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FOPAIR: A Focused Array Imaging
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Abstract—FOPAIR, a FOcused Phased Array Imaging Radar,
provides high-resolution X-band images of the ocean surface.
The system is designed to provide high-speed imagery (up to
180 frames/s) for short range applications (50-400 m) from a
fixed platform such as a pier or tower. FOPAIR employs a
fast, sequentially sampled antenna array and uses a software-
based beamforming technique to generate high resolution im-
agery without the need for multiple radar receivers or beamform-
ing hardware typical of active phased arrays. A summary of the
principles of operation and the design of the instrument is given,
followed by examples of FOPAIR’s imaging capability. To our
knowledge, these examples include the highest-resolution, highest-
speed microwave images of the ocean surface produced to date. A
brief comparison between FOPAIR and synthetic aperture radar
techniques is also included.

I. INTRODUCTION

CHIEVING fine cross-range resolution for imaging in the

microwave region requires a physically large radiating
aperture. In ground-based applications, this can be imple-
mented by using either a very large antenna with mechanical
scanning or by using an array of many smaller antennas with
electronic scanning. While mechanically scanned systems are
conceptually simpler, phased arrays provide a major advantage
due to their ability to scan rapidly and arbitrarily [1].

Conventional antenna arrays are normally designed to re-
solve targets located in the far-field of the array, and as such
are said to be unfocused or “focused to infinity.” In the far-field
the ratio of target range, R, to array length, D, (or focal ratio,
R/D) is typically on the order of 100 or more. For example,
the far-field criterion of R =2D?/) implies a minimum focal
ratio of 100 for a 50X aperture.

For large aperture and (comparatively) short range applica-
tions, the focal ratio is much lower. Focal ratios on the order
of ten are not uncommon, and in such cases it is necessary to
focus the array into the near-field. Since a near-field focused
beam has much the same pattern near the focal point as does
it’s unfocused counterpart [2], the azimuthal resolution limit
of a focused array is simply proportional to RA\/D as is the
case for unfocused arrays.

A large filled array has many individual elements. If each
array element requires dedicated hardware for phase and
amplitude control, as is the case for active phased arrays,
an expensive hardware design can result. Focusing imposes
an additional computational burden on the beamforming sig-
nal processor controlling the array adding to the cost and
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complexity of the system. For certain imaging applications,
however, such complexity can be avoided.

For imaging of sufficiently slow-moving scenes, a substan-
tial simplification results by using a sequentially sampled array
that time-multiplexes a single radar receiver across many array
elements. In this paper, we describe such an imaging system
called the FOcused Phased Array Imaging Radar (FOPAIR)
which is designed for near-surface ocean remote sensing
applications. It consists of a linear array of 128 receive-only
antenna elements that share a single radar receiver through a
high speed switching network. A separate broad beamwidth
transmitter illuminates the radar’s field of view. The elements
of the receiver array are enabled sequentially on a pulse-by-
pulse basis, analogous to the sequential scan of a synthetic
aperture radar (SAR). For short to medium range applications
a high pulse repetition frequency ensures rapid image capture,
and array scans are repeated at up to 180 scans/s. Two-
dimensional radar imagery is generated from the unfocused
raw data through digital post-processing on a general purpose
computer workstation.

The advantages of such a digital beamforming system
are many. A single radar transmitter/receiver servicing the
entire array substantially reduces system cost. High resolution
imagery is acquired from a fixed platform at short to moderate
range where each image is captured fast enough to overcome
target motion effects, and rapidly repeated scans permit long-
term monitoring of a given footprint. Calibration and focusing
performed in software permit image data captured once to be
processed in many different ways on many resolution scales
in azimuth, range, and time.

This paper describes the principles of operation and the
design of the FOPAIR sequentially scanned imaging array.
It also presents experimental results that show for the first
time how such a system can obtain high-resolution images
of moving surfaces. Although we refer to well established
principles of focused arrays to explain how the system works,
we believe that the hardware implementation of this digital
beamforming array radar is unique, and that our preliminary
experiments demonstrate that high-resolution, high-speed mi-
crowave imaging can be accomplished using commercially
available data acquisition and signal processing equipment.

In Section II, we review basic principles of focused ar-
rays. In Section III we provide engineering details about the
FOPAIR system hardware, and in Section IV we present initial
results that demonstrate its performance. We conclude with
Section V which outlines the relationship between imagery
obtained with FOPAIR and SAR.

