0 V0V NYGudHdul 24010
GOYOUNNOLBBNVOYOUN0Y 000NUBUNYOUVLuTLTLILY
0000000(100000000000 JOUQUAHOYIYINNVIYLIYY
00NN NGO0VBNNDUOVIYG YODOUUUODOLGUCOIUOYY

00OU0N00010VIBYYYLOYY
000000U0YOVOULNYOUNUO
OO IR O D]
QOUoUNLOLNIOB0UQU0VD
VO0UNUNTLALI0TOVOYNYDYO -
VOULNIYOIVOVONYODBYYLD
YOUNJuai0nNY09dudIV0un

000090900000 YO01V0

0000000000000 0G0NUIVE
GOVUONGDYAYOUIYDVIVY
udV000V0VOVHVGYOVNLY
vououvdUNCONLYU00AYD

1 1
]
[}
((b) (c) .
|
1 |
[} ) '
BOVYUOVOLOGNYNOROYIN WVORNYNYONNIINATIDTYO
QOENuuEdueNanloeiyn WOUNUIGHUOUNINYD 110
00100112421 190109040 WBUDDG0NGHeY 225850910
000002226222u0000010 UounNo2 el 2155000
oounnnllslunouﬂuuﬁuo onuuununuuu|/<(|u)£l
olutal2ld12oylytnngy GOGANNIYOYNuYLUAYn Ll
QL0103%292%3010100¢0 QOUOQOUVOUOVOL 35”270t
Q00DUPY2HIN20000UN(N) == =o' = a0 ]0) 55674410
Q0U0ualni0i00nynyaon gounulyniaioa2id22otll
V10001205021 00010000 U IR P IS |
OV01140604110000000 LVOY00Quuadeeunineast
YU 1duand 110900000 000U 0yNNYoltdleldt
QOHORAN302000000000 Qouobovodinl 3zt
QOVOUNGO YO DVNIDPIIVO YN eoanuL1I1uo
QOUOULLVDOYIYAYNYOYQD 0000000000 LIYNNAYID
VOUNICO0LODRUDYULOYY 00U0VOHNYIYLI0UNYIN0

VOUNYAYNDNNYDYYUNUDLD
00400V DNOYNYOYIQUYO
Y0uUHYOuDuQUNUAYOYNYD
OO0y CYNBOY000UN

}
i(e)
!

000UUOYVYOYHURYOVO0D
V0uOd01Ia101H009000Q0

VOUUUNGOTO0OWBLOOLUD
Q0V0uE0BHDVOVYIININYYD
0000 LAYOULOUDLOVO0)
QOUGUNYOYOYydYNuEYo
000NV 0LYTOUNEDYNOOYO
VQULBGUHYRDGYHYNYNUNYY
vlvutlensneilovtugoo

YOUHYLYALRUNJBUNYYYD
WU UHUNYDYAYIUN YU
Vauduyhehydudyounydoyn
0NUDNYOVOUNVUVIBAYOYUL
00Uy uBdIUNUOLLOY UL
VOuoabaowdurysoielo
00VOLHUVOUYOUNVIYNLNYY
YOAUYNDgHONUNYRLYHIBYLY
YOuUNVRYOYOLNGHUDUNHYY
1000 YOYuUHUGYIYILNYY)
JOVOYIuhudanoyuiuoni)
ouuuonununuuununuoouz

D0RNuOuNYYLRYN0H0n
V0UOUCUNYRORNVYOVOVD
VouoNNGNYRROLLLOYODD,
unuﬂuuuunnownHUOUnuu

(£)

unueoutaaudUOuIR ooy
[V RTV R VE X T WUR RURRVNTRIRY)
oLyl yngogouY
VOUNYNYUYOudyEYOuduD
00uNUOUNYIUOLRYLYNVY
QOVBUOOO0NYOHODNUVODD
00RO YYOOUN LYo
YHududusuduoudptldio
QuuooBnunaguli 314129

gluoi2415142 19010000 ORI AR R VAR
uovollatetdt lnuguouy guunyuylydl22ialdacetyg
VOUHOUI 0201030000000 0000p0Y1UILEISTIOL0Y
1OUO L2000 10l01090 VHvBLIUNYIYOUOU SYEL2
201020007060201020u00 POVNVLVODVVLOUYTLTE?
101020703070 29101000 Vilviuvuololuglagydnai
0000206GANGH20000NU0= = === ==000100y201u21ha7>34

00091030505010090000 Gouoguuiulvll4assan

000000GUAYIYINOVLLO vouguoytvouotlinuotly
ugualldosdociltoundlug WOV OUGNNQUOOUOIY3)S2
0OULI24L5 142100100 loouﬂuouuuﬂoolljoﬁgﬁu

B T gy —— SR
k]
(g) Hologram—EZ"——‘.l -
centroid ° Ta Tb Ic
1 ! :
Range (m) ! : :
A0 R P
130 3my 30 3mm, '
Image amplitude code [|i ‘ \
is from 0 - 9 1.15}= == g == - <0~ -
1 g h 11
1.314 ' '

(i)

Hologram plane

o = Object point
position

((a)-(i))

“——Image plane

(Interval 40.4mm
in both axes)




- Image interval 40.4mm - Image interval 60.6mm -

. 0. .. -0'-l-0' . ) . ] ] PN ]
P31 e TS T T,
T N L I B I R Lol g
i RIS DEY R Y SN TS £
pu— LR .'.".,'.. LI —.‘.‘. ' _..';.11.0 l.’ﬁ
1t | x4 S :'!connu., 10 8 e
B P At 3k SR | R E N B R Sy
R X AN L L R A B LT L IR
I O O O L L .. RN Y LR A
Range ___:l;l' *s0 . ,..1.v Range | vere e ] ‘b
m) — 'R b m) |0 0000 et T g
() 07k emerrs, s KM FROP S
M R A DY L1 R = ALY > S !
N L e I U E Y
40.4mm_ *. ..* .tz de, o0 8 S0mMmM _| 800t iy, Tagd
1 S RNARN N .. + 0ty YL )
N L O I O R : R S I L A T
1 vageer’ dee S 17 e N R 1]
I P e ‘. i t, . s, artfgeber
0504_) .0-0_“00,,.0;!»"0!" 0'.50_’,1 IFRA RN RN R RN 0"y
|||l|H|!|||||HIII] RERRRRRREARRRRARNIL
] [
Object no. 1 Objéct no.1
position antenna(horiz.) position antenna(horiz.)

Image using ''exact" Image using approximate

g e g g appro3
reconstruction reconstruction

(a) (b)

Fig. 5.24 1Images using exact and apprcximate reconstruction

Hologram
l Virtual image
region
Plane P e (defocussed)
Treconstructing—- - — - | - — e ——- —_—
radiation
e
s
Ve . T
/ _ - 1
e T e !Range plane N
Virtual imag l Real imaget
(focussed) (focussed)

Fig. 5.25 1Imaging in the presence of conjugate data - an
optical analogue '




5.7.

5.

82

was used for reconstruction, and this process was that of eq.
5.2. The image displays essentially no azimuthal error and has
an estimated. 13mm range error only. It is noteworthy that the
measured range resolution of two display units (81mm) is close
to that indicated by the simple theory of sec. 5.7.3.

An image processed according to the simpler approximate al-
gorithm of eq. 5.3 is given in Fig. 5.24(b) and uses the data
identical to Fig. 5.24(a). The object range is indicated as
8§75mm, which 1is accurate to well within the range resolution,
while the azimuthal error in image maximum position is about
40mm - no significant error arises from the use of the

approximate algorithm in this case..

The execution of the exact reconstruction procedure (eq. 5.2)
with either synthetic or measured data took between 1 and 2
minutes. The use of the approximate algorithm (eq. 5.3) sug-
gested in this chapter would reduce this time by a factor of
10, based both on comparative measurements of the program
execution time run in Basic and Fortran 5 languages, and on
the relative number of multiplication operations required in
each algorithm, and a 6 to 12 second reconstruction time would
be close to "real-time' processing.

Array Systematic Errors

A notable difference between the image derived from synthetic
and. measured holograms is the persistent ''clutter" in the
latter, even when appreciable data averaging has reduced the
effects of random amplitude and_phése errors. This discrepancy
is. attributed to the lack of systematic error correction.
There is no reason why these could not be corrected in an
operational system, and in this case, the multiple field
averaging process may be valuable where object velocity 1is
negligible over the total averaging time.
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A practical advantage of the geometry used in this section
would allow imaging in the presence of conjugate hologram
components generated by various hardware tolerances.
(Appendix 11) If the reconstruction prdcess is regarded

as equivalent to plane (reference) wave illumination of the
complex perturbed hologram, then the defocussed conjugate
image field will not intersect the wanted image plane.
(Fig. 5.25) This analogy with optical practice is imperfect,
since the backpropagation function peculiar to the extra-
paraxial geometry does not mimic the 'mnatural' impulse
response function of free space.

Object Region Accessibility

The range-plane imaging system appears to violate- the
object and. range relationships determined. by available
aperture and antenna spacing. No problem has been experienced
with an object offset Y of 600mm at only 400mm range,
although Fig. 3.11 appears to forbid this. The range-

plane imaging system has a fixed object plane vertical offset
and. the: aliased imagery arising from sampling violations can
bé.supgmssed by displaying only a finite positive sample

off the image range: dimension. The situation is similar to
that: found in a phased array antenna with element spacing
greater than A /2; the element spacing used in the: proto-

type holographic system was. 2A /3. The "grating lobe"
maximum appearing above the normal to the vertical array

does not intercept the object range-plane if the primary

beam is: focussed below this: normal. Fig. 5.18 is a vertical
axis: section of the focussed beam and does show a subsidiary
maximum at an angle of opposite sign such that no inter-
ference is experienced in an image plane parallel to the
object and below the vertical array. '
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Conclusion

It has proved possible to retrieve specular image com-
ponents of simple object scenes with satisfactory accuracy
in lateral and longitudinal axes. The '"self-cluttering"

of images from more complex objects due to the high impulse
response sidelobe level is not inherent to the crossed

array configuration and could be remedied in an operational
system. The accessible object region need not be as conser-
vative as that indicated in Fig. 3.13, as real and conjugate
image overlap is acceptable given adequate contrast of the
two components.

A hybrid reconstruction system: offers- a continuous optical
image output if a simple computer is. attached to the: holo-
gram mapping. system.. This: generates a binary hologram in
which am offset reference wave is incorporated after the
mapping, process.,, and. could also control antenna commutation,.
compensate known systematic: errors and cancel expected

and. unwanted. background data, such as the cross-soupled
signals- routinely suppressed. in this latter series of dem-

onsitrations:.

The: unambiguous. knowledge of received signal phase is a
prerequisite for reference wave manipulation, since the

3. posteriori processing retrieves the original object
wavefront from a complex data recording. In this manner,
both hardware specification (which is most accurately im-
plemented. by an element spacing leading to an equivalent
coplanar reference wavefront) and image recognizability
requirements. (which suggest an offset reference mode) can
be satisfied. The binary hologram is suitable for photo-
graphic reduction and recording in the conventional manner,
but a much faster reconstruction process is feasible using

an electro-optical modulator array. (21)
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A variant of the planar field imaging system exchanges

one- object coordinate for an improved, finite, but range-
varying depth resolution property. The format is compar-
able with that exploited by S.A.R., albeit as a continuous
wave technique, and the offset object confers considerable
tolerance of those errors tending to introduce image com-
ponents which might perturb a more conventional constant
range planar image. The format is geometrically most suited
tn’computed image reconstruction, and an approximate tech-
nique greatly reduces the time necessary for reconstruction

by an order of magnitude.



86

CHAPTER 6

Imaging in the Presence of Object Motion

6.1 Introduction and Motivation

The continuous wave nature of the object illumination in
microwave holographic imaging systems tends to confine
applications of the technique to the laboratory scale, and
aperture to object ranges of less than one to a few tens of
metres are typical,

This limitation is not inherent or unique to microwave holo-
graphy, but is imposed by the finite dynamic range and stability
of the detection system as the field scattered by the object
and holographically recorded must be measured in the presence
of a residuum of detector noise, drift and background fields
coupled from the illuminating source. Pulsed radar imaging
systems, whether coherent or incoherent, exploit the temporal
separation of illuminator and scattered signals, and thus
need not be range-limited by coupled field components. In
practice, a subtractive technique enhanced the continuous
wave holographic system’'s range performance since the close
proximity of some transmit and receive elements necessitated
this.( sec.5.3)

At this stage however, holography does not, with very few ex-
ceptions(jz), appear to compete directly with pulsed imaging
techniques such as synthetic aperture radar (SAR) as a coherent
mapping tool. SAR has demonstrated impressively the quasi-
holographic spatial pulse compression mode, albeit in one

(49,64,65,75,81,96) It has been applied with

dimension only.
success to a vast range of imaging and remote sensing tasks.
These have not been confined to the evaluation of static
object environments, and a very significant and useful SAR
application has recently emerged with the demonstrated
imaging of some dynamic features of the ocean surface, as
diverse as swells, ice conditions, the interaction of sub-

surface topography and superficial relief, small scale surface
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viscosity modulation by oil slicks and the faint wakes of
(68 ’ 71 ’ 77'799 82’ 83)

water surface interact with the coherent SAR mapping operation

ships. The dynamic characteristics of the
to produce additional image artifacts subtly hidden from
real aperture incoherent imaging systems.

An accurate characterisation of the scattering of electro-
magnetic radiation from the ocean surface is extremely com-

(81’83’115), and much effort has been expended also

plicated
in the modelling of the effect of the aperture synthesis
procedure and to glean more hydrodynamic information from

(68,69,72-74,80,114)

the. resulting image.

The: evaluation of the interaction of electromagnetic and
water waves 1is usually performed under controlled artificial
conditions using laboratory wind/wave tanks. Those electro-
magnetic microwave transducers currently employed include:

(70,85)

and. occupy frequencies in the 1-20GHz range.

real-aperture focussed doppler probes and short range

FM radars 78

Ittis'therobject of* this section to highlight the: operation

of a microwave holographic wave probe. It would appear, given
the current and anticipated future application of SAR as a
major remote sensing tool(763, to be advantageous to duplicate
a. small scale version for laboratory instrumentation, where
the. narrow-band spectral characteristics are retained while
an image: has both azimuthal and range spa¥ial resolution
sufficient to delineate features of the wave: tank "sea”.

Microwave holography is uniquely capable of image linear
resolution which is independent of signal temporal bandwidth
and inertialess aperture synthesis procedures seem to offer
data collection times compatible with the dynamics of the
observed gquantity.

It is felt to be important for the maturity and utility of
the microwave holographic technique that the quality and
range of observable features be minimally constrained by
instrumentation artifacts.
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The effects of certain deterministic object motions on the
overall image impulse response are derived and compared

with the corresponding modifications incurred by SAR sensors.
The aim is the specification of a practical imaging mode
using orthogonal arrays and holographic field mapping,
duplicating as closely as possible the formation of SAR
imagery, but on a smaller scale.

Aperture Synthesis in Microwave Holography and SAR

An orthogonal array aperture synthesis holographic system
and. a pulsed, coherent SAR system have similar features

when. used. to image objects lying in a plane normal to the
array axes.(Figs.6.1 and 6.2 ) The holographic system, having
N transmit elements and M receive elements orthogonally
arranged, can develop an MN-element areal aperture by con-
trolling transmitting and receiving operation in any (even
random) order, provided that all element pairs are used,

but. common usage and convenience usually dictate that an
element of one array axis is combined with a rapid sequential
addressing of the elements of the orthogonal array. It is
even possible that the elements of the latter array be
simultaneously active, if the hardware implementation is
suitableJ(BI’Bzz(Chph7) If the horizontal axis elements (1

to N) are switched at a constant rate (this affords equal ;
signal averaging times at each position), then the situation
approaches closely that found commonly in SAR, where a

common coherent transmitter and receiver are transported at
a. known velocity Vh:above-and to the side of the object
plane.(Fig.6.2) The transmitter is regularly pulsed and the
phase history of the received signal is measured during the
time that a pafticular object point 1is illuminated.(49’6u’6ﬂ
The reflected signals from objects at different ranges using
the SAR system are naturally time-ordered, but continuous
wave microwave holographic systems require a second (in this
case, vertical) axis in order to define different range
intervals. It is possible to suppose single-axis holographic
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systems, but the limited range resolution available in
laboratory scale systems does not recommend practical deploy-
ment.(Chp. 5) The range intervals are thus produced essentially
by the projection of the focussed vertical axis beam on the
object plane.

A significant difference between the two systems is the
relative motion of transmitting and receiving elements in the
holographic interpretation, which is absent in SAR.. There
does not yet appear to be a pure holographic, two axis
interpretation of the SAR system with equivalent illumination
mode and, in addition, capable of implementation as an
inertialess system.

