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A static-mode synthetic aperture imaging ladar (SAIL) in which the target and carrying platform are kept still
during the collection process is proposed and demonstrated. A target point of 0.5 mm x 0.5 mm and a two-di-
mensional (2D) object are reconstructed in the experiments, in which an optical collimator with a focal length of
10 m is used to simulate the far-field condition. The achieved imaging resolution is in agreement with the theo-
retical design. The static-mode down-looking SAIL has the capability to eliminate the influence from the atmos-
pheric turbulence and can be conveniently operated outdoors.
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A synthetic aperture imaging ladar (SAIL) can provide fine
resolution, two-dimensional (2D) active imaging at a long
range with small-diameter optics. It recently became an in-
teresting field of research, and two kinds of SAILs, the
side-looking SAIL and the down-looking SAIL, have been
reported®™Y. The side-looking SAIL has the disadvantages
of a narrow footprint, serious phase interferences from
atmospheric turbulence, and mechanical trembling.
Meanwhile, in order to control the phase, some very com-
plicated technology must be used in the side-looking SAIL,
such as a matched optical delay line to guarantee the beat
frequencies from heterodyne to a reasonable range or a
hydrogen cyanide cell to synchronize the initial phasel:Z.
However, the down-looking SAIL significantly relaxes
the difficulties faced when using the side-looking SAIL.

The down-looking SAIL is based on the key ideas of
wavefront transformation and regulation by optical tech-
niques, with a transmitter of two coaxial and orthogonal-
polarization beams, and a receiver of self-heterodyne
detection. In the orthogonal direction of travel, a linear
phase modulation proportional to the lateral distance of
the target point is generated by scanning two cylindrical
lenses with the same curvatures of the wavefront in
reverse. A quadratic phase history centered in the longi-
tudinal position of the target point in the travel direction
is produced by using another two cylindrical lenses with
different curvatures of the wavefront. The image is fo-
cused by the Fourier transform and matched filtering in
the two respective directions. The down-looking SAIL
has as its inherent feature a controllable and changeable
size of the optical footprint, which, together with the
associated imaging resolution, can be, manipulated on a
large scale. Meanwhile, it effectively reduces the influence
of atmospheric turbulence, and simplifies the system
structure. Clearly, the down-looking SAIL would be
appropriate for practical uses.
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In this Letter, we propose the concept of a static-mode
down-looking SAIL based on the previous down-looking
SAILM!, We keep the target and carrying platform still.
Two cylindrical lenses with the same curvatures of the
wavefront are scanned to produce a linear phase modula-
tion. Another cylindrical lens is moved slowly along the
direction of travel to produce a quadratic phase history,
instead of moving the carrying platform. In the labora-
tory, a point image and a 2D image are reconstructed
under simulated far-field conditions with an optical colli-
mator that has a focal length of 10 m. In particular, the
static mode is unique in the down-looking SAIL; it is dif-
ficult to implement in the traditional microwave synthetic
aperture radar (SAR) and the side-looking SAIL.

The schematic diagram of the static-mode SAIL system
is illustrated in Fig. 1. It consists of a transmitter, an op-
tical collimator, a receiver, and a personal computer (PC).
The transmitter is composed of a laser source, a half-wave
plate, lens L1, cylinder lenses L2, L3, and L4, two polari-
zation beam splitters (PBSs, one acting as a splitter, the
other as a combiner), two quarter- wave plates, four mir-
rors, two drive motors, signal generators, and the main
lens. Lens L1 is used to adjust the size of the inner beam.
Cylinder lenses L2, L3, and L4 are placed on the focal
plane of the main lens. L2 and L3 are the a-direction cyl-
inder lenses, and 14 is the y-direction cylinder lens that is
close to L2. The shift of L2 and L3 produces a linear phase
in the orthogonal direction of travel. L2 and L3 have a bias
of pre-arranged shift 5 in order to move the position of
the reconstructed image. L4 is used to generate a spatial
quadratic phase history in the travel direction. The
receiver is composed of a receiving telescope, a half-wave
plate, one PBS, two mini-lenses, a balanced receiver, and a
digitizer. The signal generators in the transmitter and
the digitizer in the receiver are connected and controlled
correctly by the PC.
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Fig. 1. Experimental structure for static-mode down-looking SAIL imaging.

In our experiment, cylinder lens L2 and cylinder lens L3
scan periodically with a fast velocity. Meanwhile, cylinder
lens .4 moves along the y-direction with a slow velocity.
Based on this information, we have the inner optical fields
at the focal plane of the main lens as

63(.73, y:tf,na ts,m)

t t
= Fjrect (;—;) rect ( ;7:) rect ( VIQ;I) rect (Wiy)

T
X exp [_]?(y - vyts,m>2i|7
Y

eL(x, y:tfma ts,m)

73 t
= Eyrect (;—:) rect ( ;77) rect ( Wﬁx) rect (WLU)

% (JJ + U:xtf,n - Sb)2]7 (1)

X exp |:—j

where W, x W, is the size of the inner beam, {;, is the
fast scanning time, v, is the scanning velocity in the
z-direction, and T/ is the scanning period, which begins
at —% and ends at % tsm 18 the slow-moving time, v,
is the moving velocity in y-direction, and the moving time
is Ty, beginning from —% and ending at TT Sy is the dis-
tance between the center of cylinder lens L2 (L3) and the
corresponding propagation beam.