0196-2892/95$04.00 © 1995 IEEE
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Fig. 1. Focused array geometry.

II. FOCUSED ARRAYS

Fig. 1 shows a typical geometry for a focused array. Here
a broadside array oriented along the y-axis and centered
at the origin illuminates the field-of-view including the arc
indicated at range Ry. Neglecting range effects on amplitude,
the radiated field evaluated along the arc has the form

N-1
J(Ro,0) = Y E(y)e 7+ M
=0

where E(y;) is the array aperture field at point y; and & is the
free space wavenumber. The range from the point (Ro,6) to
an arbitrary location along the array is

R(y,6) = /R +y? — 2Roysin @

which, for Ry > y and for sufficiently small angles (i.e.
sinf ~ 6, cos® ~ 1), can be approximated using
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By the principle of reciprocity, the array behaves identically
in the receiving mode as it does in the transmitting mode. The
equation above can therefore be interpreted as the relation
between the scattered field received at the aperture, E(y;),
when a distribution of scatterers with reflectivity described by
J(Ry,8) is illuminated by an external source.

Focusing the array to scan the distribution amounts to
computing the sum of (4) for a number of angles. In doing
this, the constant phase term outside the sum can be ignored.
Additionally, for a given range, the quadratic phase term is
identical for all scan angles. Its effect can be removed by
including its conjugate in a weighting function, w, applied
across the array,

+jk!d!i—-b2£n2

w; = a;e 2R . 5)

In practice, the weighting function should also include an
amplitude taper, a;, to control array sidelobe levels. After ap-
plication of the weighting function, the tapered array response
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Fig. 2. FOPAIR system block diagram.

and the estimated field distribution are related by a Discrete
Fourier Transform relation,

N-1

J(Ro,8)= Y aiE(d(i - %))eikd(i-%)e ©)

=0

as is the case for unfocused arrays operating under far-
field conditions [3]. Removing the quadratic phase variation
across the array places the focal point of the array at Ry by
transforming the spherical waves reflected by scatterers at that
range into plane waves.

A Fast Fourier Transform algorithm can be applied to the
responses of the N array elements to yield N evenly spaced
samples of the distribution J(Ry,6) spanning the visible
space of the array. The visible space is determined by the
array element spacing according to —A/2d < 6 < A/2d.
The N samples are separated in angle by A/Nd which is
approximately equal to the beamwidth of the full array.

Having outlined the focusing procedure for one range gate,
the measured complex field values from successive range gates
can be focused similarly yielding a polar-formatted complex
image of the sector illuminated by the transmitter. During
processing, the focal point of the array is adjusted as needed
to maintain proper focusing at each range gate. Good quality
focusing is achieved using this technique provided that the
error in the approximation of R(y,f) is small compared
to a wavelength and provided that worst-case range cell
migration effects do not exceed one range gate interval. These
conditions are met for practical imaging situations with the
instrument.

I1I. FOPAIR: A SEQUENTIALLY
SCANNED ARRAY IMAGING RADAR

Fig. 2 shows a block diagram of FOPAIR. It consists of
an X-Band (10 GHz) short-pulse/pulse-compression radar
using a single pyramidal horn to illuminate the entire field-
of-view of the radar. The radar receiver is attached to a
receiving array through a 1:128 switching network, and a
high throughput analog-to-digital converter samples the in-
phase and quadrature response of each element. The digitizer
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SWITCH PLATE:

Fig. 3. FOPAIR array module cutout showing 16 LTSA antenna elements.
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TABLE 1

FOPAIR SYSTEM PARAMETERS

Type Pyramidal Horn

Transmit Antenna | Polarization Vertical
Azimuth/Elevation Beamwidth 17°
Element Type Linear Tapered Slot
Polarization Vertical
Azimuth Beamwidth 24°
Elevation Beamwidth 18°

Receive Array Number of Elements 128

Element Spacing 5.4 cm (1.8))
Array Length 6.8 m
Array Azimuth Beamwidth 0.25°
Visible Space +16°
Peak Power 200 W
Frequency 10 GHz

Radar Transceiver || Video Bandwidth 100 MHz
Effective Pulse Width 10 ns
Chirp Mode Compression Gain 21.5 dB
Number of Channels 2 (Iand Q)
Sampling Rate 100 MHz

Data Acquisition | Quantization 12 bits

and Storage Imaging Capacity 8192 samples/image

Throughput 160 images/s
Disk Capacity 21GB

is directly attached to a high speed parallel disk array with a
2.1 gigabyte capacity. An IBM-compatible personal computer

controls the entire system.

