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A scanning three-dimensional coherent laser radar (ladar) based on the frequency modulated continuous wave
(FMCW) is proposed and demonstrated, which can obtain many three-dimensional high-quality images. The
system utilizes an electro-optic modulator and an optical filter to output a linear FMCW with a bandwidth of
2 GHz. The flexible and variable rotating double prism is used for beam scanning. The images of flight dem-
onstration are formed by attitude compensation correction. The experiment result validates the performance of
our system for airborne three-dimensional scanning imaging.
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Laser radar (ladar) has large technology advantages
on distinguishing, classifying, and acquiring targets.
Many countries spent a lot of manpower and financial
resources to research ladar technology, and various three-
dimensional (3D) ladars are developed®?. They are usu-
ally divided into the intensity direct-detection type and
the heterodyne detection type. The former is using inco-
herent pulse light and detecting the target echo intensity
with the photodetector directly. The typical incoherent
3D ladar is based on the time of flight (TOF) method29.
Many fields, like an unmanned aerial vehicle and auto-
matic drive, have launched many types of productsZ. This
technology is simple and mature. However, the following
problems still exist: (1) anti-jamming problems, suscep-
tible to ambient light interference and interference be-
tween ladars; (2) detection distance problems, low
detection sensitivity and long-range detection requiring
a large transmitting power; (3) scanning problems, poor
compatibility with optical phased array (OPA) solid-state
scanning, seriously affecting the detection distance. How-
ever, the coherent heterodyne detection type has many
advantages, which can suppress background noise, has
strong anti-jamming ability, can effectively improve the
signal-to-noise ratio (SNR), and can obtain multidimen-
sional information, including distance, speed, polarization,
ete. In recent years, it has been extensively researched and
applied in the field of target detection, recognition and im-
aging, such as synthetic aperture ladar (laser SAR)E2
and coherent ranging velocimetry lidar™.

In recent years, a 3D coherent lidar based on pseudo-
random coding is implemented for 500 m distance outdoor
imaging. In addition, ladar based on the frequency
modulated continuous wave (FMCW) is widely used
for distance measurement, Pearson et al.’¥ use the
sawtooth-like FMCW to realize outdoor 3D coherent laser
imaging. However, most of the experiments introduced
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above are conducted in the laboratory with a stable
optical table and close distance. These experiments are
basically carried out under ideal conditions with static ob-
jectives. The short-range and static experiments do not
raise high requirements for the laser coherence. Therefore,
there are more challenges needing to be explored and re-
solved in real environments on airborne coherent scanning
imaging. They include the high coherence requirement of
the laser source from long-distance detection, and the
attitude compensation imaging algorithm for airborne un-
stable platform motion. Although many lidar transmitters
use an electro-optic in-phase/quadrature (I/Q) modulator
to realize carrier-suppressed complex optical field modula-
tion™, its implementation is relatively complex.

In this Letter, we present an airborne coherent 3D ladar
system based on FMCW. The system uses an electro-
optical modulator and an optical filter to achieve a large
bandwidth and high-quality laser. The rotating prism
scanner is used for two-dimensional space scanning with
different patterns, which is more reliable and flexible than
the one-dimensional common mechanical scanner. The 3D
imaging experiment outdoors and airborne platform at
900 m is conducted to validate the effectiveness of the
system. Attitude data, which is collected by an inertial
navigation system (INS) in the airborne experiment, is
used to correct the platform attitude errors.

The setup of the 3D coherent ladar system is shown in
Fig. 1. The system consists of the FM laser, erbium-doped
fiber amplifier (EDFA), transmitter and receiver, optical
scanner, polarized optical hybrid, analog-to-digital con-
verter (ADC), and signal processing modular. The FM la-
ser is generated by an electro-optical modulator and an
optical filter. The electric-optical modulator is modulated
by the radio frequency (RF) amplifier signal, which is a
mixing signal of the sine baseband signal and the linear
FM signal, and the bandwidth of the modulated laser
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signal is 2 GHz, corresponding to 7.5 cm resolution. The
EDFA is used to amplify the laser power. The power of
the transmitted signal is 1.8 W with a 50 mm emitting/
receiving aperture. A rotation double prism for the optical
scanner is used to control the beam scanning. The trans-
mitter and receiver module consist of a splitter, circulator,
and telescope, and this is a common transmitter and
receiver optical path structure. The FM laser signal am-
plified by the EDFA is divided into two parts by the split-
ter. One enters into the transceiver chain to illuminate the
target and receive the diffused echo, and the other goes
into the polarized optical hybrid as the local oscillator
(LO). The echo is divided into polarized orthogonal beams
and amplified through heterodyne receiving with the LO,
respectively. Balanced photodetectors and high-speed
ADCs are utilized to obtain the real digital signals.
Further data processing could obtain distance and veloc-
ity information of the target.