However, the differences in equivalent illumination function
between the two systems would only be- apparent in comparison
of images of specularly reflecting surfaces, since SAR has
an equiﬁalent plane wave illuminator and the orthogonal axis
imaging system a point illuminator.(sec.4.1) Tomiyasu(7u)
states relationships linking scan vector, illumination vector
and object normal which prohibit specular surface reflections
so that this difference need not be material. This difference
is not important if imaging of extended rough surfaces is

attemptedw(lou)

It is also convenient if" the sequential measurements of the
reflected field by a discrete element array can be equated
with the measurements obtained by a single element scanned
over the equivalent aperture at a constant velocity. The
vertical array of Fig.6.1 is replaced by a single focussed
array illuminator, and the paraxial approximations commonly
made in both microwave holography and SAR are assumed. The
vertical array is assumed to be composed of simultaneously-
addressable elements, a provision which is in fact compatible
with an elegant hardware implementation, and no consideration
of sequential field sampling in this axis need be made.
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The field f(x) scattered by a point object is measured over
an aperture X in a total time T seconds.(Figs.6.3 and 6.4)
The spatial smoothing of f(x) introduced by the finite
aperture of each individual array element is ignored, as
the effect is both common to discrete and continuous models,
and did not compromise the measurement of the (bandlimited)
fields in the practical system. Field measurements are made
at N places, Ax apart, and temporally sampled at intervals
of A% secondsb(At'='%§§ Each measurement is temporally
averaged over a.fract?bn b of the commutation interval At.,
The: dimensionless parameter b varies with system configur-
ation, and in the case of the prototype system, b = 0.25.
The receiver was operated on a sequential I and Q component
measurement schedule, with additional time allowed for ana-
logue: computation in the interval At. If hardware symmetry
in a two-channel receiver were guaranteed, or if a single
receiver with SSB processing were used(Chp.7), then b could
approach unity. The measured field is thus:

£(v, ) @ rect(%g{-) L 280 - %A;xi)
The continuous measurement as indicated by Fig.6.4 would

N S

result in just:.

f{VhtjA - - e 6,2

Considering the paraxially-approximate. field scattered by a
point object, the results. of the two measurements are similar,
but for a spectral overlay due to the finite integration
time,. and a periodic spectral structure arising from the
regularly spaced field samples. The field spectra are given
in Fig.6.5. The apodising effect of the spectral overlay is
not: serious, since it cannot, as a real function, influence
image position, but only influences the sidelobe structure.
The Nyquist sampling criterion requires that a frequency fN
is not exceeded: | th

2rfy = = rads./sec. ~——m—m—m—eeu- -——= 6.3
Subject to the above conditions, the simple constant velocity
scan adequately describes the operation of the discrete ele-

ment system.
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6.3 Impulse Response in the Presence of Object Motion

6.3.1 Imaging with a continuously scanned array

The effects of object motion on the system impulse response
are examined for a point scatterer object moving with
arbitrary velocity and acceleration. The array is consider-
ed. to be scanned in one axis, while the data agquisition in

the orthogonal array is assumed to be completed in parallel
within one step.This provision produces an imaging mode
similar to SAR and is quite compatible with anticipated
hardware implementation. An analysis of the motion-induced
image artifacts in a system having sequential antenna sampling
in both axes, (which was used in the prototype hardware),
does not appear to have any advantages compared. to the simpler:

(116)

stratagem considered. here.

The paraxial Fresnel region of operation implies field
separability‘and.allows the orthogonal array to be replaced.
by an equivalent linear illuminator. (Fig.6.6) Using the notion
of a constant velocity receiver scan, the path lengths from
illuminator to object and from object to the instantaneous

receiver position are respectively:

2, (8) = G20 + y20) + 2 ENE | 6l
L - o vl Ty, o7 L "
and. z, (t) = (zi(t) +-y§(t3.+(x6ﬁt)-vvht)2)§ ———————mmmm e 6, 5
and: the complex reflected field over the aperture is:
= e_jfk?(Z';l(‘t) + Z’-z( 1)) — - 6.6

f(xb,yo,zb,t)
The. scan is completed in T seconds, and develops an aperture
dimension X, where:

X= VT - S 4

In order to gain some insight into the relative effects of
different axial motions, egs.6.4 and 6.5 are expanded as a
Maclaurin series about the point t=0, and linear and quad-
ratic terms are retained, following the reasoning of Raney
in (114). These terms correspond to image offset and de-
focus respectively, and represent, in turn, the more im-

portant image perturbations. Object motion is taken in 3
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axes, as:
_ i 2
xo(t) =X, o+ th + gaxtz
t) = + V.t + %a t
Yo( S v . 1 V.2
zo(t) =2, + Vzt +-§azt ———————— N —— ———— 6.8

The approximate total path length is:

Zl(t)+~22(t)= 220 4 (ZZOVZ+XO(ZVX-Vh)+2yOVy)t .

zl
A 1R I 2 .2 2,2
(xoax+yoay+zoaz)t N (2V2+2Vy+vxf(vvah) )t
z g
Y o+x v 2.2 , 2 .2
(zOVfoOVx+yOVy) t _h(zoVZ+xo(VX-Vh)+yoVy) t e 6.9
2’Z‘."3 § 2z"' 3
. ' = (22 4 %P + vRYE - _ . e
where z' = (zo X+ yo) - ————————— — 6.10

A further simplification results if object position at t=0 is

confined to the: immediate vicinity of the z-axis; that is,

if xo=yo=0. This assumption is always acceptable in SAR pro-

cessing, since it is in the nature of this technique to

produce an along-track data record whose physical extent far

exceeds: that ground swath illuminated at a given time. It is

fhus unnecessary to account for other than symmetrical object-

aperture geometries in SAR, and indeed one reported digital

processor discards imagery within one half illuminated

ground swath at. the. origin and end of the data record.(105)

Such a provision 1is usually unacceptable in microwave holo-

graphy, since spatial resolution is almost always sufficlent-

ly coarse not to warrant further restriction by illumination

modification. However, the approximation is made to extract

the dominant motional artifacts, and to suggest an experi-

mental geometry.

From eq.6.10, the field phase is @g(t), where:

K (2V24Var (V, -V )02z a )t 6. 11
27

o)
If the terms in Vi contribute much less than m radians phase,

B(t)= 2kz  + 2kV t +

they can be ignored, and time-invariant terms in eq.6.11 are

also of no consequence. Hence:

2 2
F(t)= 2KV t + k(2V+Vy

2
~2V Vy+2z 8 )t%  ____________ 6.12

Zzo
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6.3.2 Imaging Static Objects

6.3.3

The reconstruction process appropriate under the paraxial

approximation is, from sec.3.3.1:

vz B SIKNE g2

= e .
o)

F(B) /2 . e 2z At —mmmmmm e ————— 6.13
The image plane variable x' is:
X' = BV, o mmmmmmmmeeeo- ——————— 6.1

A point object, stationary at position (0,0,zo) leads to a
system azimuthal impulse response:

2
F(B) sinc(thBT) g X B
Zzo
This function has a half-intensity width of approximately:
Az
B = ©  seconds —————————— 6,16
EEA 5
This corresponds to the conventional form of the spatial
resolution xLBdBr(eq.6.7) Az
X_3dB ='B—de'Vh - -mmmmmmeem= 6,17

Radial Object Velocity

From eq.6.12 only radial velocity component‘VZIeads to image
shift, and other velocity and acceleration components tend.
to defocus the image. The reconstruction process of eq.6.13

will generate an image centred about g » Where:
~2z v_ =~ maxX
PBmax T ———%—E
spatial shift is: Vi

, and the image

ot _ =2z V _ _ _ o
Xrax = VQ Z mmmmmmm e 6.18

Compared with the equivalent situation in SAR,(69’73’7“’114)
the holographic process develops twice the offset, since
there is relative motion between illuminator and scanning
element, and the SAR system has better resolution by a factor
of two, when the systems are compared on the basis of equal
wavelength, range and aperture dimensions. The foregoing
analysis would appear to allow unrestricted radial velocity,
but the spectral shift implicit in eq.6.12 must not violate
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the Nyquist criterion (eq.6.3) nor cause image radial shift
outside the range resolution (depth of focus) of the ortho-
gonal illuminator axis, which 1s assumed to have been focuss-
ed at range Zge

A more complete expansion of eq.6.6 admitting only radial
motion finds a cublc range term. The allowable cubic phase
error depends on the acceptable extent of impulse response
degradation in terms of peak gain loss and sidelobe
suppression, but an upper limit of about one radian is

suggested by Harger.(éu) Assuming peak error ofTm/4 radians:
2
v e VA L 6.19
7 < ———
3 |
The: total radial object motion is V T, and from eq.6.7:
2
VT, 2AZ 2= 620
i x? .
The paraxial region range resolution is , from eq.3.29:
2
Az = kzo
2

X
The: restriction is analogous to SAR

(114)

, with the difference
that: the: latter has range resolution defined by pulse width.
The holographic interpretation using an orthogonal axis
array, simultaneously addressed, defines range resolution,
and factors such as object motion which influence azimuthal
focal length can be monitored by reference to focal length

in the- orthogonal axis.

Quite apart from radial motion within the depth of focus,
the radial velocity component must not cause image aliasing
due to excessive spectral shift. From eq.6.12, the radial
velocity frequency shift is w=2kVZ. Referring to eq.6.3

and Fig.6.5, the Nyquist criterion requires:

2
okV_ + "VpT L e 6.21
z | < =
Azo VX

Maximum radial object displacement is VZT, where:

2
AX - X
VT < Idx Iz
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In the limit of long ranges:

LA R ¢ ) S — eem 6,22

N is the number of antennae (35 including the gap in the

array in the prototype system) in the azimuthal axis. The

restriction of eq.6.22 proves more conservative than that

of eq.6.20 at ranges exceeding 2 metres. Such ranges were
- not exceeded in the prototype system.

6.3.4 Azimuthal Object Velocity

The peak quadratic phase error in eq.6.12 must not exceed

™ radians, if defocussing is not to diminish image intensity
by more than 3dB. Assuming the reconstruction process of
eq.6.13 is used, with reconstruction attempted at range z .
then from eq.6.12:.

oy v 4 eyl 2 .
%?(—vavh + 2Vy,+~ZZOaZ)t < T
“o

Theélargest.value of t is T/2, and total azimuthal object
than~lS'VX?m It Vy = a, = 0:
-2\ Z

VT 8 Tmmmmemomosemeoonoe- 6.23

The object must not move: by more than twice the lateral
resolution during the: aperture formation time. This motion
could be compensated by adding a term to the reconstruction
process: which cancels the quadratic dependence: of eq.6.13.
The: effective reconstruction focal length or range would then

become: z' , where:

° - 2V_z
'= oz o+ X0 mmmmm e 6,24
o 0 —

Vh

Eq.6.24 assumes that V. is much smaller than V,. The range:
off'set required for correct focussing is of the same form
as that developed as azimuthal offset by radial motion.
(eq.6.18) A velocity component VX of the same sign as Vh will

z

reduce hologram spatial frequency range, and this 1is
attributable to a reflection from a longer object range.



96.

6.3.5 Elevation Object Velocity

6.3.6

If both azimuthal (x-axis) velocity and radial (z-axis)
acceleration are suppressed, then applying previous reason-
ing (eq.6.23) leads to: X

VyT < (Zzo)\)2 e L Y
A second, more restrictive, limit on allowable y-axis
displacement during the horizontal (x-axis) aperture form-
ation time T is imposed by the vertical (y-axis) array
illumination(Fig.6.6) This illumination is extended an
amount Az in the range axis,(eq.3.29) and will have a -3dB
resolution in the vertical axis of Azb/X, assuming that
both arrays have equal lengths. The vertical aperture: is
taken to be formed. by parallel(that is, simultaneous)
operation of all array elements during the time allocated
to one: horizontal axis element, and if no vertical axis de-
focussing is allowable, then object displacement in this
axis must not exceed‘xzo/x. In the ranges used in the proto-
type‘systemr(zb=0"4 to 2metres), the last criterion dominates
allowable y-axis object displacement. Other object motions
do not perturb the vertical axis imaging operation, since
the. criteria derived in the slower horizontal axis operation

‘are governed by aperture formation times T at least N(N is

the: number of horizontal. array elements) times larger than

that: of the vertical array.

Radial Acceleration

Radial acceleration is the only significant component of
object acceleration, and leads to image defocussing.(eq.6.12)
If radial acceleration is a major contributor to eq.6.12,
then the aperture formation time must be less than T, where:

T <(§A—)%‘ ___________ e _ 6.26

Given the same allowable peak phase error, an identical
limitation applies in SAR imaging.(79’114)



97

6.3.7 Comparison with SAR Imaging

6.4

(114)

Raney'’'s SAR analysis is extended to include motion in
the plane normal to that common to aperture and object, as
has been done in eq.6.9 here. Under the conditions leading
to eq.6.11, and assuming the geometry of Fig.6.6, but with
simultaneous scanning of illuminator and receiver, the
returned field phase becomes:
¢k((Vh—Vx)2+zoaz+V§)t2
Z,
The appropriate SAR reconstruction operation is, assuming

gl¥)= 2kV_t +

range as z_:
PT/2¢ JB(Y) -ikVE(B-%)°
F(B) -= e
T/2

The. differerit&s between the motional image artifacts found
in SAR and holography are those of scale.

The. azimuth (x-axis) image offset due to radial velocity 1is
of similar sign but half the value found in eq.6.18, and the
maximum allowable: radial motion VZT'will increase with
diminishing range as the pulse-width determined. range
resolution in SAR 1is degraded at shorter ranges.(83) The
maximum allowable SAR azimuthal velocity VX is one half the
holographic value, but overall motion is still twice the
azimuthal resolution, since this is superior to that found
in the microwave holographic system by a factor of two.
Both y-axis velocity’Vy.and radial acceleration a, are: sub-
ject to the same limitations in the: two imaging systems.

A Practical Microwave Holographic Wave Probe

An Implementation of the orthogonal axis microwave holo-
graphic system as an instrumentation tool in a laboratory
wavetank should be capable of variable incidence angle
illumination, and for the purposes of avoiding motional
effects in cross-section measurements, be capable of form-
ing the required aperture in a selected time.

————— e 6, 27

. e 75 At mmm—mm—memm—mmeeem 6,28
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The geometry of Fig.6.1 is suited to this task, as the ex-
perimental parameters of variable incidence angle and varying
azimuthal offset can be simply implemented by using the
"range-plane" imaging régime of Chp.5. Some demands are made
of the polar patterns of transmitting and receiving elements,
particularly at shorter ranges, but a secondary advantage

of the arrangement is the freedom from image defects due to
certain hardware: errors which tend to introduce a defocussed
conjugate image overlay on more conventional coplanar object-—
hologram aperture geometries. The radiation patterns of the
individual elements need only approximate the-"cosecz"
pattern often specified in SARClOB), as the effect of vary-
ing illumination field strength with increasing range  is
easily compensated in a numerically-based reconstruction

process.

To demonstrate the effect of varying incidence angle, and
to include the possibility of object azimuthal offset,

x- and. z-axis motions simulate , as an example, part of a
wave: swell moving in the object "range-plane™. Vertical
(y-axis) motion is neglected. A very similar situation has
been. studied by Elachi and.Brown.(69 and. assumed the use of
the. SAR sensor. (Fig.6.7)

A modified paraxial approximation is used to describe the
scattered field, and the illuminator-object-receiver distance
expanded. as- a function of both time and azimuthal position
including no more than second order terms. The projection of
the focussed vertical array illumination function on the
object plane is taken to determine both range and range
resolution, against which motional defocussing of azimuthal
data can be compared. The respective illuminator-object and

object-receiver distances are:

2,(8) = (22(8) + y% + XB())F  commmmmmemees 6.29
and z,(t) = (z2(%) + y2 +(Vt - *()DF . 6.30
where >

x(t) = x + V t + 3at
and z(t) = z + V,t + %aztz S . e ———— 6.31
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2
_ T + . X o X - :
zl(t)+ zz(t)_ 2z' + ZVZcoset ot ZJ?VX Vh)t +
2 .. 2 2 2
(st1n o + aZcose + Xg - thx. + Xg)tz —————— e - 6.32
Zl 2Zl ZJ‘ ZI
, 2 2.5 . _
The slant range z' = (z~ + ¥y )® , and depression angle
g = sin'l(y/z'). The incidence angle is 7/2-¢ radians.

Terms which are not functions of time are disregarded for
reconstruction purposes. Following eq.6.13, the azimuthal
reconstruction, assuming no & priori knowledge of object
MOTIOR 38T 1/ fk(eg (8)+ 25(8)) ~jKVp o o2
F(g) = |e ' . e 2z, At —mem—=— 6.33

The maximum Image amplitude is "delajed"” an amount Bmax’

where:. ~272.'V Z‘.C 0s6 < | .
&mEXZ = V2- _,gg(gvx_vh) —— i o e 6h34
- h h
The image maximum is centred about Xﬁax:
ZXVX' Zz'VZcose ¢
X' = X - e e e 6,35
max Yh‘ Vh

Both range and azimufh velocity components contribute to
azimuthal error in image position, although the magnitudes

of such errors reduce as the scan velocity is increased. The
apparent radial velocity is the.-VZ component resolved in the
slant range direction, although the magnitude. of the offset
iss compensated by the slant range, since z'cosf = z. An
azimuthal image positional. error arises only if the object

Is offset..

A fundamental property of both coherent pulsed and continuous
wave aperture synthesis procedures is the ambiguous relation-
ship of radial velocity and azimuthal offset(eq.6.35), such
that observed image offsets are attributable to either or
both parameters. This property is reminiscent of coupling
between range and range rate in linear-FM pulsed radars.(és)
Zero vertical (y-axis) object motion has been supposed, but
the range-plane velocity component normal to the slant range
direction introduces a term similar to Vy in eq.6.12. To
avoid image defocussing on this account:

. (2z 2
vosing < VEEMY . 6.36
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It is necessary that radial motion does not exceed twice the
range resolution. The range resolution is principally
determined by the vertical array illumination function, and
assuming the paraxial field description, would not be less
than:

po o= RESOEE ol 6.37
The vertical aperture dimension is here taken as Y.Eq.6.36
can be ignored if: ~

wj

(Az) sech _
Y 7 1.4z ~TTTTTTTTTmmoeoes ST 6.38
For the range of 6 encountered in SAR imaging (8=70" to

grazing incidence), the right hand side of eq.6.38 will not
greatly exceed unity, and can be viewed as a regquirement
for operation outside the far-field region of the mapping
aperture, if no defocussing due to the component of VZ
resolved into the slant range direction is wanted. However,
within this region, allowable z-axis object displacement is
in any case limited by the illuminator function in the
normal manner. (eq.6.20)

Following eq.6.23, x-axis motion is limited during the

aperture formation time T to:

, . 27z
VXT <X

If object motion is confined to uniform velocity in x~ and

z-axes, then the x-axis component modulates the apparent
focal length, and for small VX the change is: ’
Az'=v2i§j - S ~—em= 6.39

The arrangement of Fig.6.7 allows the recovery, from either
hologram data or a completely specified image, of the sign

and magnitude of object azimuthal velocity, since eq.6.39
represents the dominant focal length modification. Image
refocussing techniques implemented by optical processors

have been reported in the SAR literature.(77) A microwave

array geometry admitting significant object velocity in the

direction normal to slant range and azimuth axes would thus
be rather less useful, since the relevant focal length
modulation term is ambiguously represented in sign.(eq.6.12)
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6.5 Manipulation of Scan Format

Several authors have drawn attention to the differences in

imagery produced by synthetic aperture radars(SAR) and real
). (76,78,81)

The latter can be regarded as a limiting case of the former

aperture radars (usually referred to as SLAR

in which the spatial sampling has been carried out at very
high velocity. A direct comparison of imagery from the two
techniques is complicated by differing wavelengths, pulse

lIengths and aperture dimensions of competing systems.