The receiver array consists of 128 Linear Tapered Slot
Antennas (LTSA’s) [4]. These are low-cost endfire antennas
that are easily fabricated on printed circuit board. The elements
are vertically polarized and are fairly directional with 3-
dB beamwidths of 18° and 24° in the E— and H-planes
respectively. The LTSA’s are packaged into modules of sixteen
elements placed side by side as shown in Fig. 3. Each module
also contains the switching hardware necessary to address each
of its elements. The entire array consists of eight such modules
deployed end-to-end along a supporting frame.

The 1:128 switching network is implemented in three tiers.
The first tier consists of sixteen single-pole-eight-throw (SP8T)
switches directly connected to the 128 array elements. The
outputs of these switches are connected to a second tier of two
SP8T switches that reside in two of the eight antenna modules.
Each second tier switch services half of the array and feeds a
low noise amplifier (LNA) to establish the noise figure for the
receiver. Finally, two long flexible cables connect the LNA
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Fig. 4. Azimuth scan of a corner reflector in a grass field at 142-m range.
The unfocused signal-to-clutter ratio is approximately 13 dB.
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Fig. 5. Azimuth scan of a comner reflector deployed on a boat in calm water

at 240-m range. Clutter is negligible, but the unfocused signal-to-noise ratio
is approximately 25 dB.

outputs to a final single-pole-two-throw (SP2T) switch in the
radar receiver.

The radar transmitter/receiver has two operating modes:
either a short-pulse mode with 10-100 ns pulses, or a chirp
mode where a ten nanosecond pulse is compressed from
a two microsecond linear FM chirp. Chirp waveforms are
generated in the transmitter and compressed in the receiver
using a matched pair of surface acoustic wave dispersive delay
lines. The resulting compression gain is approximately 22 dB.
A radar image is captured by transmitting and receiving a
burst of up to 128 pulses at a pulse repetition frequency of
100 KHz. This provides an unambiguous range of 1500 m
and a maximum image capture time of 1.28 ms. The trans-
mitted power in both modes is 200 W (peak) provided by
a traveling wave tube amplifier feeding the pyramidal horn
illuminator.

The receiver outputs are baseband I and  channels each
with a video bandwidth of up to 100 MHz. These are digitized
by a high-throughput sampling system capable of burst mode
sampling at rates up to 400 MHz at 12-bits/sample. Typically,
the sampler is operated at 100 MHz providing range resolution



118 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING. VOL. 33, NO. 1, JANUARY 1995

FOPAIR:  Relative Intensity
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Fig. 6. Backscattered intensity image of an athletic field. Visible features include: trees beyond 160-m range, the vertical posts of a snow-fence at 153-m
range, a lacrosse goal at 135-m range (and —2 m azimuth), and two people running at 144-m range.
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Fig. 7. Radial velocity image corresponding to Fig. 6. Positive velocities are towards the radar. The two runners are clearly visible.

of 1.5 meters. The sampler has an internal capacity of 8192
samples for each of the I and () channels, so 64 range gates
per element may be accommodated if all 128 array elements
are used. Alternatively, sub-sections of the array can be used
to increase the range depth of the system.

The digitizer stores each burst of captured data on a fast par-
allel disk-array. The combined throughput of the digitizer and
disk-array permits full-resolution imaging at rates up to 160
images/s or half-resolution (using half of the array) imaging at
rates up to 180 images/s. The disk array has sufficient capacity
to hold approximately 7 min of data captured at the maximum
frame rate. The radar, array, and data acquisition systems are
all controlled by an IBM-compatible personal computer. The
FOPAIR system specifications are outlined in Table I. The
array parameters permit scanning within a sector £16° off
broadside, although grating lobe rejection constraints limit the
practical field of view to within £12°. Within this scan limit,
worst case range migration effects are no more than one half
range cell for practical imaging situations. At a nominal range
of 200 meters, an azimuthal footprint of 80 focused pixels
spans 70 meters.

