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1. Introduction

High-resolution LIDAR has important applications in scientific
research, industrial production, and unmanned driving[1"4].
There are two common detection methods of conventional
LIDAR, namely, the time of flight (TOF) method and
frequency-modulated continuous-wave (FMCW) method!*®),
Although TOF LIDAR has a relatively simple system structure,
it cannot measure a target in short distance due to its blind spot.
The spatial resolution of TOF LIDAR is determined by the pulse
width and the precision of the timer. Consequently, high-quality
pulse sources with pulse width of a few nanoseconds and high-
precision timers are required in TOF LIDAR systemsm. Besides,
TOF LIDAR is commonly used to detect the distance of a target,
and it is difficult to achieve accurate velocity measurement
simultaneously, such as three-dimensional (3D) coherent
LIDAR™®. The FMCW LIDAR can directly measure the
distance and velocity of a moving target simultaneously and
does not need fast electrical instruments. Further, heterodyne
detection technology is utilized in the FMCW LIDAR, which
can avoid external interference from environment or other
LIDARs. However, the FMCW LIDAR is highly sensitive to
atmospheric turbulence and the speckle noise induced by the
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We demonstrate a high-resolution frequency-modulated continuous-wave dual-frequency LIDAR system based on a mono-
lithic integrated two-section (TS) distributed feedback (DFB) laser. In order to achieve phase locking of the two lasers in the
TS-DFB laser, the sideband optical injection locking technique is employed. A high-quality linear frequency-modulated signal
is achieved from the TS-DFB laser. Utilizing the proposed LIDAR system, the distance and velocity of a target can be mea-
sured accurately. The maximum relative errors of distance and velocity measurement are 1.6% and 3.18%, respectively.
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target’s roughness, which results in lower measurement accu-
racy. Besides, the measurement accuracy of distance and velocity
also depends on the linewidth and modulation linearity of the
light source. Consequently, a high-quality linear frequency-
modulated (LFM) laser with narrow linewidth is essential to
the FMCW LIDAR, which is a very challenging task and leads
to the high cost of LIDAR production!'?),

Dual-frequency (DF) LIDAR can effectively weaken the influ-
ence of atmospheric turbulence and speckle noise. It can also
reduce the difficulty of signal processing compared with the
common single-frequency LIDAR™''~'*]. However, the con-
ventional DF LIDAR is constituted of multiple separate devices,
which is complicated and impracticall’?. Moreover, the DF
LIDAR is mainly used to measure the velocity of a target, and
it cannot achieve the distance information".

In this article, an FMCW-DF LIDAR is demonstrated exper-
imentally based on a monolithic integrated two-section (TS)
distributed feedback (DFB) laser. The proposed LIDAR can
measure the distance and velocity of a target simultaneously.
According to the measured results, the maximum relative errors
(REs) of the distance and velocity are 1.6% and 3.18%,
respectively.
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2. Characteristics of the Two-Section DFB Laser

Figure 1 shows the schematic of the monolithic integrated
TS-DFB laser utilized in the proposed LIDAR. It consists of
two in-series DFB lasers including the master laser (ML) and
the slave laser (SL). The cavity lengths of the TSs L,, and L, both
are 650 pm. The epitaxy of the device is grown by conventional
two-stage metal organic chemical vapor deposition (MOCVD)
on an n-InP substrate. An n-InP buffer layer, an n-InAlGaAs
lower optical confinement layer, an InAlGaAs multiple-
quantum-well structure, a p-InGaAsP upper optical confine-
ment layer, and a p-InGaAsP grating layer are successively
grown on an n-InP substrate in the first epitaxial growth.
Both gratings in the TSs are designed by the reconstruction-
equivalent-chirp (REC) technique with an identical seed grating
period Ay = 256 nm, the REC technique was used to simplify the
fabrication of the gratings of DFB lasers or laser arrays and
enhance the precision of the grating!"*). A conventional
holographic exposure combined with conventional photolithog-
raphy is used to form the sampled gratings. After the fabrication
of the sampled grating, a p-InP cladding layer and a contact
layer are successively regrown over the entire structure in the
second epitaxial growth. Then, a conventional ridge waveguide
p-InGaAs processing is performed, and p-metal contact win-
dows are opened for metallization. The ML and SL are electri-
cally isolated with each other, and their bias currents are labeled
as I, and I,. Finally, both facets of the devices are coated by anti-
reflection (AR) coatings with reflectivity less than 1% to sup-
press the Fabry-Perot modes of the lasers''*),

Through tuning the sampling periods P,, and P;, the lasing
wavelengths of the TSs and detuning frequency can be con-
trolled accurately with deviations less than 0.2 nm™®'”), which
is sufficient for the generation of two modes. Further, by chang-
ing the bias current of ML and SL, we can obtain the required
wavelength difference between the two lasers (i.e., the frequency
of the beat signal generated by the optical heterodyne).