A:. result which is trivially obtained but nevertheless of
considerable importance arises from the foregoing analyses.
Object motions have diminishing influence on the image
impulse response as the scan veloclty Vh is increased..

A lower aperture formation time can be specified below
which motional influences lead to image offsets and change:
of focal lengths less than the spatial resolution in any
axis. It would. thus appear that a microwave holographic
reduced scale: implementation of the SAR technique could

be operated with varying aperture formation times T to
simulate: both SAR and, effectively, SLAR at a common wave-
length and with equal aspect and spatial resolution of the:
same: controlled. object environment.

The incentive is the separation of image detail due purely
to hydrodynamic modulation of the regional water cross-
section, an effect "relatively well understood"csl), and.
that detall apparently introduced by the relative motion of
scanning element, and the linear, accelerated, and cyclic
motions of the water surface. As an example, scan modulation
could be used to test a SAR image formation model wherein

a surface of uniform cross-section which has a periodic
particulate velocity profile, leads to image domain contrast

(68,72)

and periodicity.

That there exists a need for such clarification is evident

(81)

from the remarks of Alpers et al. , recommending radar

oceanographic research objectives:
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"The most promising avenues of research can be presently
accomplished through collaborative efforts involving radio
scientists and engineers on the one hand and oceanographers,
geophysicists, and hydrodynamicists on the other. There is

a great need for experiments involving aircraft equipped
with SAR, SLAR, and two-frequency scatterometers flown in
coordination with carefully planned surface-truth measure-
ments. The latter has been overlooked in the past and merits
much attention in the future.

It is strongly recommended that wave tank and tower experi-
ments be conducted to develop and test models of hydrodynamic
and electro-magnetic modulation of the ocean surface micro-
structure by long waves. Measurements of the dependence of
these modulations on the windspeed and wavelength of the
microwaves are needed to determine optimum radar-system
wavelengths. Tower experiments can be coordinated with remote
measurements using simultaneously-operating microwave systems
to define the interaction of short waves and long waves and
their interaction with electro—magﬁetiC‘wavesw

Research on radar-ocean interaction should have priority
over the search for the applications of these radar systems
to new oceanographic features with wave or wave-like patterns.™

Moving Object Imaging

Experimental Procedure

Some simple observations of a controlled wave tank surface
were: made to 1llustrate the application of a holographic

wave probe. The non-dispersive gravity wave régime was
selected to simulate the analytically tractable situation of
an object of limited extent travelling at known velocity.
Water wavelengths substantially in excess of the system
linear resolution were required for meaningful imagery. Both
requirements pointed to a shallow water wave, with mean

water depth much less than a wavelength. This was fortunately
logistically convenient. The tank was equipped with an
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electrically driven, variable stroke and rate paddle, which
was shielded from system view by a mesh screen and covering
microwave absorptive material above water. At the other end,
an angled screen trapped floating plastic balls, and formed
an effective wave energy absorber.(Fig.6.8) This precaution
prevented the development of a standing wave pattern in the
tank, a situation which would have unnecessarily complicated

image analysis.

The time taken to complete aperture formation (47.5mS and
950mS. respectively for fast and slow array axes) denled a -
practical two-axis imaging system using the established
hardware of the prototypical system in the face of wave
crest speeds up to nearly 1m/S. The array circuitry was,
however, flexible and commutation rates could be exchanged.
Following the array-object deployment proposed. in Chp..5,the.
vertical array was used with a fixed focal length and at
the: faster rate to define a "range-interval" on the water
surface.. The: image series derived from time-ordered recon-
structions of successive. complete array scans. was intended
to produce a history of surface reflectivity in this interval.

The Nyquist sampling criterion of eq.6.3 restricts the
maximum radial movement of an object crest during the form-
ation time* of an aperture. From eq.6.21:

VPSS

2 Lax = Lz

A. typical crest speed was 670mm per second. Even in the limit
of  long ranges, the slower axis formation time T=950mS would
result in. over one half metre object movement, whereas less
than half this is allowed by eq.6.21. The faster axis has a
I1imit on object‘movemenf of about 32mm by the same criterion,
and this is rather less than the range resolution found in
static demonstrations of the "range-plane" imaging mode.

The test geometry(Fig.6.8) had therefore, the vertical array
switched at the faster rate of 421Hz and performed a receive
function. The horizontal array was functionally replaced by

an isolated shunt switch and horn antenna assembly, so that

the received signals simulated normal operation of the
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orthogonal axis array mode. The non-availability of the
second array restricted the scope of imaging processes by

one dimension.

As an aid to image analysis, an optical photograph of the
tank was taken looking along and down at the crest line.
The camera and assoclated flash system were triggered by a
radio remote controlled link as the first of the series of
interrupt pulses signalling computer data acquisition be-
came- available.

Brage mode reflection from Surface Ripples

An initial experiment used the simplest possible system for
checking the feasibility of monitoring surface reflections.
The single horn illuminator and the first receiver antenna
simulated a sampled data doppler transceiver-with-~sense.
The vertical array was conventionally switched, but a soft-
ware: demodulator was used to extract I and Q data pairs
from the data stream at positions 1,2,41,42,81,82, i veeies
corresponding to a 21Hz sampling rate of a single receiver.

The radial velocity component of the paddle generated waves
was too high for unaliased operation, and lower velocity
short gravity waves were generated using a compressed air
source. (Fig.6.9 (a))Stroboscopically examined, the surface

‘ripples appeared at a rate of 8.3Hz and had wavelengths in

the range 25 to 35mm, leading to a phase velocity in the
region of 0.25m/S. This value is intermediate between the
phase velocity of supposed surface tension waves (0.11m/S)
and deep water gravity waves (0.59m/S) at this wavelength,
although the wavelength was too long for the former,and the
water too shallow for the latter descriptions.(ll7)

The Bragg reflection mode was implicated as the I and Q
components representing the complex received sighal were
routinely observed in space gquadrature on an oscilloscope
in the X-Y mode, and the periods of maximum signal return
were characterised by sporadic circular patterns on the
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screen, with an observed sense of rotation clearly linked
to the sense of "wind" radial velocity. The observed ripple
wavelength range also supports this.conjecture.(118)
Assuming a depression angle 6 for the transmitting horn,
and @ for the receiving antenna, the received doppler off-
set would be very close to:
fd‘=vz%§9(cose + cosf)

The transmitted carrier frequency iS‘fo=9.9GhZ, ¢ is the
EM wave propagation velocity, and VZ is measured normal to
the: aperture.(Fig.6.9) The range from aperture to inter-
action area on the surface varies and is not retrievable

by imaging procedures using only one antenna pair.

The- data. sampling rate was 21.1Hz so that unambiguous
doppler- determination was possible over a range -10.5Hz to
+10..5Hz. Once. the anticipated sign of doppler offset was
known, a comﬁleX'offset was éddéd to the data, so that the
doppler fréquency range of Fig.6.9(b) is -19Hz to +1Hz. The
spectra. were obtained by applying a discrete Fourier Trans-
form(DFT) to the complex, offset data.
21 juat  -Juat

F(fy = i(fc(nAt).e ) €
The sample interval At is 47.5mS and fé_represents complex
data. The offset intoduced isw', and was equivalent to 9.5
Hz: in Fig.6.9(b). Five spectra clearly show a peak at -15Hz,
in' contrast. to a sixth spectrum of" data taken with the
tank. in a calm state in which only components around zero
frequency are present.

The: spectral peaks at -15Hz Indicate a radial velocity
component of 0.23m/S,. and the- sign of the offset was correct-
this was checked using a manually translated cooperative
target (Appendix II) and the same DFT processing. The data
record was of approximately 1 second length, and comprised

L2 signal measurements, but the spectral resolution was in
some cases determined more by the object stability than by
record length, as the observed Bragg interaction intervals
were often less than one second in duration.
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The aliasing limitations of the processor in relation to
the received signal offset did not allow unambiguous com-
parisan of simultaneous positive and negative frequency
spectra over a range exceeding +15Hz about zero frequency.
A fundamental limitation of the sequential processor is the
appearance of conjugate spectral peaks (Appendix II) , and
these would be here at a level of -31dB relative to the
wanted spectrum.

The continuous wave doppler probe has demonstrated in
microcosm a remote sensing technique much used in the

determination of distant seavstates.(81*115’1l9‘121)'

A Vertical Aperture Imaging System

The vertical (receiver) array and single horn illuminator
were used to create a "range interval" on the water surface..
The lack of a second aperture dimension removed the possi-
bility of resolving object detail in the azimuthal axis.
The array centre and illuminator are both positioned. a
distance Y above the. object plane. The vertical aperture is
of length Y' and 1s scanned at a rate va/S in a time T sec-
onds.. (Fig.6.10) Thus:

=V T -- 6 .40
In the practical system, the array was in two sections, and

the: scanning proceeded directly from the last antenna of
the bottom subarray to the first antenna of the top sub-
array. The effect of this discontinuity has been checked
by simulation. The practical system also suggested that
object motion be limited to one axis, z, since motional
components in the x-axis would, in a single array system,
lead to reduced image contrast. The depression angles f,6
commonly used were in excess of those allowable under the
paraxial approximation, and a modified two-variable ex-
pansion of the distances from object to source to array is
used. The distance from object to illuminator is:

2, (8) = (7% + 22(9)} cmmmmmm oo 6.41
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where: 2(t) = z, + V,t —--ommmmmoeee 6.42
The distance from object to the scanning receiver is:
i
2,(t) =((y - V812 + 2(£))% —mmemoee 6.143

The quantity (zl(t)+ zz(t)) is expanded as a Taylor series

of two variables about t=0 and y=-Y, whence: 5 2
YVt V%sinzet2 V%cos 6t

N v __
zl(t)+ zz(t)_ 2VZcos6t o pr + T 6.44

Terms in (y+Y)t are ignored as reconstruction need only be
performed about the point y = -Y,since no image detail is
expected above or below this point in the case of static
objects. The slant range z' 1s defined as:

Z'=¢(ZZ + YZ)% —m—m e mmm e e = 6,45
If the object velocity V =0, then the s1gn1flcant terms in

eq.6.44 become: 5 o o
chos 6t zcosze
2 () + 25(8) = Vysindt & ——pr— = ysind + LEE = - 6.6

This reduces to the paraxial form y /2z for small angles 6.
Eq.6.46 suggests that a paraxial reconstruction operation
assuming a backpropagation function whose phase 1is y2/2zﬁ
would generate an image with insufficient.offset,‘and would.
be: found at a distance z" = z'secze, or in excess of the

true distance. This behaviour has been noted in imagery
generated by the paraxial optical reconstruction processes..
(Chps.4- and 5) A reconstruction procedure suggested by eq.6.46

for image: detail close to y = -Y is:
i VZcos2e:
+T/2,. ,j‘k(zl(t“)+z2(t)) ~JE((—Z77A¢- 8)24V, LSine(t-8)
B(B)- T/Zf . .e LAt 6.47
The impulse response near' 'y = -Y in the y-axis for motion-
less objects 1is: > >
WVVCOS'GT.B
| F(B8) @ sinc( — ) mmmmmmmmmee 6,48
The: spatial -3dB resolution is:
- Az e -
B—BdB'Vv = 5 -— 6.49

Y'cos™®
The reeolution is larger , or worse, than that expected of

paraxial reconstruction, as the projected aperture is less
than the physical aperture and the range is modulated by
object offset. Including the effects of object motion(eq.6.44)
and using the same reconstruction process, the y-axis position
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of the image is apparently shifted an amountdy, where:
-2V _z'
Z

89 = T _cose
In the practical situation vV, was negative as the wave crest
advanced towards the array, and the measured hologram data
has apparently the characteristic of that hologram derived
from a static object some distance above the water surface.

e emmee = 6,50

If the reconstruction simply assumes y = -Y, then the locus
of' image maximum Is' such that the image will appear to have
a longer range. The image detail reconstructed for y = -Y,

as for static detail, thus corresponds to object detail at
a. closer range, if the object closes the array.(Fig.6.11)

The: component of V normal to the slant range direction is.
V-81ne, and it modulates the: apparent data focal length.
From eq..6.44- the: apparent focal length is z", where:.

2 2,.2 2 2 2 2

A s1n 0t Vicos™8 V> .cos™8
+ -2 = = - 6,51
Z" 2.Z 1 2Z‘" .
zvﬁ; 2
z'" = z' -»—E—tan‘ez' e e 6, 52
p V

In the practical system, V, = -0. 67m/S v, = 7. 65m/S, z' was

not less: than 1m, and 6 was not more than 45°, such that:
z'" = z' - 15mm

The: total phase shift associated with the normal range com-

ponent: should not exceed m radians if re-focussing of the

hologram data is to- be: avoided. Thus::

v T < (2xz'sin 6)2 i e e e 6, 53
The: aperture: formation tlme was T = 47.5mS, and for the
practical system, eq.6.53 required that VZ be less than
2.62m/S, which was easily satisfied. The maximum allowable
Vé_is also controlled by the Nyquist sampling criterion.
From eq.6.21: 5

v« gL -

Z Ay Z,

The y-axis antenna spacing is Ay. Using typical experimental
parameters, the maximum allowable VZ is 2.82m/S, again much
larger than the observed value.
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The range resolution of the system is essentially that of
the y-axis impulse response function projected onto the
orthogonal z-axis.(sec.5.7.3)

Range resolution = YT§%§%§ T PP 6. 54
A'typical value for the practical system, assuming Z, = 1.4m,

Y = 677mm,A = 30.3mm was 178mm, if the gap in the array

centre is ignored. The modest object velocities encountered
meant that reconstruction operations did not need to com-

pensate for defocussing effects arisng from linear motion.

Influence of Commutation Sequence on Impulse Regsponse

The foregoing analysis has assumed the existence of a finite,
filled aperture scanned at uniform velocity Vv' The practical
system had a gap in the array centre caused by the bulk of
the microwave directional coupler combining the the sub-
array outputs.(Figs.5.1 and 5.2)The effect of this gap is
documented in Appendix I . The axial impulse response has a
regular oscillatory structure under an overall "sinc" en-
velope if the object is stationary with respect to the array..
The impulse response of the vertical array imaging system
varies with object velocity VZ, even if such velocity does
not cause appreciable defocussing, as was the case here.
The: commutation sequence proceeded directly to the 11th
antenna ( the 2lst in a regular sequence across the gap) from
the. 10th without allowing a scaled time delay. Both 182mm
subarray apertures were switched in 23.75mS and accounted.
for an equivalent 7.65m/S scan velocity. A simulation of
this situation for a range of object velocities Vzhshows

that the y-axis image offset is determined by ratio of

object and scan velocities, according to eq.6.50, but that
the position of peak response moves under the overall "sinc"
envelope, rather after the manner of the impulse response
changes caused by subarray combination phase errors. This
effect has also been observed in experimental situations.



110

Reconstruction from Experimental Data

The reconstruction process assumed return from the mean
surface level only y = -Y , and accounted for motional
offsets in the vertical y-axis by extending the reconstruction
focal length z until the image maximum straddled the mean
surface level. Data was captured in the normal format, as
20 pairs of interlaced I and Q values every 47.5mS, and
sufficient memory space was available for 60 such records,
representing 2.85 seconds of continuous surface observation.
A second series of just 20 I and Q data pairs corresponding
to a.return from a calm tank was used as a background ref-
erence and subtractively removed from every aperture data
sequence before reconstruction. (sec.5.3) Imaging was also
attempted in the: absence of tank contents but with wave
generator operating, and spurious image components arising
from this source were of negligible level. The image ampli-

tude is taken as: N 1
+Y ! / A —*.]'”k{y" 2+22 2.

E(y“)=vac(y).e dy ---==-- 6.55

YT
The. measured data in complex form is denoted fo, ¥ is the

image: coordinate system and z was increased from 2, until
image maximum apparently coincided. with the mean water- level..
A range: of F(y") values were generated in this region.

The: reconstruction, according to eq.6.55 from data simulat-
ing both stationary and moving objects is given in Fig.6.12.
The: impulse response in an observed object velocity range:
10.1m/S about v, = -0.67m/S is such that the peak response.
position. indicates the range offset caused by object motion
only. The projection of the image on to the range z-axis has
negligibly affected the form of the impulse response and the
maximum is only 0.5dB below the static object value. The
value of z used in the reconstruction process of eq.6.55
thus represents solely the range modulation due to object
velocity Vz’ and the form of the impulse response, project-
on to the z-axis, 1is not significantly affected by such
velocity from the results of the simulation.
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Comparison of a time-ordered image series with optical
photographs of the same situation demonstrates the appearance
of periodicity in the microwave image.(Fig.6.13) The image
amplitude code is common to that used in Chp.5. The analysis
is complicated by the repetitive and extended range sidelobes
of the impulse response(Fig.6.12), but it is evident that
crest and image maxima are aligned in the shortest wave
period image. (Fig.6.13(a), (b),(c)) In Fig.6.13(a), a crest

is visible at Zy = 1.3m, while a. corresponding image maximum
occurs: 6 image records (0.285 seconds) after the start of
data aquisition and photographic sampling. The measured

crest velocity of 0.63m/S indicates that the crest is centred
in the range "window" on the surface at z = 1.12m, but only
data reconstructed using z = 1.4m in eq.6.55 shows correct
y'-axis offset. This is confirmed by the simulation of
Fig.6.12.

