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A specific system structure of down-looking synthetic aperture imaging ladar (SAIL) is given, and a far-field
experiment over 6 km of down-looking SAIL under this system design is carried out. The down-looking SAIL can
overcome the influence of atmospheric turbulence to a great extent. By applying this system design, it also has
advantages in self-compensating phase modulation. A fine image is obtained after aligning in the orthogonal
direction and phase error compensation in the travel direction based on a dominant scatterer. The achieved
imaging resolutions in the two dimensions are both better than 5 cm.
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Synthetic aperture imaging ladar (SAIL) has the capability of getting high-resolution and two-dimensional (2D)
active imaging at a large distance in the side-looking
mode, which has become an interesting area of research.
A number of laboratory experiments and flight demonstration of side-looking SAILs have been reported[1–7].
Additionally, due to the quite large effects of atmospheric
turbulence and the mechanical dither of the platform on
imaging, some compensation algorithms are used to
obtain better imaging results[8,9].
Down-looking SAIL was reported[10] by the Shanghai Institute of Optics and Fine Mechanics, Chinese Academy of
Sciences. In recent years, laboratory and outdoor experiments of down-looking SAIL have been performed by
Luan et al.[11,12]. In 2016, an airborne experiment was done,
and a fine image with high quality and a large field of view
over 3 km was obtained[13]. Based on the principle of
down-looking SAIL, Lu et al. proposed and verified a
static-mode down-looking SAIL[14]. Zhang et al. proposed
a spotlight-mode down-looking SAIL and demonstrated it
in the laboratory[15]. Down-looking SAIL has advantages of
a larger field of view and can overcome the influence of
atmospheric turbulence to a great extent.
In the past, the farthest imaging distance of side-looking
SAIL and down-looking SAIL was about 3 km, and the
best resolution was 5 cm by the Institute of Electrics,
Chinese Academy of Sciences. In a flight experiment by
Lockheed Martin Coherent Technologies, the imaging
distance was 1.6 km, and the resolutions were
2 cm × 3.3 cm[5]. As the imaging distance was far, the
propagation time was relatively longer, the chirp signal
of side-looking SAIL would change, and the echo phase
was unstable due to the severe influence of atmospheric
turbulence.
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In this Letter, a far-field outdoor experiment, whose
imaging distance was over 6 km, was done, and a fine resolution was obtained. The down-looking SAIL was
mounted on a rotary table, and a synthetic aperture
was implemented by the rotation of the rotary table.
The system design of down-looking SAIL could obtain a
very high phase modulation speed in the orthogonal direction, which is very important to high-speed imaging. At
the same time, based on the rotation direction of the
rotary table and galvanometer mirror, side-to-side vibrations of the galvanometer mirror would happen. The
phase modulation module had a good self-compensating
function and could eliminate the vibrational influence.
Due to the self-heterodyne detection, the system effectively reduced the influence from atmospheric turbulence.
However, it was difficult to guarantee the uniform velocity
of the rotary table. This would lead to a lot of changes in
the far field of the light spot and then affect the imaging
quality. Therefore, it was necessary to compensate the
signal based on a dominant scatterer.
A schematic of the down-looking SAIL system is shown
in Fig. 1. The down-looking SAIL, which consists of a
transmitter and a receiver, is mounted on the rotary
table (R), as shown in Fig. 2. The transmitter is composed
of a laser source, one half-wave plate (B1), one phase
modulation module, one rotary table, and a main lens
(M1). The phase modulation module is comprised of
one half-wave plate (B2), four quarter-wave plates
(H1, H2, H3, and H4), two cylinder lenses (L1 and L2),
two polarization beam splitters (PBSs) acting as a splitter
and a combiner, one mirror, and one galvanometer mirror.
The y-direction cylinder lenses L1 and L2 are placed on
the focal plane of the main lens and are used to generate
spatial quadratic phase in the azimuthal direction.
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Fig. 1. Experimental structure for down-looking SAIL.

Fig. 3. Errors of the phase modulation module: side-to-side vibrant angle.

In this situation, the inner optical fields at the focal
plane of the main lens could be expressed as follows:
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Fig. 2. Outdoor experimental photo of down-looking SAIL.

The vibration of the galvanometer mirror is used to
produce sinusoidal-phase modulation in the orthogonal
direction. The receiver is composed of a receiving telescope
(M2 and M3), a half-wave plate (B3), one PBS, two minilenses (M4 and M5), a balanced receiver, and a digitizer.
The digitizer in the receiver is connected to and controlled
correctly by the PC.
The galvanometer mirror, a part of the phase modulation module, is shown in Fig. 3. When the galvanometer
mirror made a sinusoidal vibration, its maximum
vibrational angle was Ain , and its frequency was f . The
rotation direction (y-direction in Fig. 1) of the downlooking SAIL would generate a side-to-side vibration.
The side-to-side vibrational angle was normally quite
small, as shown in Fig. 3, and was named θ. Lv was the
distance from the base of the galvanometer to the bottom
of the optical spot.
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Here, Lin
x × Ly is the size of the inner beam, t f is the fast
scanning time, T f is the width of the sampled time in the
orthogonal direction, ðx þ x l ÞAin sinð2πf t f Þ is the phase in
the x-direction relative to the x-position, x l is the moduin
lating position, with x l > Lin
x ∕2, and R1 is the equivalent
quadratic radius of curvature.
Through the transmitting lens, the optical field on the
target could be amplified with an amplification factor of
M ¼ Z ∕F M , where F M is the focal length of the main lens,
and Z is the imaging distance. The reflected field from a
target element at (x p , y p ) was rotated 45° by the half-wave
plate (B3) through the PBS, split into two channels by a
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1 × 2 180° optical hybrid, and then injected into the balanced receiver.
The photocurrents resulting from the 1 × 2 180° optical
hybrid could be expressed by a point-target radar equation, as follows (written in plural form):
eðx p ; y p ; t f ; t s Þ
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Fig. 4. Simulation results: (a) compressed image in the orthogonal direction and (b) the imaging result.