The performance of any phased array system depends
upon accurate phase and amplitude control of the elements.
Due to FOPAIR’s modular array design, signals incident on
the array elements must travel through varying lengths of
cable as they propagate through the switching network. This
affects the relative time-of-arrival, phase, and amplitude of the
signals received through the array elements, and these must be
accounted for to focus the array properly.

Time-of-arrival differences are removed to an accuracy of
2.5 ns by the digitizer. This results in a maximum skew
of £20 c¢m in range between corresponding range-gates of
adjacent array elements. Phase and amplitude differences are
corrected through a field calibration where the array views
a point scatterer such as a corner reflector from a moderate
distance. Given the range and relative azimuth of the corner
reflector, the expected phase and amplitude variation across the
array is known and can be used to derive a set of calibration
coefficients, one for each element.

The relative sidelobe level (SLL) of the array is determined
by the quality of the calibration and upon the phase and
amplitude error tolerances of each array element. The quality
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FOPAIR: Moving Target Indicator
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Fig. 8. Moving target indicator (MTI) image corresponding to Fig. 6. The scale is linear. Note the motion of the trees in the background is also visible.

Fig. 9. End-view of the FOPAIR array as mounted on the Scripps Pier. The
array is pointed seaward and is tipped down 6° from grazing. The illuminator
horn is visible just above the center of the array.

of calibration depends upon how nearly the calibrating scene
resembles a point source in free space. Although a corner
reflector placed in a field is an adequate calibrating target,
the finite signal-to-clutter ratio will give rise to phase and
amplitude errors. For example, a point scatterer’s reflected
signal in the presence of uniform clutter at an (unfocused)

signal-to-clutter ratio of 20 dB shows rms phase error of 3°
and rms relative amplitude error of ten percent. An approx-
imate analysis of expected SLL’s in the presence of random
amplitude and phase errors [5] indicates that the average SLL
performance is limited to about 35 dB for this signal-to-clutter
case.

SLL performance is ultimately limited by mechanical and
electrical tolerances in the array itself. Variations in the in-
dividual patterns of the LTSA elements indicate that the best
average SLL limit is approximately 40 dB. We have achieved
relative SLL’s of 30 dB in the field with relatively little effort.
Figs. 4 and 5 are examples of the performance of such a field
calibration.

Fig. 4 shows an azimuth scan of a corner reflector placed in
a grass field at range of 142 meters. First the corner reflector
was used to generate a set of calibration coefficients, then
it was moved and scanned again. The unfocused signal-to-
clutter ratio was approximately 13 dB and a 40-dB Chebyshev
taper was applied to the array response. The resulting average
sidelobes are below 25 dB. The expected average SLL is 29 dB
for this case. Fig. 5 shows an azimuth scan of a corner reflector
deployed on a boat in calm water at range of 240 m. In this case
the clutter fell below the noise floor of the system, so response
was signal-to-noise limited with an unfocused signal-to-noise
ratio of 25 dB. Again, a 40-dB Chebyshev taper was applied
to the array response, and in this case, sidelobes are at least
33 dB below the peak response. The expected average SLL
for this case is 37 dB.

IV. SAMPLE RESULTS

Figs. 6-11 show some examples of FOPAIR’s imaging
capability. The first sequence of images was taken from a
field site atop a building on the University of Massachusetts
campus where the radar viewed an athletic field adjacent to
the building. The array was deployed at a height of 25 m
above the field surface, and both the transmitter and the
array were tipped down 10° from grazing incidence. These
images were acquired using the short-pulse mode of the
radar with 10 ns pulses. The frame rate of the radar was
75 Hz.
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Fig. 10. Backscattered intensity image of ocean waves as viewed from Scripps Pier. Visible structures include a range propagating swell and diagonally

propagating wind-waves.
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Fig. 6 shows a backscattered intensity image of the scene.
Within the field of view of the instrument were a snow-fence,
a lacrosse goal, and two persons running towards the radar.
Some trees and a chain link fence occupy the rear portion of
the image. The full visible space of the array is displayed,
and the effect of the transmitter’s antenna pattern is evident
in the lower intensities at the scene edges. The grass of the

FOPAIR: Sat Jul 24 12:23:46 1993

60

Doppler velocity image corresponding to Fig. 10. Some pixels have been deliberately set to zero due to low signal-to-noise ratio at those locations.

athletic field appears in the blue-to-green intensity levels. The
speckled nature of the intensity image is typical of coherent
radar imagery. This image was generated using the first field
calibration shown in Fig. 4.