A single example of imagery reconstructed with Z, = im is
given in Fig.6.13(f) and. has evident periodicity, but the

y' -axis maximum lies 3 units (182mm) too high, which is also
in keeping with a negative radial velocity component. In
Fig.6.13(e) the measured water wavelength is 750mm, and the
range-shifted image:. peaks have overlapping leading and trail-
Ing: sidelobes of successive maximum reflection regions which:
appears: to double the perceived wave. frequency. The maxima
lead the crests by about: 160mm in this example, which suggests
that, the position of maximum reflectance is also in the
region of z = 1.1lm and that maximum reflectance is related

to the region of maximum wave slope; it.ls the region which
subtends least angle between the slant range direction and

wave: surface..

The: extended sidelobe structure does not encourage a more
definite conclusion, but such a conjecture would be support-

(69,

ed'by)a tilt modulation model of wave EM cross-section."
76,82 In the shorter wavelength cases, the region of maximum
maximum tilt immediately preceeds the crest in the direction

of wave advance, as the wave 1s close to breaking, while
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CHAPTER 7

Conclusion

7.1 Confirming the Imaging Principle

7.2

The orthogonal axis array microwave holographic imaging
principle has been demonstrated using the simplest biased
real data format and optical reconstruction of reduced scale
transmission holograms. No simple method was available in the
initial stages to compensate for the superimposed cross-
coupled data components, but the specular return from large
planar and simply curved objects dominated the hologram data.

The resulting images have confirmed the -validity .of the

equivalent point illuminator and :areal receive :aperture
model of the system in the paraxial Fresnel region, and
have displayed both the anticipated .spatial resolution and

impulse response structure.

Simulation of an 0ffset Reference wave

The system incorporates an effective two channel receiver
which allows the representation of essentially object wave
data in complex amplitude and phase notation. Computer-
assisted data capture has extended the system dynamic range
by removing the unwanted cross-coupled, background -and
residual system offsets from the data using a two-pass
experimental,procedure. |

Simulation of an offset reference wave field technique is a

valuable feature since unwanted image plane components may

be spatially separated from the desired distribution. This
has been acheived by adjusting the object wave phase &
posteriori, and recreating a biased real hologram as a re-
duced transparency in the normal manner. The optical recon-
struction process implements a paraxial region reconstruction

technigue, and the orthogonal arrays were crossed close to



7.3

114

their centres to maximise the region accessible to this
processor. The images have demonstrated improved fidelity
and contrast using the offset reference mode and two-pass
complex data assembly. The technique is felt to be more flex-
ible when implemented by software means, since the antenna
spacing need not be dictated by synthesis of the required
reference wave, but more directly by system spatial resol-
ution requirements and microwave hardware feasibility. In
this respect, the extra microwave and lower frequency
circuitry developed to measure I and Q received signal com-

ponents has proved most worthwhile.

The two-pass subtractive technique removes all signal com-
ponents common to both measured fields; such common components
include not only unwanted cross-coupled and background signals

but also system constant offsets such as those arising in ‘the

post-mixer preamplifier, commutation and synchronous detection
stages. (Fig.2.3) As a result of this strategy, extreme care
taken to reduce system offsets is not warranted, provided that
the offsets do not change with time and that receiver linear-
ity is assured. Despite its apparent complexity, the micro-
wave system was simple to use and was also most reliable in
operation. A period of about 20 minutes was allowed before
every imaging session to allow the stabilisation of the
klystron source and the travelling wave tube preamplifier.

No attempt was made to trim system constant offsets, although
these often exceeded single object field amplitude.

Numerical Reconstruction of Holograms

A numerically-based reconstruction process operating on com-
plex hologram data provides maximum object region access
with 1ideally no unwanted fields overlapping the required

images.

A development of the planar imaging system leads to a geometry
similar to that exploited by SAR, with the difference that
range resolution is defined by the projection of the vertical
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array beamforming process onto an object plane normal to the
array aperture rather than by conventional pulsed technique.
The two-pass subtractive hologram data assembly has been
supplemented by multiple field averaging to improve image
fidelity in situations where the return from low cross-
section objects has been excessively corrupted by system
noise. An advantage of the chosen geometry is the spatial
separation from the desired image of unwanted components
developed by certain mixer and following receiver errors.

An approximate reconstruction algorithm has demonstrated
tolerable image distortion while allowing 'a very significant
reduction in time taken'to'compute the image field.

Imaging in the Presence of Object Motion

The similarity between the aperture synthesis process in SAR
and the crossed array microwave holographic system considered
in this thesis has been investigated with a view to using

microwave holography 'as an instrumentation tool in the lab-

oratory -evaluation of the interaction between hydrodynamic
and electromagnetic waves. SAR is a major remote sensing
instrumentation technique applied to sea state measurement
and a smaller, laboratory scale system duplicating the same
imaging process as far as is possible 1is clearly required.

The sequential sensor commutation in orthogonal axes has been
found undesirable, but a simple hardware configuration

which allows simultaneous field measurements at all receiver
array elements reduces the equivalent scanning procedure to
only one axis. It is of some practical significance that the
simplified hardware configuration also leads to a system
closely copying the SAR imaging process without compromising
its performance as a conventional imaging system in any way.

The following comments apply to a proposed microwave holo-
graphic imaging system to be used as a wave probe, and re-
presents an extrapolation of prototypical hardware practice
and a selection of techniques used in related instrumentation
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and reported in the literature.

Hardware Adaptation for a Holographic Wave Probe

Wave Probe Specification

The orthogonal axis imaging system is seen to be capable of
deployment as a mini-SAR instrumentation tool in the evalu-
ation of the interaction of hydrodynamic and electromagnetic
phenomena. In order that the action of SAR may be closely
simulated, and to implement a flexible system, it is desir-
able that(a) the vertical array aperture be formed as fast
as possible, preferably with the constituent elements sampled
in parallel,

(b) the horizontal aperture be formed in a variable
time, ranging from some minimum time in which object motion
causes negligible impulse response distortion, and that the
sequence of element switching be reversible,

(c) the received signal be processed and fully re-

‘presented in complex format, giving maximum object region

access with the appropriate reconstruction processor, and
(d) both arrays be of reliable and simple design.

Wave Probe Hardware

The most elegant implementation of (@) .follows -that used by
Larson(jl’Bz) and has an array of receiver mixers, instead
of antennae only, whose reference inputs are derived from

a sample of the transmitted signal. The reference field
supplied to the mixers was in Larson’s system offset in
frequency(using a SSB generator) from that of the source and
illuminator so that the post-mixer signal amplification was
performed at a low intermediate frequency. The use of a mixer
array, rather than a single mixer preceded by a microwave
preamplifier compensating for the receive array multiplex-
ing insertion loss, also has a beneficial effect on the

(103)

dynamic range of the system.
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It is always convenient to process the received signal as

a component offset in frequency from the reference field,
since performance is severely compromised if transmitting
and receiving antennae are merely turned on and signal de-
tection made in the presence of the output residual offsets
of the balanced mixer. For this reason, the current system
"marked" both transmitting and receiving antennae with
distinctive tones, although the simple shunt switches used
in both arrays were fundamentally inefficient in converting
incident source continuous wave power to power at a sideband

frequency.

A more efficient design might use cross waveguide directional
couplers with the short coupled wavegulde radiators terminated
by diode switches.(Fig.7.1) Even the simplest one diode switch
backed by a short circuit plane one quarter waveguidelength
distant has nearly 10dB improvement in conversion loss com-
pared with the shunt transmission switches used in the proto-
type,(Appendix II), and operation of such an array with sig-
nificant unmodulated signal leakage from other antennae need
not compromise performance. This switch reflects essentially
DSBSC modulated fields, and adding just one more diode can
further improve insertion loss by implementing a SSB gener-
ator.(lzz) This device reflects an incident unmodulated field
in 3 possible phase states, if the 3 possible short circuit
planes are activated in a regular seQuence. The sign of
frequency offset 1s controlled by commutation sequence, and
the magnitude of the offset is the commutation frequency
divided by the number of possible phase states.(lzz_lzu)

The SSB device is probably best used to offset the reference
frequency, however, since only one device is required and it
will be easier to optimise conjugate sideband rejection in a
single switch than attempt to do so for the number required
in a practical transmitting array. A particularly compact
implementation of the SSB generator uses a 4 port circulator.
(Fig.7.2) A port is terminated by a two terminal reflection
amplifier for the purposes of both boosting reference power
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7.5.3 Operational Calibration Procedure

A practical microwave holographic imaging system should
incorporate some means of periodically compensating both
unwanted signal components and systematic errors. This
prdéedure is quite simply included in the crossed-array
system. The two major imperfections of the system are the
unwanted cross-coupled, background and electronic system
offset components and the tolerances of the transmitting
and receiving arrays which arise in the fabrication stage.

Both types of imperfections can be measured using a "co-
operative target" device situated within the system field
of view. (Fig.7.5) In order to distinguish the return from
the cooperative target in the presence of obtrusive signals,
the intermediate frequency reference signal used in the
synchronous detection 'part of the suggested circuit (Fig.7.3)
would be temporarily reduced in frequency, so that the ob-
trusive signals do mot match the receiver processor. Tt is
then a simple matter to switch the "cooperative target"
device in a sequence direction and at a rate which affects
the frequency of the scattered field :and re-establishes the
‘match to the receiver. If there are M transmitting and N
receiving elements, M+N complex numbers describe the array

systematic errors.

Establishing the contribution of the obtrusive signal com-
ponents requires that the "cooperative target” be removed
or rendered invisible to the system. If removal is -either
time-consuming or not acceptable, then the return from the
device is largely and conveniently removed by operating the
imaging system in the normal mode, with matching mixer off-
set and intermediate reference frequencies, and cycling the
"cooperative target" through an integral number of complete
phase state sequences during every transmitting antenna

active epoch.

Both obtrusive signal fields and systematic errors could be
held in reconstruction device memory, and applied to complex
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measured data before image recovery was attempted. Two
successive complete hologram field measurements could est-
ablish both sets of data, so that experimental use should
be minimally interrupted. The error correction procedure

can be automated easily and is no more complicated than the
demonstrated data capture process.
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h(A,B) « |A+B|% = [A|% + |B|% + A™B + AB* ---- AI.4
A slightly more complex two diode mixer in a balanced con-
figuration can be regarded as a multiplier, and the mixer out-

put in this case becomes:

h(A,B) « A¥B + AB® --ceene- . mmmmm== AI.S
Using the notation of eq.AI.3, the hologram is described:
. . 2.2 .k, 2.2
jp(x+y) J%%(x *y©) J%%(x Y7
h(A,B) = cos(e (A (x,Y).e T X e “ )) AI.6

Conventionally, the original object'wave is recovered by
illuminating the hologram with the original reference wave B,
and. the following terms appear in the output field of the :
hologram:: ' :

I(A,B) = B(|A]% + |B|?) + A*B% + A|B|? ---ee-m ALL7
If the last term, which represents a copy of the original
object wave, 1is spatially separate from the other terms, the
image will be a faithful reproduction of the original object
to within the: inherent limitations of spatial resolution and.
monochromatic illumination, since fhe planar reference wave:
B synthesised by the recording process is of constant ampli--
tude..(eq.AI.2)

The- hologram recording, as a. photographic transparency usually
requires: a non-negative  transmission in its. simplest form. A.
consitant: or bias term must therefore be added to the hologram
of’ eq.AIL.6: to yield a suitable transparency analogue. It is

common practice (1% 16-21,24,127)

in microwave. holography to
subject: such a hologram tOtajhardlimiting process by electron-
ic.and/dr"photographic,means in the exposure of the hologram
transparency. This dynamic range compression process is found
to. lead to better  image-to-background contrast, although
shorter focal length defocussed. image artifacts do arise from
the limiting process. In the prototype system, the hologram
was stored temporarily on a storage oscilloscope screen, and
the highly non-linear threshold characteristic of this V
channel produced essentially the same limiting process. The
process can also be regarded as a removal of amplitude in-
formation in the hologram of eq.AI.6, leaving regions of

positive or negative component only. The correspondence
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between these regions and“AB*vhologram phase. has lead to the

(17)

term "phasigram'" being applied to this technique.

AI.1.2 Relationship with Areal Aperture Systems

The-expréssion of the mixer input field in eq.AI.3 is com-
pletely equivalent to that field which would be measured:'over
the aperture projected by the'transmitting and receiving
arrays with an illuminator positioned at the array point of
intersection (0,0,0), and using as reference wave a plane
wavefront“e—jp(x+yj making an included angle =« with the array
plane in both axes. The angle «»=-sin'1(kg/Ax - 1), p =z2n/kg,
the antenna interval is Ax. As a result, the hologram
generated by the orthogonal array system has the same image
resolution as: that which would be displayed by the equivalent
areal aperture system. The prototype system'hadAAx‘=rkg/2 '
with alternate phase shifts of 7 radians. incorporated in the-
design of the: waveguide distributor in both axes. and. the re-
ference wave was: as. a: result both planar and coplanar with
the orthogonal microwave arrays..(Appendix II)

AI.1.3 The Optical Reconstruction Process

The: analogue transparency must be scaled to a size suitable
for optical components. Supposing reduction by a factor K,
(K>>1), then a point (x,y) in the original hologram is re-
lated to that in the scaled transparency h(x',y') by:
(x,y) = (Kx',Ky') =--——-cececemmemmmeeme—— AI.S8

The: reconstruction is accomplished by illuminating the hologram
with a copy of the (scaled) reference wave; in the practical
system this was coplanar with the array plane. The recon-
struction system (Fig.AI.2) incorporated a demagnifying stage
to provide both further hologram reduction and to establish

a convenient spatial Fourier transform plane in which filters
could be introduced without disturbing the other components.
- The spatial spectral purity of the laser radiation was con-
ventionally established by a short focal length lens and 30um
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spatial filter with following collimator.

The significant fields emerging from-the hologram transparency
T(x',y') when this is illuminated by plane wave coherent light
are (a) a reduced scale version of A*BZ,

(b) a similar version of AIBI2 and

(c) a constant background field, corresponding to the bias
term. In a plane distant z' fron the reduced re-imaged holo-
gram (Fig.AI.2), the field is:

5L (rx) B sy D)

v(r,s) « JT{X',y').e .dx'dy' ----- AIL.9
x'y!
where k' = 2n/A', X' = 632.8nm and (r,s) is the optical image

plane coordinate system. The term T(x',y') is within a complex
constant of that indicated in eq.AI.6 and has also a bias term.
The component of eq.AI.9. corresponding to the original field.
iS'AIBIZ:and:iS'traced through the reconstruction process:

k2. 2 _— kK rk'
. : J%(U-+V ) Jx (PK‘EE—‘EET)
wv(r;sﬂ o« J fA(u,v).e; ’ .e ' .
x'y'uv - - 2, .2
Y jy' (pk-SE-SK0y X (rPes?)
eu
2
2. "2, kK™ k!
J(,x ty )(ZZ +2—Z'
e- . - .dudvdx'dy' - AI.710

The: focussing condition requires that the exponent of the last
term of eq.AI.10 be set to zero, whence:

. »

- k_g Lz_z — . AT.11
kK™ ATKT

The negative sign of z' indicates. that the optical axis

position of this field is on the laser side of the hologranm,

and it is interpreted as thus a-virtual:image. Substituting. ...

eq.AI.11 into eq.AI.10, and integrating over (x',y'), the

z!

limits being the scaled aperture dimensions X',Y', yields:

j%(uz*"vz) J'lz(';-v (r2+52) . X| ukK rk'
wv(r,s)oc IA(u’V) .€ .e 51nc7 (pK———Z—-—Z—,—-
u,v .
: sinc%'(pK-X%K-%g—).dudv -- AI.12

The integration limit X" =X/K, and Y' =Y/K. -=-=-vc--c---- - AI.13
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The constant of proportionality in eq.AI.12 absorbs a term

equal to hologram area X'Y'.

v gz (x7+s ) rk'z pz _sk'z
b, (r,5) = e [A( rkz,pz skiz,pz).

. rk'z pz 2 sk’ Z,
S T R ¢ ]<) %) ® 51nc2 (= ) 51nc——( skiyy

—————— o i e AI.14
If the smoothing effect of the sinc() terms is disregarded,
then the virtual image-.is just: ) ,
3. g -BZy44 Bz

wv(r,s) x A(rK-%gpsK-%?)-eJk((rK k:) Fsk k') ) S AI.15
The result of eq.AI.11 has been used here, and the leading
term of eq.Al.14 has been ignored, since the measured or ob-
served quantity is the 1mage intensity I (r s), where

I,(r,s) = v/ *(r,s). Y, (r,s) = lw (T, s)| == AL.16
The: image is reduced in size- by K (K>>1), shlfted from the
optical axis by the effect of the reference wave an amount
pz/kK and is, in addition, phase-modulated. The virtual image
is: not: useful for permanent recording, and the real image
derived from the A*hgvterm’in:the transmission hologram out-
put: is. used. instead; for this term the focussing criterion.
becomes::

7t = A oo — AL.17
ATKS

and. the expiession. for real image amplitude is, again ignor-

ing the: sinc() smoothlng;terms:
Jag (xhes?y -5k (rk-BE) +(sx-BE) %)

w (r S « e A*errgg,sKe%gj.e

The real image position is behind the hologram with respect
to thefreconstructingjradiationm(FiggAI.Z)

The Reconstructed Image Position .

Both real and virtual images are offset an amount pz/kK in
both r and s axes. This reflects the fact that in a continuous
(as opposed to sampled) antennae array the synthetic reference
wave makes an angle p/k radians with the axis, and the image
offset in a non-reduced reconstruction would be pz/k if a
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reconstructing wavefront coplanar with the hologram is

supposed..