Via an amplified transmission, the inner field is imaged
onto the focal plane of the optical collimator with an am-
plification factor of M = F/f,. The reflected field from a
target element at (z,,y,) was collected by the receiving
telescope, optical hybrid, and the balanced receiver, se-
quentially. The optical power was simply the integration
of the intensity over the receiving aperture. The resulting
photocurrents from the 1 x 2 180° optical hybrid can be
expressed by a radar equation for point targets, as follows:
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where F, includes all factors of transmission, propagation,
and optical-to-electrical conversion.

During the imaging process, the 2D data was first com-
pressed by the Fourier transform before the target fre-
quency was extracted with a band-pass filter. Then, the
2D data was compressed by a match filter with a conju-
gate quadratic phase of the phase history in the travel
direction.

A static-mode down-looking SAIL demonstration with
an optical collimator that has a focal length of 10 m was
designed, and the target and carrying platform are rela-
tively static. A Gaussian beam with a wavelength of
532 nm and a power of 100 mW was used in the experi-
ments. A positive lens with a focal length of 100 mm (L1)
was used to adjust the orthogonal-polarization beams’
size. The focal lengths of the three cylindrical lenses
are all 60 mm, and the size of the lenses are all
14 mm x 14 mm. The scanning velocity of cylindrical lens
L2 and cylindrical lens L3 was 2 mm/s, while lens L4 was
actuated at 0.0025 mm/s. As a consequence, two coaxial
and orthogonal-polarization beams with a spatial para-
bolic phase difference on the focal plane of the main lens
were produced. As illustrated in Fig. 2, the parabolic
phase difference is linear in the fast time direction and
quadratic in the slow time direction. The main lens has
a diameter of ®155.5 mm and a focal length of 500 mm.

The diameter of the Gaussian illumination spot on the
target plane was about 40 mm. The target was placed on
the focal plane of the optical collimator, and the focal
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Fig. 2. The phase difference in the inner optical fields. (a) Orthogonal direction of travel. (b) Travel direction.

length was 10 m. The targets were made of 3M reflective
sheets. The scattered light from the target was collected
and collimated by a 155.5 mm diameter-receiving tele-
scope. Two mini-lenses were placed after the 180° hybrid
to focus the light towards the detectors of the balanced
receivers.

The theoretical resolution in the orthogonal direction of
travel is inversely proportional to the scanning range of
the cylindrical lenses¥. A scanning range of 1.2 mm was
used in experiment, so the corresponding theoretical res-
olution is 0.53 mm. Similarly, the corresponding theoreti-
cal resolution in the travel direction is 0.73 mm under the
moving range of 1.5 mm. A 0.5 mm x 0.5 mm target point
was reconstructed in the experiments. Figure 3(a) shows

orthogonal direction of travel points
orthogonal direction of travel points

the origin return signal, and Fig. 3(b) is the image that is
focused by the Fourier transform in the orthogonal direc-
tion of travel. Figure 3(c) shows a quadratic phase history
along the travel direction. Figure 3(d) is the reconstructed
image, which is consistent with the dimension of the tar-
get. The resulting image has the full width at minimum of
0.8 mm x 1.1 mm, as shown in Figs. 3(e) and 3(f). The
deviation from the theoretical calculation is mainly due
to the nonlinearity of the lens shifting and the phase error
of the inner optical fields. The phase error is caused by the
cylindrical lens aberration and assembly position error.
The imaging experiments of 2D targets were operated
under the same conditions, as shown in Fig. 4. The target
was cut out from a retro reflective material as multi-strips
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Fig. 3. Reconstructed image process of a point. (a) Return signal data. (b) The image focused by the Fourier transform. (¢) Quadratic
phase in the travel direction. (d) Reconstructed point image by matching filtering. (e) Point spread functions in the orthogonal
direction of travel. (f) Point spread functions in the travel direction.
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Fig. 4. Target image of multi-strips. (a) Actual image. (b) Reconstructed image.
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Fig. 5. Target image of planar plane. (a) Actual image. (b) Reconstructed image.

with lengths of 1, 2, 3, and 4 mm and a width of 8 mm, as
shown in Fig. 4(a). The target was mounted on a plate at
a 90° angle to the incidence beam. The reconstructed
image is depicted in Fig. 4(b). Likewise, a reconstructed
23 mm x 20 mm planar plane is also displayed in Fig. 5.
As predicted, the speckle effect is observed here. It is the
residual effect caused by the randomly varied amplitudes
of the returned optical field after random phases were
canceled by the down-looking SAIL mechanism™',

It should be emphasized that the static-mode down-
looking SAIL uses an optical collimator to simulate the
far-field situation due to the limitations of the laboratory
site. The static-mode down-looking SAIL has the ability to
automatically compensate for the influence of atmospheric
turbulence and unmodeled line-of-sight motion, similar to
the previous down-looking SAIL. As a consequence, the
static-mode down-looking SAIL could be used outdoors.

In conclusion, we present a static-mode down-looking
SAIL and its imaging experiments using an optical colli-
mator with a 10 m focal length to simulate the far-field
condition. The resolution is 0.8 mm x 1.1 mm, close to
the theoretical design, and the 2D object is also recon-
structed with a high contrast. Based on this work, we will
develop a spotlight-mode down-looking SAIL, which will
deploy a deflector to point to the target when the flight
platform is moving along the travel direction. Under
that mode, the resolution along the travel direction will
be further improved, and the received power will also
be enhanced.
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