(3)

Here, c0 includes all the factors of transmission, propagation, and optical-to-electrical conversion. R1 ¼ M 2 Rin
1,
in
in
in
A ¼ A ∕M , Lx ¼ M Lx , Ly ¼ M Ly , and t s is the sampled
time in the azimuthal direction from −T s ∕2 to T s ∕2, t τ ¼
2Z ∕c is the time delay in the far field. When t r F s < 1,
which means the discrete time number of the time delay
is less than 1 point, the time delay can be neglected.
From Eq. (3), the vibration error was eliminated.
The image was focused by the Fourier transform in the
orthogonal direction after linear processing and matched
filtering in the azimuthal direction, as follows[16]:
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α ¼ sin πf ðT f ∕2 − t τ Þ þ sin πf ðT f ∕2 − t τ Þ
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Values

Wavelength λ

1030 nm

Vibrant angle

7°

Beam diameter

4 m×4 m

Vibrant frequency

760 Hz

Focus length of launch/
receive lens

1.2 m

Imaging distance

6800 m

The rotation speed of the
rotary table

0.1°∕s

Modulation length

5 mm

Sampled frequency in orthogonal
direction

31.25 MHz

Sampled frequency in azimuthal
direction

1520 Hz

Cylindrical lens focal length
Range × Azimuthal resolutions
Laser power

Here,


Table 1. System Parameters of Down-Looking SAIL

Sampling duty cycle

60 and −60 mm
28.8 mm × 21.9 mm
30 W
58.91%

∕T f (5)

is the frequency linearity, and ϕ is a constant obtained
through linear processing. ⊗ represents the convolution
operation.
The simulation results are shown in Fig. 4. Four
points were simulated, which were (−100, 0), (0, 0),
(50, 0), (0, 100), and (0, −50). The simulation parameters
are same as those in the outdoor experiment and are presented in Table 1. As t τ ¼ 2Z F s ∕c ¼ 1417 ≫ 1, the time
delay must be considered. Figure 4(a) is the compressed
result in the orthogonal direction in consideration of
the time delay, and Fig. 4(b) is the imaging result after
two-dimensional compression.
In the outdoor experiment, as the forward and reverse
data were both used when the galvanometer mirror
vibrated, the sample frequency in the azimuthal direction

was double the vibrant frequency. The specific parameters
are shown in Table 1.
As the distance between the mirror and the modulation
module was very close, the beam passed through the cylindrical mirror two times; therefore, Rin
1 was a quarter of the
focal length.
According to the principle of down-looking SAIL, the
far-field phase of the optical spot was the projection of
the inner optical field with amplification factor M ; therefore, the small jitter of the transmitting terminal and the
small changing of the rotation velocity would cause a great
change of the phase in the far field. At the same time, a
longer distance needs more propagation time, during
which the phase was more sensitive to the atmosphere.
The processing procedure was as follow: (1) compressed
in the orthogonal direction, (2) aligning in a line based
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on a dominant scatterer, (3) calculating the phase errors
function from the dominant scatterer, (4) making the
phase errors compensate the original signal, and
(5) compressed in the travel direction.
As Fig. 5(a) shows, four optical corner cubes are put
in a cystosepiment as the target, which is placed on
the building over 6 km. As previously mentioned, the
time delay must be considered. The distances between the four optical corner cubes are also shown in
Fig. 5(a). Figure 6 is the imaging result with compensation
in the orthogonal direction. Obviously, Fig. 6(b) is
aligning in a line. The imaging result after compensation
based on a dominant scatterer is shown in Fig. 5(b),
indicating that the resolutions for the two directions were
both better than 5 cm.
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In conclusion, the far-field (> 6 km) outdoor experiment
of down-looking SAIL using the system design proposed in
this Letter is demonstrated, and this design has a selfcompensating phase modulation function, which eliminates
the vibrational error of the galvanometer mirror. At the
same time, it proves the advantage of down-looking SAIL
in overcoming atmospheric turbulence. The resolutions in
two dimensions are both better than 5 cm. Down-looking
SAIL, which is a remote and high-resolution imaging technique, has great application prospects.
This work was supported by the National Natural Science Foundation of China (Nos. 61605226 and 61505233)
and the Shanghai Astronomical Observatory, Chinese
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Fig. 5. Optical corner cube target and imaging result of downlooking SAIL over 6 km: (a) the optical corner cubes and (b) the
imaging result.

Fig. 6. Compressed image in the orthogonal direction over 6 km:
(a) without alignment and (b) with alignment.
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