The hologram formation and reconstruction is sketched in Fig.
AI.3. There need not always be one virtual and one real image
since- other combinations are possible by manipulating the
focal length of the reconstructing radiation, but planar
reference and reconstructing wavefronts are useful experiment-
ally as direct z! estimates may.be made without having first
to. compensate  for additional system lenses. In digital recon-
struction techniques, the use of the '"backpropagator" notion
can be viewed as leading to the derivation of the virtual
image. The advantage of the digital reconstruction is the
facility with which the propagation direction of the simulated

flTuminating. radiation can be altered.

In Fig.AI.3(a), the formation stage of the hologram, the
object  F is seen as . from the hologram aperture. The same' is
seen. as. a. reconstructed virtual image,. looking through. the
hologram: towards the- illuminating source in Fig.AI.3(b). By
way of comparison,. the: real image, allowed. to self-focus:. on
a suitable screen z' beyond the hologram is seen as F. Both
images are focussed below the hologram. centre,. but the virtual
image will form a. defocussed. distribution above the focussed
real image- if the screen here has. adequate vertical extent..
The:re&l.image-magniﬁication"from‘the‘original object plane
to. the: reduced. optical image is: '

- z'kK _ z'\M'K e AT 1
“ar T T T T AL-19
From eq.AI.11, z' = xz/)x'K"%, sot'hat'Mlat is just:
_ 1 : tat
Mat = ¥
The: longitudinal image position is' from the same equation:
§ . >\Z
S
K

In the prototype system K was, including the hologram re-
imaging stage (Fig.AI.2), about 350, -but the longitudinal
image position was just 0.4 of that of the object. Had K been
equal to the ratio of formation and reconstruction stage wave-
lengths A/X' (about 48000), then image proportions would have
been in all three axes a similarly scaled version of those of
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the object, but this provision would have resulted in un-
acceptably small transparencies.

The lateral image resolution is simply derived from eq.AI.14.
The sinc() functions have in their respective axes a width at
the half-intensity points given by:

1 51 1 ]
Ar = Ajgr', and As = A %
Substituting for z' and X' and Y':
| AT = %% , and s = %‘IZE e e e AT 20

Provided that the reduced scale hologram aperture is fully
used, the resolution of the optical image is seen to have been

"determined in: the hologram mapping or formation stage.

It should be stressed that the image offset has been derived
as: though the orthogonal microwave antenna arrays were com-
posed of continuous- emitters and. receptors. In a practical
microwave system, only discrete antennae are feasible in an
inertialess implementation and the system described in this
thesis used a resonant waveguide distributor which ensured
zero relative phase. difference between elements.(Appendix IT)
The: reference wave - was accordingly coplanar with the hologram
aperture~and‘the'termszA*B and AB* in eq.AI.5 corresponded. to
the object wave itself and its conjugate as a result, and
their sum represented a. component of the object wave.

The Sampled Hologram

The preceding analysis has. presumed continuous. transmitting
and receiving arrays, and consequently has considered the
reconstruction of the field emerging from a continuous holo-
gram. The reduced. hologram is multiplied by a two-dimensional
sampiingAgrid’to simulate the sampling process arising from
discrete arrays of antennae. The sampled hologram is thus:

hs(x’,y') = J JT(X',y‘).6(x'—nAx').&(y’-nAy')dx'dy'
x'y'
The sampling interval Ax', Ay' is:
Ax' = Ax/K, Ay' = Ay/K,

where Ax = Ay and represents the antenna interval in the
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mapping stage. The prototype system had Ax = 20.2mm.(sec.
AI.1.2) The sampling function can be decomposed by standard

methods:
j2mnx'’

§(x'"-nAx') « e Ax' , where n takes'integral

values. Similarly:

L
n
j2@ny’
§(y'-nAy') <« I e Ay’
The inclusion of the sampling function generates a multiplicity
of equally spaces optical image orders; the image amplitude
wv(r;sj becomes :

o j%:c.uzwz') 315 (st
wv(r;s)m fA(u,v).e
u, Vv
51nc——(_§£? pK. UkK rk ). 51n€g (+ 2Tm+pK v?K Sk,)dudv

e - AI.21
The virtual image is identical to that of eq.AI.12, but in
addition is repeated at intervals. in the (r,s) plane, where:

2T rhkfz, z .
EZ?' = ETEK—'_%? R suchtt'hat.rn is:
T, = Maeep e AI.22
The: intervals between successive images is just 2; % This

corresponds to a reduced (by K) version of the image spacing
in the full-size hologram reconstruction, assuming that the
paraxial approximation is. valid. at the angles suggested by
eq.AI.22. That the paraxial approximatibn is: not always: valid
-at this offset in the non-reduced image is apparent from sec.
3.6 , but the reduction process generates a hologram wherein
the sampling interval Ax' is many wavelengths (about 91) long,
rather than just two thirds of a wavelength long as in the
microwave system, and hence the paraxial approximation is
applicable over a. much. wider portion of the optical image
field. Givén a hologram of width X', and an image plane offset
T, then the error in assuming paraxial wavefront description
is no worse than ignoring the next term in the Taylor series
field expansion, or: j———g(r-x )
e(r,s) = e 8z'

This term should have a maximum value not in excess of m rad-
ians for the exponent. (sec.3.4)
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Hence: r < (42'3%')‘13 - %}, and as the least z' value en-
countered was about 200mm, the minimum value of r under which
the paraxial approximation is still valid is 11mm. By way of
comparison, the image will repeat at intervals of only 2.1mm
at this range. The paraxial approximation is thus valid and
adequately accurate over distances much larger than the optical
image repetition interval, and thus over the lowest and
brightest image order. The consequence is that the image im-
pulse response and image location accuracy are wholly determ-
ined by the accuracy of the paraxial approximation in the
(microwave) formation stage. '

The spatial extent of the individual data samples -comprising
the binary reduced hologram is of little importance, since

only the amplitudes of the higher image orders are then in
question. Given an optical image;, knowledge of the optical
focal length z', the scaling flactor K, the formation and re-—
construction wavelength ratio A/\' and a measurement of the
ratio of image offset from the optical axis to image repetition
interval in the (r,s) plane will determinegthe original object:
geometry, and no image order higher then the first (n=1) is
required. for this purpose-

Confidence Testing of the Imaging System

The- imaging operation: is not considered complete with. the
retrieval of the optical component. An assessment. of the
success of the overall imaging operation should be based. on
the original object geometry, taking into account the object
orientation and the nature of its interaction with. coherent

microwave illumination.

The object geometry was simply deduced using the sampled.
hologram-image pair to advantage. An initial direct measure-
ment of image focal distance z', taken between the plane in
which the reduced re-imaged hologram was found and the plane
in which the "sharpest" image appeared.(Fig.AI.2) The cor-
responding object domain focal distance (range) is a simple
function of reduction factor K (about 350) and the wavelength
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ratio A/X'. (about 48000)(eq.AI.17) The image lateral offsets
can in principle be multiplied by K and compared with the
object domain dimensions (eq.AI.19), but the small size of
this image (the image repetition interval is at most a few
millimetres) suggests the use of magnifying components to
examine its detail. Rather than attempt to measure overall
image magnification produced on the optical bench and the
following printing stages, the image'offsets are taken as
fractions of the image repetition interval, a ratio which 1is
invariant with respect to image size-.

The predicted object lateral offset is taken as the same
fraction of the paraxially-equivalent object domain repetition
interval %ia(eq.ALMZZ) That this quantity corresponds to an
object-array plane: angle far outside the paraxial approxi-
mation’s region of validity is not important provided that

the approximation adequately describes the region common to
object and. array plane.

In practice, the image was directly recorded at original
scale on Kodak Tri-X panchromatic film.(35mm, 400ASA) The:

film. holder was a conventional SLR camera operated without

lens, and depending on image focal length and intensity, the
exposure times varied. from 1/1000 to 1/125 seconds. Image
analysis used the same slides. optically projected and magnified..

The reflectance characteristics of the object had to estimated
inasmuch as specularly behaving objects could lead to image
distances-apparently much in excess of the true object to
hologram range.(Chp.4) '

AI'.3.1 Lateral Impulse Response with Combined Subarrays

The antenna arrays were developed as four 10-element subarrays
having two orthogonal polarisation designs.(Appendix II) The
subarray functions were combined in both axes by directional
couplers, and these unfortunately caused a gap between the
10th and 11th antennae due to the bulkiness of the necessary
waveguide bends, flanges and spaces required to adjust the
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antennae to a.uniform grid.(See photograph of array, Fig.2.2)
It is no simple matter mechanically to adjust both lateral
offset and simultaneously ensure equal path lengths between
subarray feed points and the common connection point of the
directional. couplers to source and preamplifier. Differential
phase errors in signal combination at these points can cause
pointing errors in the axial impulse responses of the vertical
and. horizontal arrays. From eq.AI.14 in the preceding analysis
a. subarray of length X' (measured in the reduced re-imaged
hologram. domain) resulted in a system axial impulse response
in that axis:
.. X' k'

f(r) « sancjr(iﬁ—)
Taking X' = X/K, and the expression for z' from a previous
equation (eq.AIL.17),.

f(r)y « sinc(%%}rK)
The- r-axis- impulse response is. simply a. scaled version of the
corresponding object domain function, and the response- for
combined. subarrays is derived in that domain.. There is a
Fburiex'transform‘relationship linking aperture distribution
and impulse response. The x-axis microwave array aperture
distribution is:

h(x) = rect{%) :
Hence: the- non-reduced image. plane (u',v') (sec.3.3.1) impulse
response: in. the u'-axis is:

H(u') « sinc(¥; X“) S AI.23
Ihe:arrayS'were.used.lnltlally'in.an-L.arrangement'(Chpr4)

as’ this gave better isolation between transmitting and re-
ceiving antennae than the _F'arrangemeﬁt used with the digital
and. enhanced. optical reconstruction processes.(Chp.5) In the
latter, cross-coupling was reduced to negligible proportions
by a subtractive technique.(sec.5.3) The equivalent analogue
operation has been reported(47) but was not used here. The
array geometry is shown in Fig.Al.4. This deployment had a
relative shift of 81.5mm in the axes of the vertical arrays
caused by initial hardware limitations. The paraxial region
approximation finds the orthogonal axes’ impulse response by
transforming the aperture occupancy in each axis separately.
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The horizontal array occupancy is:
hh(x) = rect(%} ® (6(xiDh,Ax))

Dy = 12.5,0x = 20.2mm and X = 181.8mm. The corresponding im-
pulse response 1is: 21u'D

u 'X h"AX

).cos(————xz————)
The impulse response of the horizontal array (Fig.AI.4(b))

Hh(u’) « sinc(———=

exhibits a narrow maximum flanked by slowly diminishing side-
lobes. The resolution at the half-power points is:

u' _z4p = 4SzAx , or as an angular function:
“h
0 21n = A = 30mRads.
~5dB 4D, Ax

‘Ther resolution of the system is higher than that of an array

of’ equal overall aperture, but the sidelobe levels are much in
excess: of those expected of a. filled array aperture. A filled.
array aperture would. have 44mRads. resolution, but. the first
sidelobe: pair in the combined. array are at only -2dB level.
(Fig.AI.4.(b))

The: vertical array had a smaller subarray gap (DV = 7.5) and
resulted. in slightly wider central maximum (59mRads.) and.
lower amplitude (-6dB) sidelobe performance at a. larger offset
of +100mRads.(Fig.AL.4(c))

The- Effect of Combination Phase Errors

The: mechanical constraints imposed fitting antennae to a
regular grid and ensuring that these are: also collinear means-
that a phase error can be introduced between the signals of
each subarray pair. Assuming a relative phase error of ¢
radians. between the subarray ports, the array occupancy in
an axis: becomes: ' +je/2

h(x) = rect(%) ®.(6(x¢D.Ax).e )
Using the translation property of the Fourier transform:

2mu'D x e)
Az
A maximum error in the position of theAcentral lobe of the

\

H(u') « sinc(“?zx).cos(
impulse response function results if ¢ = w. The angular error
would be A/4DAx radians. The effect of phase errors in com-
bination is to translate the oscillatory structure under the
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sinc() envelope, and the regular nature of this structure
means that a peak '"pointing error" as 1arge as the -3dB

beamwidth is possible.

Axial Offset in Vertical Subarrays.

The x-axis relative offset of the vertical subarrays Y1,Y2 is
d.(d. = 81.5mm) This resulted from the E-plane divergence of
the output ports of the directional coupler signal combiner.
The hologram segment resulting from commutation of the sensors
in subarrays X1 and Y1 and having a point scatterer target

at (u,v,z) is approx1mately '

jplx+y) i3 (u +(x-w) 2wt (y-v) 4
hy1y1(x:y) = e ve
The- corresponding segment from the X1 Y2. subarray pa1r is:

jp(x+y) J ((u-d) rix-w) Bavle(y-v) 4
hyqyz(xsy) = e .

The above~expressions are similar, taken over their respective
subarray y-axis. values, but for a. termr

) (d —Zud)
e(d;u,zj =

The: effect of such an error term for a point object is to
perturb the position of the impulse response maximum under the
enveloping: sinc() function in the same manner as the: phase
errors: in. combination in. the orthogonal x-axis. The error is:
function: of both range and. object u=-axis position, so that
imaging. of objects: extended. in that axis is additionally per-
turbed ;. however, the array offset was corrected by additional
hardware before any imaging of extended objects was attempted
and. used only in a preliminary "confidence test'" with objects
whose' specular nature- allowed point scatterer treatment,(Chp.4J

Object Region Accessible to 10 and 20 Element Arrays

Differences in the lateral dimensions of the object region
accessible to the crossed array microwave holographic system
employing two 10 element, and, by'way of comparison, two 20
element arrays are examined assuming the use of the paraxial
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reconstruction process. The object region u- and v-axis
accessibility is governed by both paraxial accuracy and
sampling considerétions; and is a function of range to that
object plane.(secs.3.4 and 3.6) A criterion of paraxial
approximation accuracy suggested (eq.3.36) a peak phase error

of ™ radians: :
: = (inﬂil)% - X uhere b = T z is the range
umax ' ™ 2? ' ’ ' ge,

A = 30.3mm, X = .1818m (10 element) or .3838m(20 element)

and the antenna element spacing is taken as Ax = Ay = 20.Zmm.
The arrays are supposed to be. assembled without '"missing'
antennae as filled arrays.

The' Nyquist sampling criterion, based on a stationary phase
estimate of hologram spectral extent, limits the u-axis
accessibility according to:(sec.3.6)

o = Az _X

max 2Ax. 2 4
.The: axial half-power resolution isvtaken;aSt%g}invthe con-
ventional manner. An estimate of the number of resolved cells
acrOSS‘the‘objeci'region is taken as-the u-axis limit divided
by cell dimension and doubled.

The: actual number of cells resolved on the areal object may
be less than this number and would also depend on expected
object contrast as the conventional apodising procedures
used: to control sidelobe levels; on this account would also
degrade: linear resolution£1T) Examination of the shaded region.
of Figs.5(a) and (b) shows that the paraxial accuracy limit-
ation ultimately restricts object region accessibility, and
in the range interval below 2 metres. used in the prototype
system no more- than 30 cells (for the 10 element array con-
figuration) are available, but about 100 are available for

a 20 element system which has slightly more than twice the
linear aperture in either axis. The latter system could thus
accept more complex objects but at the expense of an increase
in the minimum usable range.
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Appendix II

System Design Features

The major hardware components of the circuitry responsible for
selecting the active antennae, generating the required micro-
wave power and processing the received signal are described
in. rather more detail than in Chp.2, and in addition, some of
their design features are highlighted.

The Antenna Arrays

The signal distributor for both transmitting and receiving
arrays was a-slotted waveguide operating as a resonant antenna..
This: type of. distributor was felt to offer a simple: and pre-—
dictable method of obtaining a set of spatially separate:
signal fields with (ideally) zero relative phase shift and
equal amplitudes. Other realizations of array antennae do not
impose the: same limitations. in choice-of.slot,spacingsﬁsg)
but: the price paid for this extra design parameter is a
relative increase  in insertion loss. The decision. to base the
antenna. design on waveguide technology was made of necessity
since more modern and. compact stripline and microstrip tech-—
nology demanded support equipment for fabrication and test
measurement which was not available: to this author. The
narrow.-allowable frequency range imposed by the resonant slot
length of approximately one half free-space wavelength and

the: adjustable short circuit used to reflect an open circuit
condition as subarray termination was not a serious: problem

at: the: bandwidths (less than 0.01%) occupied by the system at
the current stage. -

Slots were cut in the broadwall of one subarray -, (Fig.AII.1(a))
and in the narrow wall of the other,(Fig.AII.1(b)) so that

the switches and associated radiators could be arranged for
copolarised operation. Cross-polarised operation would be

possible using identical arrays in both axes, although
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(126)and

would be appropriate for generating co- and'cross-polarisedv

polarisation filters have been developed for SAR use

microwave holographic imagery as well.

The. resonant distributor design assumes slot-to-slot spacings
of multiples of one half waveguidelength(in this case 20.2mm)

~and almost exactly equal to two-thirds of the free space

wavelength of 30.3mm. Lower spacings were not practical since
the operating frequency would have approached the waveguide

cut-off frequency..