The laser seed source of the above system is a low noise
laser with a wavelength of 1550.148 nm. The phase modu-
lator is a lithium niobate electro-optic modulator with a
bandwidth of 10 GHz, and the optical filters are thermally
tunable fiber Bragg grating (FBG) filters with an annulus.
The tunable central wavelength ranges from 1549.8 to
1550.12 nm. In addition, the linear FM generator, EDFA,
coherent optical receiver, and double prism scanner are
homemade.

In this Letter, we propose to utilize an electro-optical
modulator and an optical filter to produce a linear FMCW
laser signal. The driving signal of the electro-optic modu-
lator is the mixing of the sine RF signal and the FM signal.
As illustrated in Fig. 1, the output optical field of the laser
can be expressed as

Eout = EO exp[j27rw0t —l—j(p(t) +j¢l}v (1)

where E is the electric field intensity, @y is the carrier fre-
quency of the seed laser, ¢(t) is the modulated phase of the
electric-optic modulator, and ¢; is the initial phase.

The driving signal of the electro-optic modulator is the
mixing of the sinusoidal RF signal and the FM signal.
It can be written as
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Fig. 1. Block diagram of the proposed linear FMCW ladar
system.

V(t) = % V,V,sin [zn(wf +ot L t) t} 2)
where V is the sine RF signal amplitude, oy is the fre-
quency of the sinusoidal RF signal, V; is the linear FM
signal amplitude, w; is the low cutoff frequency of the
FM signal, wy is the high cutoff frequency of the FM sig-
nal, and ¢ is the linear frequency modulation time. The
above voltage is used to modulate the electro-optical
phase, where the parameter w; is used to control the start-
ing chirp frequency and make the optical signal be filtered
effectively. After modulation, the output optical signal
can be expressed as

Eout
= Fyexp {j27m)0t + jpsin |:27r (w t+ wf) tj| + j¢z} )
T
3)

where f# = 0.5z V V;/ V., and V, is the half-wave voltage
of the electro-optical phase modulator. We do a Bessel
function expansion for the above exponential function.
The function can be written as

Eout
(s o]

= EoJo(B)exp(i2nmot+igy) + By Y (—1)"J . (8)
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(4)

where J,,(f) is the first kind of Bessel function of the mth
order, f§ is the modulation index, the first term on the right
side is the carrier term, the second is the lower sideband
term, and the last is the upper sideband term.

Then, the output signal F,,; from the electro-optical
phase modulator is filtered by the optical filter. So, the
output signal from the optical filter is the required order
sideband signal. In this Letter, the second-order sideband
signal is used, and the other-order sideband signal is
filtered out. When m =2, the output signal can be
obtained as

Eout:E0J2(ﬁ)eXP{j2ﬂ[0}0 +2(wHTth+wf)] H‘f‘ﬁz}-
(5)

The frequency spectrum of the RF signal driving the
electro-optic modulator is 4.7 to 5.7 GHz, as shown in
Fig. 2(a). Figure 2(b) is the frequency noise spectrum
and linewidth of the linear FM laser. Among them, the
blue curve is the frequency noise spectrum, and the green
line is the condyle-dividing line. According to Domenico’s
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Fig. 2. (a) Frequency spectrum for signal driving the electro-op-
tic modulator and (b) frequency noise spectrum and linewidth of
the linear FM laser.

p algorithm, the integral linewidth corresponding to differ-
ent observation times can be calculated by the frequency
noise spectrum. The result is the green discrete point in
Fig. 2(b). From Fig. 2(b), the linewidth of the laser is
about 8 kHz. The frequency noise spectrum is measured
by a laser noise tester. The measurement principle is
described in Ref. [18].

For the 3D coherent ladar system based on FMCW
technology, the core content is the range measurement
by coherent detection. The coherent detection is realized
by a polarized optical hybrid, and the return and local
beams are mixed by the polarized 2 x 4 90° optical hy-
brid22 and the balance detector to obtain the heterodyne
signal. By use of an optical 2 x 4 90° hybrid®2) the
optical phase difference between the two beams can be de-
tected as the real and imaginary parts of a phase complex
exponential. In the following digital processing, the phase
complex exponential can be easily evaluated by

i(t) ~ ErpFEyg exp{j{27r|:(w0 + 2wy) - (A1)

_wm't}}}’ (6)

where At is the time of the laser flight time, and the time is
related to target distance and velocity. Therefore, the
up-ramp frequency can be written as

= [ 20 (%) - 5% (7)