When a sequence of complex images are captured, radial
velocity and moving-target-indicator (MTI) images can be
generated to discriminate between moving and stationary
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targets. Radial velocity images are derived using the co-
variance or “pulse-pair” technique [6] which approximates
velocity from the frame-to-frame phase difference of each
complex image. MTI images are derived from frame-to-frame
differences in intensity. Fig. 7 shows a radial velocity image
corresponding to the backscattered intensity image of Fig. 6.
The maximum unambiguous velocity was increased beyond
the limit imposed by the 75 Hz frame rate by processing two
successive scans of half the array. Fig. 8 shows an MTI image
of the scene.

During July 1993, FOPAIR was deployed on the research
pier at the Scripps Institute of Oceanography in La Jolla, CA,
where initial ocean measurements were conducted over a three
week period. A photo of the array’s installation is shown in
Fig. 9 where the array looks seaward from a height of 12 m.
Figs. 10 and 11 are backscattered intensity (corrected for range
and antenna pattern effects) and Doppler velocity images
respectively of the ocean surface as viewed by FOPAIR. The
sector shown in the images spans +12°. For these images 64
antenna elements were used, allowing 128 range gates and an
image depth of nearly 200 m. The frame rate of the radar was
180 Hz.

Two major wave structures are visible in both images. One is
a swell which propagates normally towards the shore (and the
radar) with a wavelength of about 80 m. The other structure
is a wind-generated wave train that propagates diagonally
from the upper left to the lower right of the image. The
significant wave height during this measurement was 50 cm,
and winds were approximately 5 m/s nearly aligned with
the wind-wave propagation direction. The wavelength of the
large scale swell is easiest to determine from the Doppler
velocity image, whose contrast (for this imaging geometry)
is determined by variation in the horizontal component of
the long-wave orbital velocity. The smaller scale wind-waves
are more obvious in the backscattered intensity image. These
images are averaged results from 18 complex images acquired
over a 0.1 s period. Because only 64 array elements were used,
these images represent half of FOPAIR’s azimuthal resolution
capability.

V. ANALOGY TO SAR

Although FOPAIR is designed for imaging areas much
smaller in scale than in most SAR applications, it does share
SAR’s sequentially sampled array approach. It is worthwhile,
therefore, to consider the relationship between FOPAIR im-
agery and side-looking SAR imagery.

Airborne SAR is a focused array system that uses the
azimuthal translation of a single radar antenna to synthe-
size an aperture whose size is limited principally by the
antenna’s footprint. Because the antenna’s footprint increases
linearly with range and because the antenna traverses multiple
synthetic aperture intervals, the focused side-looking SAR
resolution limit is range and wavelength independent and equal
to half the radar antenna’s real aperture dimension [7]. Since
FOPAIR is stationary, only one array aperture is available for
processing, and as a result, FOPAIR’s azimuthal resolution
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Fig. 12. Diagram depicting time-delayed aperture synthesis using a full
resolution data set. The example shown is for an 8-clement array.

limit is both range dependent and limited by the physical
extent of the array.

A side-looking SAR achieves its resolution limit by match-
filtering the unfocused raw data with a kernel representing the
signature of a broadside target at a given range (this kernel
is essentially the same quadratic phase function used for the
focus correction in FOPAIR’s processing). Thus, the side-
looking SAR focusing algorithm implements one broadside
beam operating in a pushbroom-mode moving at the rate of
the airborne platform. Many overlapping synthetic apertures
are used to generate Cartesian-formatted strip-map imagery.
Since FOPAIR has only a single aperture available, it must
implement multiple beams over a range of look angles to
achieve azimuthal spatial coverage. The resulting imagery is
polar-formatted.

For side looking airborne SAR’s, aperture synthesis inter-
vals are of the order of one second [8]. This long coherent
integration time can be troublesome when viewing a target
such as the ocean where decorrelation times can be measured
in tens of milliseconds [9]. As a result, SAR images of
the ocean necessarily contain data retrieved over several
decorrelation times. The effect of decorrelation (and surface
motion) within the aperture synthesis time has been the subject
of considerable research interest in interpretation of SAR
imagery of ocean waves [8], [10], [11]. Since FOPAIR can
scan rapidly, on the order of 1 millisecond, the effect of
such decorrelation is mitigated and high-resolution images are
acquired essentially instantaneously.