Switches

Shunt: two diode switches were used in both axes. The negligible
bandwidth requirements allowed.device-selecfion to be based.

on: ther diode- parasitic reactances: rather than having to try

to minimise  the effect of these parameters.. In addition,. the
design was also required to yield a switch as simple as was.
possible, so that comparatively large numbers could be made
without requiring individual. adjustment. (Fig.AII.1(c))

Germanium point contact '"signal' diodes were used in all
switches..(The type used was: OA91) A short stub, equal in dia-
meter- to the diode, was mounted centrally in the waveguide
and connected in series with the diode, so bridging the narrow
dimension of the waveguide. The: microwave circuit was com-
pleted. by flanging this stub and. inserting a plastic washer
between flange and the outside broad wave guide: wall so form-
ing a bypass capacitor. The value of this bypass capacitor
wasss less than 5pF and represented only -j3 ohms reactance at
the: operating, frequency.(Figs:..AL1.1(d) and (e))The switch
driver circuit is shown in Fig.AII.1(f). The transistor
driver base was held at TTL logical zero level in the minimum
transmissiom (quiescent) state, and , depending on which axis
was selected, a 188kHz or 148kHz square tone-burst waveform
was applied during the active epoch. The waveguide was as a

Tesult at TTL supply potential, and thus waveguide connection

to source and preamplifier was made through thin low-loss
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insulating washers between the mating flanges. The choice of
germanium diode OA91 was only made after extensive tests of
various units, including a variety of mechanicglly similar
germanium point contact, silicon planar and hot carrier types.
Silicon PIN diodes were not considered on the basis of the
high costs of these devices . All diodes were tested in the
same mount and where necessary the shorter diodes were ex-
tended. by an equal diameter post so that all assemblies span-
ned. the: waveguide. The switches were terminated by a matched
attenuator and. following detector for repeatability of trans-
mission measurements. Those diodes having the thinnest and
longéstt”whiskers” within the envelope and the lowest capa¢~
itance under reverse-biased conditions proved to be best
suited. to waveguide switch service.

Slotted line admittance measurements. also revealed that in
all cases in both transmission states, the admittance in the
diode plane was net inductive. The proposed. equivalent circuit
is shown in Fig.AII.1(e) and the quantities Ccland Cj refer
to the: fixed envelope and. junction capacitance- respectively.
These are practically inseparable in a low frequency bridge
measurement and the total value at -10 volts reverse bias
was:, 0..175pF.. The post inductance was negligible compared to
that of the "whisker'", denoted by L, The equivalent circuit
in’ the "OFF" ( lower transmission ) state was not quite that
of a series resonant circuit, the whisker reactance being
twice' that’ of the junction capacitive reactance, but a diode
combining high whisker inductance and a‘junction capacitance
- of about 0.3pF could not. be  found.

IItwas:possibleftO'improVermarginally the "ON'" state trans=-
mission at the expense of the "OFF" state isolation, by in-
cluding a (capacitive) adjustable screw reflected into the
plane of the diode. In the "ON" state, the junction reactance
represented by C. ‘is effectively removed from circuit by the
action of the forward current then flowing and replaced by a
low resistance term instead ( of the order of 20 ohms), and
the peaking of the '"ON" state transmission by the screw is in
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accordance with the equivalent circuit.

The switch also served as radiator without the addition of
any external components.'The interelement spacing of 20.Zmm
meant that standard RG-52/U waveguide was too wide for the
broadwall subarray and a reduced width version with standard
height (10mm) was fabricated from the solid with a 17.9mm
internal dimension. The cut-off dimension at the system
6perating_frequency was 15.15mm and tolerances on the width
of the waveguide were held to 0.1mm over 20 switches in an
attempt to minimise phase errors due to the increased wave-
guide phase velocity sensitivity so close to cut-off.

The development of the arrays as two péirs-of 10 element sub-
arrays was in retrospect unfortunate, since the combination
into a single array function involved both a power loss of
3dB in the directional coupler and an inevitable gap between
subarrays in a. given axis which was caused by the bulky wave-
guide hardware and this adversely affected the form of the
imaging system’s impulse- response.

AIT.1.3 Array Evaluation

The: evaluation of subarray and array performance was intended
establish: the array insertion losses and the relative phase
and. amplitude errors across: the aperture. Any switch of either
array functions both as commutator and amplitude modulator.
This: lasit process is performed. in two steps, using different
frequencies. in each array. It is always: convenient if the
received signal is modulated either in amplitude or in phase
asi this enormously simplifies the recovery of small signals

in the: presence of a much larger amplitude reference field.(gT)

'The insertion loss is expressed as the loss in conversion of
continuous wave power to power at a single sideband. Without
modulation during the active epoch, the insertion loss of a
switch varied. Using a matched termination (as opposed to an
open waveguide) the subarrays having E-field polarisation
parellel to their long axes(Fig.AII.1(b)) had an average
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insertion loss of 4.6dB and the other type (Fig.All.1(a))

had a loss of 3.5dB. Measurements were made using a microwave
spectrum analyser (HP8555A) as a wideband receiver. The mean
power of one fundamental sideband of the squarewave toneburst
was, for an average element of the more efficient array,
-13.6dB below the level a lossless switch would transmit. The
high conversion loss was an unfortunate property of the simple
shunt switch. By comparison, the reflective switch used in the
cooperative target device could achieve higher performance
since reflection of a continuous wave field alternately from
planes spaced A /4 apart amounts to suppressed-carrier DSB

in the ideal case and even practically, the conversion loss

was; only 4dB.

The. signal reflected from the object under investigation was:
remodulated by the: shunt switches of the other array. The
overall conversion loss' including fixed losses in the switches
and. the modulation process itself was about 28dB. The syn-
chronous: detection process used recovered power in both
fundamental sidebands and. improved the insertion loss for
practical purposes by 3dB.

The initial measurements of systematic: phase errors in a sub-
arrayfwere“madé—using'alcooperative targetﬁgq—gs), being a '
horn: antenna terminated in a. diode- switch and. short circuit.
The: device had. impressive advantages, and the system could. be
used: to determine the cooperative target’s phase centre albeit
im: an: environment far. from: anechoic.

The array test geometry is shown in Fig.AlI.2(a) and a view

of the: source radiator and array as seen from the cooperative
target: is  given in Fig.AII.2(b). The microwave source was. un-
modulated and the first subarray of 10 antennae was used as a
receiver. No travelling wave tube preamplifier was necessary
in the receive path since system losses were far lower than

in a typical two-axis imaging situation. The output phases of
the reflected signals are seen in Fig.AII.2(c) in order of the
antennae. The cooperative target was just within the array
far-field and normal to the antennae centreline. The signal
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extracted for analogue measuring purposes was found at the
output of an analogue sample-and-hold , which was arranged to
follow the analogue processor (q.v.) phase output a variable
time after the commutation of number 1 antenna, very much
after the manner of a box-car detection system and possessing
the signal averaging properties of this technique. Only the
systematic phase errors were considered to remain after - this

stage..

Thiézpreliminary test showed that the first subarray had\40°V
phase spread. across the aperture at the farfield distance. In
Fig.AIT1.2(c) the slight '"concavity'" of the phase data shown

as analogous voltage quantities proved to be that expected,
since this effect increased at shorter ranges. A least-squares
parabolic fit of" the phase:data to that calculated for this
range- showed only 7°r.m.s.. phase error. This error is com-
parable with the "random errors of +12 from a mean' accepted
(35) in their 16 x 16
antennae, mechanically switched, orthogonal array imaging

by Hayward, Rope,. Tricoles and Yue

system. These tests showed that the basic. array design was:
sound and that optical reconstruction would be worthwhile if
the- cross-coupled. (that is, coupled directly from transmit
to receiving antenna) signals could be removed. or  otherwise

kept to a sufticiently low level..

A more- complete survey of the transmitting and receiving

arrays: was: possible once: the complete antenna system had been
assembled. with signal combining hardware: (directional couplers),
mounted on a. suitablylirigid frame and the interfaces to the
Departmental m1n1computer commissioned. The survey was- perform-
ed: under supervision as an. undergraduate prOJect.(Ss) The
antennae system was deployed as shown in Fig.2.2 of Chp.2.

This survey was geometrica11y~quite similar to the previous
test. A local normal to the plane of the arrays was establish-
ed using a reflected beam from a low powered Helium-Neon

laser and an optical mirror fixed in area of array intersection.
The transmitting array was disconnected from the source feed
and functionally replaced by a simple radiating elemeﬁt and
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series switch placed a known distance along the array normal
and linked to the source by coaxial cable. The arrays were
surveyed separately and used as receive components. The
commutation circuitry was switched so that in both cases
commutation was at the same rate. This precaution simplified
data capture. 1600 data points were recorded on paper tape
for later analysis. These data corresponded to 40 frames each
of 40 data, there being an I and Q component from every antenna
of the 20 in a full array. Summation of these frames amounted.
to time domain averaging of the signal components and only
systematic errors were considered to remain afterwards. A
spherical wavefront was assumed to originate from the phase
centre of the remote transmitter and a least-squares fit was
applied to the mean: measured. data.

The system was also operated in its  normal imaging mode, but
using a large-(1m2J rigid aluminium sheet as a specular re-
flector and taking care to remove beforehand the (average)
cross-coupled signal field. The specular'image' source found
apparently behind the object was located in three dimensions
and again a least-squares fit of the field considered to
emanate from the "source' was applied to the mean measured
data. The array phase errors derived from both separate and
imaging surveys: are shown in Fig.AII.3.

An obvious '"step' between subarrays: in: the vertical axis is
due: to unequal path lengths in the directional. coupler. The
.Iamge?discrepancy‘inrphase=error‘between the two methods for
number 8 antenna. was found to be caused by a defective array
driver  integrated. circuit in the slower- commutation circuit
used. only in. the imaging mode investigation. It is. also
noteworthy that the lower combination phase error of the hori-
zontal array is reflected in a remarkably symmetrical impulse
response in this axis in the image; referral to the results

of Chp.5 (Figs. 5.3(a),5.6(b),5.8,5.9(a) and5.10(b)) shows a
central bright region flanked by symmetrical maxima as expect-
of the array structure, (Appendix I)whereas the distinct com-
bination error in the vertical axis has lead to an impulse
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response where the maximum is slightly and consistently below
the correct point.(Figs.5.7(b),5.8,5.9(a) and 5.10(b)) This
conclusion applies to both optically- and numerically-based
reconstuction of imageswhere the specular effect has been

dominant.

The r.m.s. phase error for the vertical array was 24.5° when
tested separately but only 13° when tested as an imaging
system. The explanation of this discrepancy is quite simple.
Asisuming specular behaviour for the large»flat object, any
phase error in combination will produce a vertical offset in
the image impulse response. Using the imaging notion, the
‘wavefront. supposed. to. .emanate. from that maximum will thus
compensate for a linear phase error component across the
respective: array axis, and. so produce a rather better r.m.s.
phase error estimate.. In like manner, the phase errors. for
the: horizontal array*werefzzo(tested separately) and. 16°
(tested as an imaging system) .. ‘

The imaging attempts: prior to this survey had used optical
reconstuction from unprocessed binary holograms and had shown
.that‘the-e££éct:of“gapsain the array axes due to the bulky
waveguide directional couplers and other hardware was a more
serious defect than systematic phase errors. Compensation of
such: fixed errors: was thus not routinely performed, but the
procedure: for doing so- would. .require no more than three

Fortran statements in:a reconstruction program.

The: procedure. outlined here demonstrates the simple. surveying
- and. diagnostic features of the orthogonal axis imaging system.
Correction of phase errors.would;inv61ve.only the. storage 1in
the: reconstruction processor of M+N values,. inia.sysmem-having;‘
as many total elements, whereas an areal filled array of
equivalent aperture and element density would require MN phase
correction data.
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AII.1.4 Amplitude Errors and.incomplete Elemental Isolation

The 10 element subarrays were individually tested using a
simulated open circuit waveguide radiator and matched load
with square law detector following. Tests were carried out at
operational power levels and as an example, the vertical array
(that is., having electric field polarisation parallel to the
long axis) had only 1.5dB peak-to-peak variation among the
"ON" elements, and the mean isolation of a switch element of
this: type: was -23dB below the mean "ON" state level. The
results of "ON'" state level measurements made during the
computer assisted. survey were more scattered, and. the same
elements of the vertical érray showed 6dB variation peak-to-
peak, even allowing for the slight range differences. to the:

source: from. element to element..

The: most likely explanation of this discrepancy would account
for the finite leakage of modulated signal components by
nominally "OFF'" antenna. elements as a. superposition of the
spherical field. due to that "ON' antenna and a lower level
array of cophasal radiating elements. This background field
would be encountered at a range - of no more than 6% of its
far-field distance  in the geometry leading to Fig.AII.3, and.
would. thus be approximately planar and uniform across the
projected. aperture. In this model, the spurious field com-
ponents. at the source position would. be not more than 35% of
the: field. generated by the "ON' antenna, which would lead to
a peak additional apparent phase error of 2]0 and amplitude
errors. up to +2.6dB and -3.7dB, which is in the range of
errors: observed in the free space experiment.

A. direct test of this conjecture would involve imaging the
aperture in all "ON" states possible (20), but such an. under- -
taking is complicated by (a) a resolution reqirement rather
. less than Ag/Z (the element spacing) and (b) simultaneous
very low sidelobe level, sincea very large dynamic range 1is
required to separéte ""ON'" and "leaking'" antennae at this
spacing.
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In so far as practical imaging situations are concerned, it

is noteworthy that the ''range plane' imaging system consider-
ed in the latter part of Chp.5 should be particularly tolerant
of errors arising from this source, as the beam focal position
(which defines the image plane extent) is everywhere below

the projected aperture of the system.

The array structure described here may not at first encounter
appear likely to lead to low phase errors given the non-
dissipative switching mode and consequent poor VSWR in the
distributor. The resonant spacing of the antenna elements
implies that all are (electrically) equal distant from the
source, and the reflected signals are absorbed partly in the
directional coupler load and in the source isolators. A signal
reflected from an "OFF" antenna will always appear in. the
same relative phase to an "ON" antenna, regardless of such.an
antenna’s. position within the array. Attempts to reduce array
insertion loss by increasing distribution slot coupling are
likely to introduce series resistance elements into the shunt
componentzmodel(Sg) and. subsequent amplitude and phase taper
across the array would be less suited to synthetic aperture

use..

Microwave Source

In view of‘theztonsiderable losses in both transmitting and
receiving arrays. due to the complex signal modulation process,.
the microwave source was operated far above its rated voltages
in an effort to increase the available power . A low power
Varian klystron rated at 25-50mW (continuous wave) and intend-
ed for local oscillator service in radar equipment was made to
deliver approximately 200mW. Forced air cooling was necessary
and. the klystron was mounted on a substantial heatsink. The
anode potential was increased from the rated 250V to 450V. A
number of similar devices were kept (pre-tuned) as spares,

but no failure or reduction in radio~frequency power, as
monitored by mixer bias current levels, was noted over
approximately 300 hours of operation. |
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The Microwave Mixer

The requirement for complex data representation of the holo-
gram specified a two channel receiver to process the low level
sum frequency signals from a pair of microwave mixers whose
reference signals were in time quadrature and input.signals
were in phase. As the modulation process at transmitting and
receiving antennae generated a variety of different frequency
components in addition to that at the required sum frequency,
a balanced mixer was indicated to optimise the rejection of
unwanted components. The separation of signal and reference
components was by conventional hybﬁidijunctionS'(Fig.AII.4(a)),
and signal distribution was by H-plane junctions, leading to
cophasal signal components at all 4 mixer diodes. A slotted
line: signal sampler could. be: mechanically adjusted to ensure
the: quadrature reference field condition. '

The  mixer diodes (IN23C) were initially selected. for equal
response: and. impedance at awgiven.biaS'cﬁrrent‘level of 200uA.
The: total awvailable reference power was- 2mW, and this was
derived. directly from the source via a 20.3dB directional
coupler.. Individual transresisténce amplifiers incorporated
feedback resistors so that mean voltage level and hence signal
sensitivity could: be equalised without affecting bias current
or the waveguide to diode impedance match.(Fig.AILI'.4.(b))
Signal subtraction after the transresistance amplifiers. was

by two identical , bifilar wound transformers., and the second-
ary outputs: incorporated attenuators to compensate any remain-
ing I and Q channel ‘imbalance in amplitude.

Phase and. Amplitude Errors in the- Mixer

The mixer diodes are taken to operate in the square law

‘region. The subtraction of the outputs of a balanced mixer

amounts to multiplication of the input and reference signals.

If the input signal is:

£.,(t) = V(1 + acosw_t).cos(w t +8) ------ AIT.1

in
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and the reference signal is:

V,cos(w t + ¢) ==========-m-=-m-- AIT.2

g f{ref(t) =
where: - wy = 2m. 9.9GHz,
we = 2m. 336.9kHz, '
8 = signal phase, ¢ = reference phase, and

the factor a indicates the efficiency of the modulation process.
‘The mixer output component at the frequency Wes the sum of the
fundamental frequencies of the tonebursts applied to transmit
and. receive antennae,. is: _

£.(t) = aV1V2coswst_. cos(8 - ¢) ~mmm—=== AII.3

If the reference field is shifted w/2 radians at the other
mixer, the Q component output is simply:

fQ( t) o aV1 V'Z,C.O Sw s t . Sin( 8 - ¢ ) _.,_,_,_i__ ______ AII.4

The same constant of proportionality is assumed, since: this
can be: adjusted using the circuitry of Fig.AII.4(b). The am=-
plitudes of the modulated I and. Q comporients were extracted
by synchronous detection, and the polar representation of the
received. signal follows. from Euler’s identity. The amplitude.
becomesvaV1VZ, and the phase is (8 - ¢).