? t c

where B = 2wy — 2wy, is the modulated bandwidth of the
FM laser, c is the speed of light, v is the speed of the mov-
ing target, and z is the distance between the ladar and tar-
get. In practical applications, there are many kinds of
modulated transmitting waveforms to realize distance

measurement, such as triangular modulation™, isosceles

trapezoid modulation?, and right angle trapezoidal
modulation. The isosceles trapezoid waveform consists
of three segments: up-ramp chirp, down-ramp chirp,
and constant frequency. The three segments information,
which is redundant, can also be used to obtain an accurate
moving target distance and speed. We use the isosceles
trapezoid modulated waveform in our experiment, and

the down-ramp frequency can be written as

famn =0+ 20) (%) 452 ®)

c t c

The final target distance is

o ct fdoum_fup
“ToB 2 ©)

The other two-dimensional coordinates of the 3D infor-
mation are generated by an optical scanner, including
electro-optical scanner, acousto-optic scanner, liquid
crystal display (LCD) scanner, universal rack scanner,
rotation double prism scanner, and so on. The electro-
optical scanner, acousto-optic scanner, and LCD scanner
are not a wavefront reproduced scanner, and they will re-
duce the beam transmittance, so they are not suitable for
applications with high wavefront and high energy require-
ments. The universal rack scanner is generally large in size
and weight, and its disadvantage is poor dynamic perfor-
mance. It is difficult to achieve high-precision beam scan-
ning. The rotating double prism scanner? has a stable
mechanical structure and can achieve high scanning pre-
cision and small space occupation. Scanning anywhere in a
specific cone can be achieved by simply and flexibly con-
trolling the angle of rotation of the two prisms.

In practical applications, the beam scanning range
within the time of laser flight cannot exceed the received
field of view (FOV). Therefore, when the received FOV
and the working distance are constant, the range of the
beam scanning area must be adjusted to match the contra-
diction between the scanning speed and the angle of view.
Rotating double prisms only requires a simple control of
the speed and relative angular difference between the two
rotating prisms to achieve a flexible scanning area. It is
very convenient for different occasions.

The airborne 3D scanning coherent ladar is affected by
the attitude of the airborne platform. In order to improve
the accuracy of the 3D terrain elevation, the real-time at-
titude data is collected by an INS, including pitch angles,
roll angles, heading angles, and the global positioning
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Fig. 3. Coordinate-system transformation.

system (GPS) position information (longitude, latitude,
altitude) of the platform. The processing of airborne ladar
is as follows. The laser scanning instantaneous coordinate
system is generally used. When the distance between the
laser beam and target at a certain instant is z, the coor-
dinates of the beam in the instantaneous laser beam coor-
dinate system are (zgz,ysz, 25;) " It can be written as

sy, 0
e |-[o) (10
2SI, z

The laser scanning coordinate system is used to describe
the scanning of the rotating double prisms. Three attitude
angles [roll angle (R), pitch angle (P), and heading
angle (H) of the aircraft platform] are measured by the
INS. Generally, the inertial platform reference coordinate
system is adopted. Furthermore, it is transformed into a
horizontal reference coordinate system. The coordinates in
the horizontal reference frame are (g, yrm, 2ry) "

detection with a 2 mW LO. The extended fiber distance
is 1478.84 m. The coherent signal is collected for 4000 times
each time, and the probability of detection is counted. The
relationship between the signal power and the SNR is
shown in Fig. 4(a). When the SNR reaches 10 dB or more,
the detection probability reaches 100%, and the echo power
at this time is about 1 pW. The detection accuracy
measured by the experiment reaches 0.1 m.

Then, the Fourier transform is performed on the coher-
ent detection signal with a received power of 0.6 pW, and a
3 dB signal resolution of 5 kHz is obtained. The corre-
sponding chirp time is 1/3 ms. The modulation bandwidth
is 2 GHz. So, the actual resolution is 0.125 m. The process-
ing result is as shown in Fig. 4(b).

Then, in order to demonstrate the ability of the 3D co-
herent ladar system, we carried out the 3D imaging experi-
ment outdoors. The laser emitter of the system includes a
rotation double prism, as shown in Fig. 5(a). The optical
aperture is 50 mm. The max scanning angle of the rotating
double prism is 50°, and the different speed ratios of the
two rotating double prisms can be controlled to realize dif-
ferent scanning patterns. The scanning speed ratio of the
two prisms is 720:1 in experiment, and the scanning pat-
tern is as shown in Fig. 5(b). The distance of the target is
100 m to 1 km. Figure 6(a) shows the real photo of the
outdoor target scene, where the maximum distance is
up to 1 km. The scanning time is 6 min. The angular res-
olutions in the azimuth and elevation directions are about

Trg zsingsin@cos H cos P+ zsingcos6 (cos H sin Psin R+ sin H cos R) + zcos @ (—cos Hsin Pcos R+ sin Hsin R)