By increasing the aperture synthesis time of the FOPAIR
array, the effects of ocean surface motion on SAR image
formation can, to some extent, be explored. We illustrate
how this might be done using a single data set by comparing
images formed using an aperture synthesized over several
array scans with images formed using a single scan. For
example, combining the responses of array element 1 from
scan 1, element 2 from scan 2, element 3 from scan 3,
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Fig. 14. Average of 80 normally processed images spanning the same total time period used to form Fig. 13. The coherent integration time for each

of the 80 images comprising the average is 0.64 ms.

etc., results in a “time-delayed” synthesized aperture with a
much longer integration period. The sampling scheme shown
in Fig. 12 illustrates this concept.

Figs. 13 and 14 show a comparison of such time-delay
processed imagery with normally processed imagery. Fig. 13

is the incoherent average of 16 backscattered intensity images,
each synthesized using 64 array elements distributed over
64 array scans. Thus each image had a 350 ms coherent
integration time. The 16 individual images comprising the
average were displaced slightly in time (i.e. image 1 from
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scans 1-64, image 2 from scans 2-65, etc.) so that the total
time period represented by this averaged image is 80 array
scans or 440 ms. The time averaging reduces the effects
of speckle permitting a reasonable comparison with Fig. 14,
an incoherent average of 80 normally generated intensity
images from the same 80 array scans. These images show
the entire visible space of the array without correction for the
transmitter’s antenna pattern to permit easier comparison of
major image features.

The most obvious difference between Fig. 13 relative to
Fig. 14 is the azimuthal displacement of image features
to the right and the reduction in azimuthal resolution. We
attribute the overall displacement effect to the mean sensed
radial velocity of scattering facets in the scene during
the long aperture synthesis time of the array. It is the
same displacement observed in SAR imagery of moving
targets and is not a squinting of either the illuminating or
receiving antenna patterns. The degree of squint can be
predicted by considering the progressive phase response
across the array due to a scatterer moving at a constant
radial velocity. In addition to the scatterer’s normal signature
(a quadratic phase variation across the focused array), an
additional linear phase variation results from its radial
motion. The incremental linear phase shift between adjacent
array elements is equal to 2kAr = 2kv,.Af, where Ar
is the change in range of a scatterer moving at radial
velocity, v,, in the time interval, At¢, and k is the free-
space wavenumber. Equating the incremental phase shift to
that expected from a stationary scatterer located off-broadside
yields

2kv, At = kdsin(Af) %

where d is the array element spacing. Solving for the resulting
apparent squint, Af, yields

(®)

Af = sin—1 (21;,At>  2veAt

d d -’

The array element spacing is 5.4 cm, and the time interval
between array scans is 5.56 ms. Fig. 11 indicates that typical
measured radial velocities are on the order of 0.5 m/s. This area
average velocity includes contributions both from surface drift
current and from the phase velocity of Bragg-resonant ripples
responsible for the bulk of the backscattered microwave signal
[12]. The ripples are 1.5 cm in wavelength and travel at a phase
velocity of about 0.25 m/s. As the radar is looking generally
upwind, this phase velocity can account for about half of the
measured mean velocity.

Combining these values yields an expected average squint
of +6°, which is consistent with the squint angle observed
in Fig. 13. Note that the actual squint angle should vary
somewhat in range due to the orbital velocity of the long
waves modulating the sensed radial velocity, although it is
not obvious in the figure. The azimuthal smearing is due to
a number of mechanisms including the spatial variation of

displacements due to long-wave orbital motion and defocusing
due to orbital accelerations [11], as well as smearing due to
rapid decorrelation of localized features [13].

VI. SUMMARY

FOPAIR, a unique implementation of a focused array imag-
ing radar, has been described, and its performance has been
illustrated with sample images of scenes containing both
stationary and moving scatterers. While the ocean imaging
results presented here are preliminary, they do indicate that
FOPAIR is capable of high-resolution coherent imaging of
small to medium scale wave features with excellent spatial
resolution and little or no degradation due to the finite aper-
ture synthesis time. Furthermore, by degrading the effective
aperture synthesis time, the adverse effects of surface motion
on synthetic aperture imagery are revealed.
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