In practice, amplitude imbalance and phase errors arise in
mixer calibration. Ideally, the two(baseband) signals I and Q
are: given asi. (I,Q) = R(cos«,sin«). R is the amplitude,.
and. = is' the phase- difference (6 - ¢)between input and refer-
ence: signals.. Assuming that. the reference in one mixer is in
relative error by y radians: and € fractional amplitude, then
the complex description of the reference field is multiplied
by a factor (1 +‘e)e-jw” Hence:

(1,Q) = R(cos«, sin«) + R(0,esin«) +

R(0,(1 +e)sinycos=) - AII.S

The ratio of the unwanted and wanted components is:

Ratio(unwanted:wanted sequence) =% ((%)2 + (S%?w)z)% AII.6
As an example, 100(.17 radians) and 20% amplitude error leads
to a field conjugate to that of the wanted field and at a
relative level of -18dB.
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The required focussed image will, at worst, be found against

a background of the diffuse conjugate field, and. the relative
amplitude will be greater than that measured at the hologram,
-and. will depend on the object and holographic. system geometry.
The céntrast.of'wanted image and unwanted background components
arising from the conjugate hologram data can be illustrated
for a point object if the reconstruction process is followed
for both components. Initially equal amplitude wanted. and un-
wanted hologram data are assumed-this corresponds to a re-
construction based on bipolar real data. A hologram aperture
of area XY(ij is considered to be generated by the orthogonal
array system and the paraxial approximations are made. The re-
construction operation is, from sec.3.3

-k ((x-u") 2 (y-v1) D)
F(u',v'") =*JXJf(x y).e %E' e - Jdxdy

Thé:image and hologram plane coordinates are (u',v') and
(x,y) respectively. The hologram data is taken as:

f(x,y) = COS( (x ERa)
An object point on axis and at a. range of z has been assumed.
Real data hologram corresponds to equal amplitude of wanted
and. unwanted complex data. The approximate amplitude of the
diffuse: component is found using a stationary phase approach,
and.retainingtoﬁly the: amplitude of the result.(103) The
contrast: expressed as field amplitude ratio is:

Focussed image component -, 2XY --—------- AIL.7
Diffuse background component AZ. :

In the special case of real bipolar hologram data considered
here, eq.AII.7 would also indicate the ratio of field ampli-
tudes in the real and virtual image pair, where one of these
has been reconstructed against a diffuse overlay of the other.
The imaging mode survey of the arrays had X=.6868m, Y=.5858m
A=30.3mm and z=1.9m, and the image contrast ratio in addition
to the inherent measured discrimination of the two channel
receiver is approximately 23dB, so that the incomplete
antennae isolation is a relatively more serious contributor

to antennae phase and amplitude errors.
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The contrast ratio is comparable with that found by Fargan

(128) in their analysis of the passage of wideband

and Newsome
linear frequency modulated pulses through matched and conjugate-
ly mismatched filters. Their result for the ratio of outputs

of matched aﬂd mismatched (one dimensional) filters is simply
(2.Time-bandwidth product)%. The spatial bandwidth of the
hologram is X/Az m-1, and duration corresponds to aperture
dimension X. Including a second orthogonal axis of aperture

Y, the same result for image contrast is obtained.

Most objects of interest will be composed of multiple point
scatterers or will be of extended nature, and applying the
principle of superposition, the image to background contrast
will be less since the separate diffuse background attending
each image point will be to a very large extent coincident.

Post-mixer Signal Processing

Sum Frequency Amplifier and. - Synchronous Detector

The I and Q mixer outputs were switched in turn to the input
of a variable gain narrowband amplifier. The commutator was
implemented using standard CMOS bilateral switches (type CD
4066) in a series changeover configuration. The feedthrough

of higher order  harmonic components of the switching frequency
was. minimised by briefly short-circuiting the commutator out-
put. during the changeover interval. The system clock frequency
of 1.685kHz was derived by division by 200 of a signal phase-
locked. to the synthesised sum frequency reference.
(Fig.AII.5(a)) The clock frequency was further divided by 4

to produce 421Hz and the antennae were switched at this rate.
A given antenna pair was thus active for 2.374mS, and the
first two periods of 594uS each were allocated to estimation
of the I and Q signal components.(Fig.AII.5(b)) The phase-
locking stratagem ensured that commutation frequency harmonic
feedthrough gave rise to only direct voltage offsets in the

‘demodulation stage, and the further use of the subtractive

holographic mode (sec.5.3) removed even these components.
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The latter procedure was repeatedly observed to be effective
down to the system noise level in removing all offset voltages
commoen to the two mapping stages.

The preamplifier was implemented as a cascode configuration
using linear integrated circuits (type MC 1550G)and the gain
was- variable manually from 21.4 to 75.4dB in a 4kHz bandwidth
centred at 336.928kHz. Normal operation was with a 60dB gain
setting.

The: synchronous. detector was designed around a 4-quadrant
variable transconductance multiplier (type MC 1495L) , and
required a 2.8V r.m.s. sinusoidal reference signal derived
from the filtered output of a logic gate whose inputs were
the- two antenna. array toneburst frequencies 148.327kHz and
188..601kHz... These frequencies were in turn derived from two
crysital controlled: oscillators. The sum of the two frequencies
was- chosen as the processor carrier as bandpass filtering was
more simply performed at the sum than at the difference
frequency..

No explicit. bandlimiting was performed in the synchronous
detector, but the following stage comprised two parallel
operational integrators. Since the received signal suffers
essentially no delay and its duration is known, a linear
matched filter is simply implemented by controlled integration.
No separate commutator was required here as the FET reset
transistor across the integrating capacitors performed this:
function.. The: I-component integrator was active from 0 to 594uS
and. the Q-component was found during the epoch 594 to 1187uS.
The integrator outputs were both tracked by sample-and-hold
devices:. (type LF 394) and the peak value, updated just before
reset, held until the following antenna pair epoch.

The sum frequency amplifier bandwidth of 4kHz was adequate for
an early system(37) which had the entire antenna epoch of 2.5
mS available for a single component (I or Q, but not both)
measurement. The limited bandwidth and extended impulse re-
sponse implied 'leakage' into the Q-epoch of I-epoch inform-
ation. Since the dynamic rahge performance required at this
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stage is very high (a Q estimate of zero is as significant as
a maximum value), and extending bandwidth is an ineffective
way of reducing this effect, a compensation procedure was
sought. The amplifier is modelled as an underdamped second-
order system and together with the following synchronous de-

tector, has an overall "baseband" impulse response of

Rt Yo,
h(t) = e 2L = e 2Q where: wo=2ﬂ.336,9kHz,

Q,=wb/Aw,
_ and Aw=bandwidth.

If the synchronously detected low frequency I component. has
unity amplitude, then the matched filter output is proportion-
al to: 534S L

l-f(1 — e "Hdt = 0.873

To , '
The: factor‘m'=fwo/2Q. The corresponding contribution of the
I-component "leakage'" into the Q-epoch filtered output is:
ST4uS

1 (e "Hae = 0.127

To
The process. linearity implies that a constant fraction of the

.integrated,I-filter~output.is "leaked" into the integrated Q-

AIT.4.2.

filter output. However, this is exactly the same effect as
that produced by a non-orthogonal mixer reference field pair.
(eq.AIL.5) It implies that the compensation can be performed
by purposely slewing the reference field pair’s relative
phase: relationship. The phase adjustment needed is simply:
Phase: compensation = tan-1(0.127/0.873) = 8.3°
The: complementary effect whereby Q; components ''leak' into a
succeeding Ii+1 epoch: is' entirely negligible, by virtue of
the intervening dead time allocated to the analogue amplitude

and. phase processor..

Analogue Amplitude and Phase Computer

The analogue phase and amplitude processor was originally
intended to facilitate numerical reconstruction from phase-
only data holograms, but in the event it proved more effective
to use the component I and Q field data and a subtractive.
mode of hologram preparation.(sec.5.3) The analogue processor
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did prove invaluable in the assessment of hardware as this
was built and made possible a tomographic mode of microwave
imaging. (Appendix III)

The processor was based on a two-integrator loopcgo), where
the mean I and Q components. were loaded as initial conditions
using summing amplifiers ahead of both integrators. After the
end. of the period allocated to Q component recovery, the loop
was allowed to . oscillate just more than one cycle of its
natural frequency of 884.2Hz. A comparator detects the first
positive-going zero crossing of the sinusoidal waveform at an
integrator output and simultaneously generates a negative
logic interrupt pulse intended to signal the Varian mini-
computer to acquire data connected to one of its. I/0 channels.
(Fig.AII.5(c)) The amplitude R,=ﬂ(12”+-Q2)% is: that of the
peak: output of the second integrator. Also at this time, the
output: of an integrator set to have an initial output voltage
analogous to 2w radians is sampled and this integration pro-
cess- halted. The result is an analogue direct voltage in the
range 0 to 8.16 volts representing 0 to 2m radians of signal
phase. A flip-flop memory element ensured that only one
interrupt per computation cycle was possible. The computer
dynamic range extended over two decades (40dB) and could
accept. component pairs leading to a maximum amplitude R of 7
volts,, while at the other extreme a 70mV signal was. subject

to a 7° (0..12 radians) maximum phase error. Linearity of the
phase: output. was determined in practice by the microwave mixer
calibration rather than by the anélogue processor itself.

Interface to Varian Computer

Some additional digital circuitry was necessary before
operational use. A manually-operated switch signalled the
start of data acquisition. The switch output was verified by
a. debouncing circuit, and after the recognition of the (1,1)
antenna pair epoch, interrupt pulses appeared at the computer
I/0 interface continuously. Since two components I and Q con-
stituted a single complex field measurement, the first
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interrupt pulse originating in the analogue processor was
followed by a secqnd 560uS later. In the interim, a FET _
switch connected the Q sample~-and-hold output to the analogue
to digital convertor input. Suitably long delays were in-
corporated in the changeover switch to allow adequate settling
of each output. This process delivered 800 interrupts per
field (corresponding to components I1,Q1, ........ I40b’Q400)
and. software was used. to demultiplex the components and to
truncate the data stream after the desired number of fields.
This arrangement was operationally convenient (requiring only
two cable connections between the microwave system and the
computer) and a necessary procedure in the case of suspected’
object motion, where field-sequential component data capture

is meaningless.

AII.4.4. Motional Phase Errors in Sequential Processing

The: sequential use of the sum frequency amplifier and follow-
ing detector assured the tracking of transfer functions of
-both‘receiver'channels'irrespective of the manual gain setting
of the amplifier and any parasitic phase shifts caused by such
gain changes, but did cause an apparent error in reference
orthogonality in the presence of object motion. For the pur--
poses: of discussion, the receiver is considered to be a match-
ed two channel system with a 594uS delay incorporated in the

Q channel. (Fig.AII.6)

Compared with an I component of a signal reflected from a
stationary object, that derived from a signal Doppler shifted
by w (radians/second) will have an approximate relative
amplitude coswt.sinc(wt/2). The quadrature channel will have
an output sinw(t-t).sinc(wt/2), where T is 594uS. The analytic-
signal representation of the I and Q outputs is:

I +3jQ = sinc(wt/2) (e?¥t(1+e779Ty « e 0t (1 _gJ0Tyy
For small wt, an approximate ratio of the positive and neg-

ative sequence components is just 2/wt. Since wt has the
dimensions of phase (that is, none) the ratio so derived is
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of the same form as that due to an error in phase orthogonality
or amplitude imbalance of the mixer feferences.(sec;AII.SﬂZ)

AII.5 Network Analyser Mode and Measurements

The basic analogue signal processor could be used alone with
simple horn antennae replacing the transmitting and receiving
arrays as a single frequency network analyser to monitor the
performance of components developed and considered for de-
velopment: in the imaging system.

AII.5.1 Mixer Alignment

The hardware arrangement of Fig.AII.7(a) had an unmodulated
source- and the cooperative target device reflected essentially
DSBSC modulated. signals. The arrangement was initially used
to. align the mixer and the analogue processor phase output 1is
shown  in Fig.AII.7(b) adjusted for optimum linearity..To: a
first approximation, the orthogonality error in phase causes
a. sinusoidal perturbation in perceived phase, and a fit to
the data of Fig.AII.7(b) reveals no more than 49(67mRads;)
residual equivalent phase error. This would correspond to a
conjugate hologram field. accompanying, the desired complex
data: hologram with a relative amplitude: of -30dB.

AI1.5.2 Antenna Phase Centre Location

The location of the' apparent centre of radiation of the
standard waveguide switch and antenna element was found by
selecting a centre: of azimuthal rotation which yielded least
change in measured path phase with rotation of the device.

The result indicated a phase centre 8mm behind the aperture

in the electric field plane, and between 1mm and 2Zmm in the
magnetic field plane when rotated in elevation. The difference
was hardly significant given the depth resolution of the
system, and in practice object-to-aperture plane ranges were
taken to the antenna aperture.
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Analogue Microwave Phase Shifter

At an early stage of development, an analogue phase shifter
(129)
was built to evaluate the possibility of using a single
microwave mixer with a reference field switched in phase
sequentially. This would have simplified the microwave mixer
whilst retaining the existing analogue processor, but in the
event the device failed to have adequate switching and settl-
ing time, despite all the precautions taken such as longi-
tudinal slitting of the waveguide. Fig.AII.7(c) shows. the
differential phase shift and relative amplitude obtained with
the device inserted in the cooperative target signal path and
used: in the reflection mode. The range of phase shifts shown
would. be: halved. in a transmission device. In practice,. such
a. device would best be employed in the receive path to avoid
mixer termination disturbance with varying reference levels.
Insertion loss is not a. serious problem given amplification
ahead of the mixer, and hysteresis effects are easily avoided.
by.resetting the ferrite magnetically just before every change
of status.. '

Helical WirefAntennae

An early deployment had. helical wire antennae as radiating
elementsm(svj A distinct advantage of the type was the direct
adjustment of phase shift by mechanical rotation of the body
of the antenna which was a. 6-turn reflector backed helix of
constant radius. The array was not further developed because
of: the: poor mechanical reliability. The- 2:1 ratio between
differential electrical phase shift and mechanical phase

angle is obvious from Fig.AII.7(d). For this test, the antenna
was terminated with a commutated diode switch based on coaxial
line technology. The amplitude response shows considerable
fluctuation the peaks of which coincided with the truncated
radiator lying parallel to the incident field vector. Nested
spiral circularly polarised antennae switched by PIN diodes
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have been mooted in at least one phased array radar, in which

these elements formed a variable phase reflector surface.(lso)
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Appendix III

‘Phase Object Imagery via Microwave'Tomography

Transmission tomography using X-ray illumination has within
the last decade developed into a mature technology.(131)
Numerous applications of non-invasive plane imagery have been
identified in medical diagnosis, and the significance of the

technique has been recognized by the award in 1979 of a Nobel

(132)

prize in Physics shared by Allan Cormack and Godfrey

"Hounsfield.

AIII.1 The Motivation for Microwave Tomography

.The commissioning of the analogue signal processor incorporated
in the microwave holographic imaging system of this thesis
presented the opportunity to exploit tomographic principles
in the imaging of a type of object not practically accessible
to microwave holography. By analogy with optical and acoustic
practice, an object characterised by transmission approaching
unity and a real dielectric constant a little greater than
unity, is referred to as a '"phase object'". It was‘felt that
measuring the small changes in total path length as differ-
ential phase shifts between a compact source/receiver and a
cooperative target straddling the object region might well
demonstrate high contrast imagery. '

¥

Microwave tomography might at first seem to be somewhat
divorced from the primary theme of this thesis, but there are
close links with aperture synthesis techniques, inasmuch as
the fan-beam impulse response characteristic of a long linear.
array can be reduced to a pencil-beam response suitable for
extended source mapping. Rotation of a linear array through
180°(the array - may possess physical aperture or may be gen-
erated by aperture synthesis) synthesises a rotationally
’symmetric aperture in the same way that rectangular aperture

was developed by linear array translation.(133)
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Tomographic techniques were, in fact, applied in all but name‘
to the radioastronomical problem of reconstructing two-
dimensional source brightness distributions from fan-beam
scans taken at various aspect angles. (134) In the field of
active radar astronomy similar technlques have been used to-
generate lunar radar reflectivity maps. A reflected continuous
wave emission contains information relating to a particular
area’s reflectivity coded by the Doppler shift frequency
resulting from lunar rotation. This technique is referred to

as "supersynthesis". (103)

Principles of Tomography

The principles of tomographic imaging will be developed with
the X-ray system as an example, although it is significant
that the mathematical basis leading to the system impulse
response, Fourier frequency domain reconstruction and the
appropriate compensation schemes were developed by BraceWell

and Riddle in radioastronomical context.(134)

Consider an object whose absorption at a point (x,y) is f(x,y).
(Fig.AIII.1) The object extent is bounded and is assumed to

be probed by a thin monoenergetic X-ray '"ray-bundle'. Source
and receiver are fixed relative to each other and are trans-
lated past the object region at various angles 6 to the object
coordinate system. The intensity measured at R is I (x ):

I (x") = I exp(L £(1)d1) -;-—_---- AIII.1T

The line integral is taken between source S and receiver R.
(x',y') are rotated coordinates, such that:

x' - cosB sinb
‘ Yy y
Io is the source intensity in object absence. Clearly such a

---------- AIII.Z2

-sin® coso

measurement performed continuously along x' discards object
position data in the direction RS; the measurement series
forms a projection of the function f(x,y) at an angle 6. Such
projections are taken for granted in single aspect X-ray
radiography. It is intuitively obvious that if every point
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in the object region could be made in turn the centre of
object rotation (with respect to fixed source-receiver
coordinates x',y') then that point’s absorption could be
measured albeit in the presence of motion-blurred and lower
level data from regions outside the centre of rotation. The
blurring could be reduced with increasing radius of rotation.
Such systems are considered practical, and several such
developments using purely analogue reconstruction have been
reported by Barrett and Swinde11(135) and Lindegaard-Andersen

and Thuesen.(136)

Methods of image reconstruction from projection data fall into
two general catergories; these are élgebraic(ART) and filtered
backprojection. ART reconstructions are based on iterative
techniques and will not be considered here. The second tech-
nique is based on Fourier spatial  frequency domain represent-
ation, although reconstruction is normally moreAefficiently
performed by the equivalent data-domain operations. Fig.AIII.2
exemplifies unfiltered backprojection formation and summation
to form an image from a finite projection data set. It is
clear that the unfiltered backprojection-and-summation results
in non-zero image amplitude outside the object boundaries;

any point object will be imaged as a maximum density region
surrounded by a spoked sidelobe region: In the limit of a
large number of projections this leads to a radially symmetric
and.monotonically diminishing impulse response.