Yo | =

—zsingsinfsin H cos P+ zsingcosf (cos H cos R —sin H sin Psin R) + zcosg (sin H sin Pcos R+ cos Hsin R)

ZLy zsingsin@sin P — zsingcosfcos Psin R+ zcosgcos Pcos R

(11)

Then, the coordinate is further transformed into the local vertical reference coordinate system, the World Geodetic
System-84 (WGS-84) coordinate system (g, ysa, 2s1) - The block diagram of coordinate transformation is shown in
Fig. 3. Finally, the 3D coordinates of the terrain elevation can be obtained as follows:

Tyg —xpycos Lsin M — ypgsin L — zpy cos Leos M + (N + H) cos M cos L
Yus | = | —zpgsinLsin M + ypycos L— zpgsin Leos M + (N + H)cos Msin L |. (12)
248 ILHCOSM—ZLHSinM+[N(1—€2)+H]SiIlM

In the above formula, N = a/V'1 — e’sin’M is the ra-
dius of curvature of the ellipsoid prime vertical circle.
a is the radius of the ellipsoid length. e is the first eccen-
tricity of the ellipsoid. L, M, H are the longitude, latitude,
and height of the aircraft, respectively.

The following content is the verification test of the coher-
ent ladar system. Firstly, we estimate the sensitivity, range
accuracy, and resolution of the ladar received system. Fiber
extensions and attenuators are used to obtain tunable
power of the optical signal and carry out heterodyne

31 prad. The distance of the tallest building on the picture
is about 500 m, and the target scene contains a lot of
buildings and trees. Figure 6(b) shows the 3D point cloud
image using the coherent ladar system, and the number of
the point cloud is 360,000. From Fig. 6(b), the buildings
and trees from different distances are rebuilt clearly.
These imaging results were obtained in the morning of
a clear day in late June 2018. The optical collimator is
facing the sun. The background light from the sun is
quite strong. This shows that the coherent ladar has
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Fig. 4. (a) Relationship between the signal power and the SNR
and (b) result of the frequency resolution measurement.

the largest advantage of anti-interference from the back-
ground light.

In the above-mentioned outdoor 3D coherent ladar
imaging experiment, the feasibility of the 3D coherent
imaging is verified. The ladar system is stationary.

Afterward, we carried out an airborne flight experiment
with flight height of 900 m. The flight path of the aircraft
is a circular track of several kilometers, over the ground of
natural buildings, lakes, hills, etc. The 3D coherent ladar
system is installed on the Y-5 aircraft, as shown in Fig. 7.
Figure 7(a) shows the aircraft in flight, and Fig. 7(b)
shows the coherent ladar system installed in the cabin.
The 3D coherent ladar is installed in the belly position,
and the beam is perpendicular to the bottom of the cabin
to illuminate the ground target. During the experiment,

(b) 500

50056 0 500

Fig. 5. (a) Rotating double prisms and (b) its scanning pattern
in experiment with 1 km distance.

pasy

Fig. 6. Photo of the target scene outdoors and the 3D imaging
result.

Fig. 7. Installed 3D coherent ladar system. (a) Flighting Y-5
aircraft and (b) the installed system viewed from inside.

the flight speed of the aircraft is about 50 m/s. Meanwhile,
the scanning pattern of the rotating double prism that was
used is circular.

Figure 8 shows the satellite image, and the yellow
marker is the flight trajectory. The airborne scanning an-
gle in the experiment is 4°, and the speed ratio of 1:1 is
used for the rotating double prism. So the narrow band
along the flight path is scanned and imaged. There are
high-rise buildings, rivers, bridges, hills, etc. Figure 9 is
part of the imaging results of the airborne ladar flying
along the narrow band. Figure 9(a) shows the satellite
picture (left) and imaging results (right) with two large
spherical buildings and a tower. Figure 9(b) is a row of
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Fig. 9. Imaging results of the airborne ladar.

continuous square buildings (left) and imaging results
(right). The scanning time of the two images is about
4 s, and the number of the point cloud is 4000.

The airborne 3D coherent ladar based on the broadband
linear FMCW technology and rotational double prism
scanning and the corresponding 3D imaging results are re-
ported in the Letter. The system utilizes an electro-optic
modulator and an optical filter to achieve linear FMCW
with 2 GHz bandwidth. A set of rotational double prisms
is used to obtain the reliable, flexible, and convenient
beam scanning. The attitude data is collected and cor-
rected to reconstruct high-resolution images for the
long-distance airborne 3D coherent ladar. The image re-
sults verify the feasibility of the system. This 3D coherent
ladar system uses 1 kHz pulse repetition frequency (PRF)
and polarized optical hybrid. The point clouds are rela-
tively sparse. In the next stage, we will study the imaging
of the dual polarization imaging and further improve
the PRF.
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