From eq.AIII.1 the projection data are:
+ oo

fo(x') = -1n(]) = j £(x',y").dy' —-—----- AIII.3
0 -w)

The quantity is assumed to be of limited extent. The back-
projection data is obtained by extending fe(x') in the y'

. direction: ‘ v 4
fge(xf,y') = fo(x') m-mmmmmemommeoeee- AIII.4
The one dimensionalvFoﬁrier transform of eq.AIII.3 is:
rore ~j2mu'x"’
Fe(u') = L Jf(x',y').e .dx'dy'-AIII.5S

where u,v,u',v' are the indépendent variables of the un-
rotated and rotated spatial frequency domain respectively.
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Eq.AIII.5 can also be expressed .as a particular case of a
general relationship:

topte -j2r(u'x'+v'y")

Fe(u') = cij(x',y').e .dx'dy'- AIII.6
: v'=0

In other words, the one dimensional transform of projection
data taken at angle 6 is the two-dimensional object f(x,y)
transform sampled at 6 in the spatial frequency plane along
the line v'=0. This result is generally known as the Central
Slice Theorem. This result is intuitively appealing if a co- -
sinusoidally corrugated surface is taken as an object.
(Fig.AIII.3) At angles other than those in which the analysing
beam traverses the object along a constant section, no period-
icity will be noticeable in the object projection. In the
spatial frequency domain, the peripdicity is expressed‘by

distributions along the line v'=0. Recalling eq.AIII.3:
i +

Cfe) = JEGyniay

The spatial frequency transform of this projection, using
polar spatial frequency p is: .

+oo -j2mpx" :
Fe(b) =_wae(x').e LAdx' e AIII.7
.The Central Slice Theorem has been used here. Also:
u = pcosb _ .
and v = psin® -------- et AIII.S8

Assembling all such Fe(p) is equivalent to summing a back-
projection continuum. It is sufficient to take a range of
projections 0<6«m to cover the complete (p,6) spatial frequency
region. Accordingly:
mekeo j2m(pxcosb+pysinb) .- _

fb(x,y) = [ JFe(p).e v "~ .dpd6 - AIII.9
- The subscript b denotes the backprojected continuum. By com-
.. parison, given the object distribution f(x,y), the polar
representation of the two-dimensional spatial frequency trans-

s e 3 .(134)

form is just:'" oot 00 ©j2m(ux+vy)

f(x,y) .= J JF(u,v),e .dudv

-0 = 00

m o j2m(pxcosf+pysind)
=0r;JFe(p).e . -|e].dpde

----------------- AIII.10
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Comparing eqs.AIII.9 and AIII.10, the summation of back-
projected data results in an image which has been filtered in
the spatial frequency domain by a fadially symmetric 1/|p]
function. The procedure for reconstruction of a '"perfect"
image (that is, considerations of finite object size are
temporarily neglected) is clearly multiplication of the back-
projected data spectrum by a radially symmetric |p| function

. before transformation back to the data domain. The back-

CAIIL.3

projection-and-summation operation is equivalent to convolution
of the true object by a function which islradially described
by the transformation of |p|. Barrett and swinde11(13%) show
that the impulse response of a continuum of integrated back-
projections is proportional to 1/R, where: :

R = (x% + y3)% oo AITI.11

Hence:

£, (R) f(R) ® 1/R —==-=m=ommmme AIII.12
R denotes the object position vector whose magnitude is given
by eq.AIII.11, and @ indicates the convolution operation.

Impulse Response Compensation

It is generally considered necessary to correct the image
degradation imposed by the nature of the projection and back-

'~ projection-and-summation operations. The radially symmetric

p-filter |[p|can be synthesised by cascading two filters.

lpl = je.B
where p = =-j ----- p>0
= 4 mm--- P<0  mmmmmmmmmmm oo AITII.13

The "exact'" restoration technique involves pre-emphasis of
projection'data spectrum according to eq.AIII.T3;ﬁﬂkt§ndicat-
ed operation is the derivative of the Hilbert transformation
of the data.(137) The Central. Slice Theorem allows operation
on the one-dimensional data projections. Restoration of the
image can thus be performed by two equivalent operations;
either by multiplying the transformed data by a radially
symmetric "high-pass" filter|p|, or by differentiating the
Hilbert-transformed projection data. In the presence of finite
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object spatial frequencies (since any data spectrum will have
upper limits imposed by beam and source/receiver geometry)

and projection data noise (such as radiation quantum noise

and analogue-to-digital converter quantisation noise), this

" operation may degrade intolerably the image signal-to-noise
ratio. Practical processors, whether digital or analogue, have
dynamic range limitations which may be imcompatible with
accurate differential Hilbert transform data representation.
Braceweil and Riddle(134)

were bandlimited in such a way that spatial frequencies

considered that projection data

beyond M (cycles/metre) were absent. In this case, the requir-
ed p-filter is shown in Fig.AIII.4. This filter may be syn-
thesised as: '

1 _

lo|] = rect(%ﬁ) - ﬁ(rect(ﬁ) @ rect(ﬁ)) --------- AIII.14

where: , ' ‘
’regt(%ﬁ) =1 -——-fpflMI

= 0 ——=—=p>|M| mmmmmmmmmemoeon AIII.15

The equivalent (data) R-domain operation is a convolution of
projection data with a function g(R), where:

g(R) = 8(R) - Msinc?(mMR) =----=-=---= AIII.16
The simplification of the first term on the right hand side
of eq.AIII.16 results from the assumption of strictly limited
object spatial frequencies, §(R) refers to the delta function,
and the "sinc" function is defined: sinc(x) = 5%?5-
. Thé overall correction.for bandlimited data is thus subtraction
from the data of the data convolVéd with a low-pass function.
. This approach does not involve Fourier domain excursions and
as theropefation is performed before angular integration,
it also makes efficient use of the reconstruction processor.
There are tomographic beam-and-source/receiver geometries in
which the data is not bandlimited to the extent assumed in
the foregoing analysis, and déta noise may require the use of
an apOdiéatidn filter. There is a range of filters reported
whose transfer functions approach |[p| at low plbut which are
rolled off at higher frequencies.(137) One such filter trans-
form pair is shown in Fig.AIII.S. |
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Experimental Microwave Tomography

The experimental geometry is shown in Fig.AIII1.6. The micro-
wave analogue signal processor was equipped with conventional

. horn radiators which were spaced as closely as possible. A

.

cooperative target device (Appendix II) was placed opposite
and the propagation path spanned the object region. This
érrangement serependitiously both doubled the sensitivity
compared to a single path system and required least disturb-
ance of the ekisting signal processor. The cooperative target
was no more than an available linear array'ﬁith slots parallel
tdé its long axis and measure of sidelobe control was inferred
from the tapered slot excitation pattern. The array was at
one end terminated by a simulated open circuit in the plane
of the last slot, and at the other by a diode shunt switch.
and short circuit. The device reflected incident continuous
wave (CW) illumination in an essentially DSBSC format. In
addition to the normal advantages of the cooperative devices
of this sort, the system inherently discriminated against
reflections from the object interfaces.

A necessary property of a tomographic imaging system is high
linear resolution. For a true three-dimensional imaging - -
system, a narrow beam is required in the scan direction as
well as normal to this direction and the object regibn. The

object was translated past the source/receiver and cooperative

.target at aspect angles of 0° to 90° in steps of 22%0, as

~ this was operationally more stable than moving the microwave

hardware. A record of incident beam phase fluctuations
corresponding to detail in av"phase" object. of small depth
in the beam direction can be obtained with arbitrarily high
resolution using a small aperture surface probe; however,
diffraction effects dictate that the prbjeétion data will be
complicated by an impulse response which will be a function.
of along-beam position for objects having appreciable depth.
A large aperture cooperative target brought'to focus in the
object region could provide high beam resolution but at the
expense of depth of focus. Similar systems have been designed
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for acoustic microscopy of 'phase' objects where object depth

is an insignificant parameter.(138)

The stratagem finally adopted was to choose object dimensions
sufficiently large that the cooperative target lay essentially
within the object near field. The projectionxdata can be ex-
pected to be the "shadow" of the phase fluctuations imposed

by the object on the source wavefront. Near-field projections
were expected to be tolerant of object along-beam position.

An attempt was made to extend linear resolution to smaller
details within an object by physically narrowing the beam re-
flected from the cooperative target as much as possible con-

,sistenf with the requirements of focal depth. The available

linear slotted array had 220mm aperture, and with operation
at a wavelength A=30.3mm, about dz/k=1.6m depth of focus was

-

available.(d is the aperture dimension.)‘

System Sensitivity

Preliminary‘testing was undertaken to determine the expected
range of differential phase shifts for sample sheet poly-

styrene foam objects. The system had an unambiguous range of
0 to 2w radians (corresponding to an analogue output of 0 to

- 8.15 volts). A foam sheet one free space wavelength thick
... resulted in approximately 3° differential phase shift when
‘obscuring either source or receiver horns, but resulted in

5.5° when totally obscuring the cooperative target aperture.
These measurements are of the mean value of a few'Seqonds’
recorded phase, and are subject to 10% uncertainty. The foam
relative dielectric constant is thus calculated as 1.015+.001
and taken as real. The signal attenuation through the foam

. was not measurable.

"AIII.4.2

Linear. Resolution of Overall System

Extracting the system impulse response in any domain by direct
means is normally accomplished by specifying a pulse spectrum
sufficiently broad to include the highest expected frequencies
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in the transfer function. In this case, however, indefinite
narrowing of the test object’s dimensions will tend to pro-
duce projections outside the system’s terms of reference.
(sec.AIII1.4) Fig.AIII.7 shows projection data produced using
two foam blocks each 100mm square and 250mm high, standing
on the small end and spaced by 200mm. The limited object
depth means that the data represents beam cross-section con-

- volved with an object which 1s essentially two-dimensional

 AIII.4.3

and smaller in cross-section than the expected beam profile.
A conservative estimate of the half-height system resolution
is 150mm. If furthermore the system impulse response is con-

sidered to be that of a Gaussian beam profile, then the
1

system transfer function -3dB response is reached at 2.1m ',

and the 50% response is reached at 2.om" 7,

»

Reconstruction from Projection Data

The theoretical discussion of tomographic imaging has derived
both system impulse response and the various compensation
schemes available. The reconstruction strategy deconvolved
projection data before backprojection-and-summation. Both
operations are linear and operation order may be changed.

- Barrett and Swindell(135) have summarised the various equiv-

alent backprojection and filtering stratagems, and have con-
cluded that data deconvolution before summation of inter-

~polated functions is most convenient. Furthermore, no Fourier

domain excursions are required and the chosen operation order
requires only one dimensional deconvolution although the out-
put image after summation is fwo—dimensional.

The deconvolution kernel chosen was basically that of
Fig.AIII.5(b), with the addition of a scaling factor €2 to
control image dynamic range as the kernel width was varied.
The second operation involved summation of successive back-
projected data linearly intefpolated to fit the underlying
square data sampling grid. Truncation of backprojections be-
yond the 21 x 21 data grid was performed.
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Two objects were chosen for investigation by microwave tomo-
graphy. Forsimplicity, they were symmetrical, as this eased
data collection. Data for aspect angles greater than 90°

were obtained by re-ordering previous projections. Three
‘projections were thus synthesised, covering 112%o to 157%0.
Transmission phase offsets were taken at 80mm intervals, with
the mean of about ten seconds’ recording subtracted from the
mean phase recorded in the absence of the object. Each pro-
jection covered 1.6m in 21 samples. The simpler object com-
prised two styrofoam pillars 200mm square and 370mm high,
elevated sufficiently to intersect the beam centreline. The
pillars were spaced 590mm between centres: The corresponding
backprojected-and-summed image without filtering (Fig;AIII.Bta))
is seen to possess rather more extended sidelobes than that
image resulting from a filtering operation optimised in an
empirical manner.(Fig.AIII.8(b)) Thelimages have been linear-
ly quantised to five levels and linearly stretched to this
scale after every filtering operation. The pillar spacing in
the latter figure is 90% of the correct value, and the resol-
ution of the two individual pillars is markedly better than
in the unfiltered image. Fig.AIII.8(c) shows the form of the
deconvolving function used. The second object was a styrofoam
box, rectangular in shape , 760mm 1bng and 600mm wide and it
had 40mm thick walls. The depth of the box was 300mm. Un-
filtered and filtered backprojection images are shown in Figs. -
AIII.9(a) and (b) respectively; in this case the deconvolving
operation has been less effective. The box size indicated in
the image (720 x 560mm) is within one sampling unit of the
correct values and the walls are represented as about two
units thick, or 160ﬁm. This is close to the estimated system
resolution. (sec.AIII.4.2) In addition, the box interior is
not excessively cluttered. The vertical and horizontal lines
extending through the image seem to have been caused by
reflection from a paper covering on these two sides as the
beam incidence angle approached 90°. This effect has emphasis-
ed the'right vertical and lower horizontal walls and extended
image contrast. )
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The deconvolving function (Fig.AIII.8(c)) was used with
various values of g (where 1/¢ is the frequency of peak re-
sponse) and the function which optimised the resolution of
the two pillar object was also applied to the box image re-
construction operation. The optimum value of £ was 3.63 units
which corresponded to 290mm, and implies a peak spatial
frequency response at 3.4m-1. Comparative transfer functions
of both system (assuming Gaussian beam profile) and the kernel
function are given in Fig.AIII1.10. The sampling interval of
80mm is equivalent to a spatial frequency of 12.5m—1, and to
avoid aliasing effects, transfer functions should have small
1. Although
the system transfer function has low (4%) amplitude at the

amplitude above the Nyquist frequency of 6.25m"

Nyquist frequency, that of the compensating filter is hardly
diminished (80%) *at the same frequency compared to its value

at the frequency of peak response.

The aliasing could be reduced by choosing a kernel function
having a strictly limited spectral extent; in this regard the
Lakshminarayanan kernel(137) is superior, although aliasing
effects must always be present if the kernel is of finite
length. From Fig.AIII1.10, the filtering operations explicitly
and implicitly performed on the projection data can be summar-
ised as follows: (a) Multiplication in the frequency domain
by |p| to correct the inherent low-pass nature of summed
backprojection imaging,

-'(b) Multiplication in the same domain by
e_€|pl arising from apodisation, sampling and data noise
requirements, ) _
_«202 and (c) Multiplication in the same domain by
e 2 to account for the estimated transfer function due to
an assumed Gaussian beam of given half-height. («=64mm)
Filtering operations (b) and (c) combine to reduce the image
resolution that is available. In particular, (b) represents
a lower cut-off frequency than (c) so that image resolution
should not be expected to be as good as that in the data
projections; unfortunately filter (b) is essential in that it
serves to reduce aliasing'effects.
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AIII.4.4 Determination of Projection Angular Increment

The theoretical analysis of tomographic imaging assumed that
a continuum of backprojections were available spread over
180°. Obviously, real projection data must be angularly
sampled in a practical numerically-based reconstruction. The

. analysis of the number of projection angles required for
successful imaging of an object no bigger than D in largest
dimension and containing spatial frequencies no higher than
M m"1 follows that advanced by Bracewell.(134) The object is
considered determined if its two-dimensional Fourier transform
is known at intervals D_1 on a rectangular lattice M-m-1 in

radius.(Fig.AIII.11)

Assume N equi-angularly spaced projections are available,
spread over 180°. The transformed data is distributed along
N diameters such that the frequency separation at the cut-off
frequency M is no more than m™/N m—j. Hence:
N > 1D -------cemeemmeememee ATII.17
'Thé number of projections must be proportional to the spatial -
. equivalent of the '"time-bandwidth" product of the object.
" For the 1a}ger object used in sec.AIII.4.3, D was 760mm and
linear resolution was about 150mm. Taking M as the 50%
response point of 2.9m_1, then: , .
N > T S0.76 .2.9 = 7 —mmmmme- AIII.18
. Experimentally, 5 real and 3 syhthesiséd projections were
distributed at 22%0 intervals over 157%0, which represents:
"an adequate sampling density. The number of projections is
" small, but suffices to resolve the object quite adequately
. without compfomising data resolution. Lindegaard-Andersen(136)
- found that the number of projections required for N2 Tesolved -
. picture elements to be about 1.5N. Applying this formula to
the worst-case object dimension of 760mm and assuming 150mm
. resolution, then the 25 pixels describing the object need no
. more than 8 projections. ‘ '
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AIII.S5 Conclusion

A brief essay into microwave tomography has shown that imagery
of '""phase objects'" not readily imaged by any system relying

on reflected field processing may be imaged by recourse to
tomography using complex transmision projection data.

Low frequency tomography is felt to be worthy of some attention
since in this regioh quantum limitations on measurement

- accuracy are .entirely negligible, both phase and amplitude
information are usually available and safety considerations
are much in favour of techniques using non-ionizing radiation
of readily controllable strength. The disadvantages include
initial ignorance of the propagation path in regions where

. characteristic impedances vary significantly (although this

- can be deduced by iterative techniques appiied to successive
image estimates(139)) and severely limited linear resolution
by X-ray tomographic standards.

The choice of phase or amplitude information as the independ-
~ent parameter in the projection data would be governed by the
‘geometry of the object under investigation and the selection
- of operating frequency or frequencies. In regard to the latter

pulsed emissions might be used to define linear resolution

rather than relYing on physical beamwidth of the interrbgating
- antennae. An envisaged geometry uses a single source and
J:distant receiver array; observation of the discrepanciés in
v pu1se arrival times among the array elements should yield
information about the intervening object region using little
more than a time domain reflectometry equipment. .The requisite
fan-beam could be derived from an established tomographic
geometry.(137) Pulsed measurements need not be made explicit-
ly if this is impractical, but could be realized by &' posteriori

Fourier décomposition of compiex data (using a network
.analyser as a receiver) gathered over the frequency range

appropriate to the required resolution.

An application of low frequency tomography in which some of
the techniques suggested here may be useful and in which
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limited resolution is satisfactory may be found in the plane
imagery of sections of large structures such as buildings.
Archeology might well be -able to benefit from a non-invasive
investigative technique, particularly as the characteristic
"time constants" in this domain would allow low powered
equipment to gather high quality data by observation over
extended periods of time.