Figure 2 shows the experimental setup for investigating the
performance of the TS-DFB laser. The ML and SL are biased
with constant direct current (DC), and the SL is also modulated
by a radio frequency (RF) signal generated by an arbitrary wave-
form generator (AWG). The light from the laser is spilt into two
beams by an optical coupler (OC). One beam is injected into a
high-speed photodetector (PD) to observe the performance of
the beat signal. The optical spectrum analyzer (OSA) is used
to monitor the optical spectrum simultaneously. Figure 3(a)

Fig. 1. Schematic of the TS-DFB laser.
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Fig. 2. Experimental setup for laser characteristic measurement. AWG, arbi-
trary waveform generator; OC, optical coupler; PD, photodetector; ESA, elec-
trical spectrum analyzer; OSA, optical spectrum analyzer.
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Fig. 3. (a) Optical spectrum of the TS-DFB laser when /s = 50 mA and /,, =
70 mA; (b) optical spectrum when a 7.5 GHz RF signal is applied to the SL.

shows the optical spectra of the TS-DFB laser without RF modu-
lation signal when the bias currents (I,,,, I;) of the ML and SL are
70 mA and 50 mA, respectively. The ML and SL can operate
independently with wavelengths of 1y;; = 1549.44 nm and Ag; =
1549.56 nm, respectively, i.e., the frequency difference of the two
lasers is about Af = 15 GHz. Figure 3(b) shows the optical spec-
trum when the SL is modulated by a 7.5 GHz RF signal, the
power of which remains 10 dBm in our experiment. It can be
seen that several symmetric sidebands are generated on both
sides of the SL frequency, and the frequency of the +2nd side-
band is equal to the ML frequency. Due to the sideband injection
locking technique, the phases of the ML and SL are locked!*®!.
When the light from the laser is directed into the PD, a
15 GHz beat signal is generated. As shown in Fig. 4, when the
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Fig. 4. Spectra of beat signals for the case of SL with and without RF signal
modulation.
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Fig. 5. Spectra of the beat signal with the different RF signals.
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Fig. 6. Time-frequency curve of (a) the RF signal and (b) the beat signal.

SL is modulated by the RF signal, the beat signal is improved
significantly, which is very beneficial to the accuracy of distance
and velocity measurement.

It is found that the ML frequency varies with the frequency of
the +2nd-order modulation sideband in the injection locked
state, i.e., the frequency of the beat signal changes with the
RF signal. Figure 5 shows the spectra of the beat signal, which
varies from 14.8 GHz to 15.5 GHz when the RF signal frequency
changes from 7.4 GHz to 7.75 GHz. Hence, if the RF signal is an
LFM signal, the beat signal is also an LFM signal with high qual-
ity. Figures 6(a) and 6(b) show the time-frequency diagrams of
the RF signal and the beat signal. It is obvious that the RF signal
is an LFM signal with frequency chirped from 7.42 GHz to
7.58 GHz. The RF signal consists of an up-down ramp segment
and a constant frequency segment. The lengths of the two seg-
ments (T, and T,) are both 100 ps. The beat signal is also an
LEM signal, and its frequency changes from 14.84 GHz to
15.16 GHz with the same period as the RF signal. Using the side-
band injection locking technique, the center frequency and the
modulation band of the beat signal are doubled compared with
the RF signal.

3. Experimental Setup and Theory Principle

Figure 7 shows experiment setup of the proposed FMCW-DF
LIDAR. The LFM DF TS-DFB laser discussed above is utilized.
The SL is modulated by the LFM RF signal shown in Fig. 6(a).
The light from the laser is split into two beams by a 50:50
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Fig. 7. Experimental setup for the proposed system. AWG, arbitrary waveform
generator; OC, optical coupler; EDFA, erbium-doped fiber amplifier; CIR, circu-
lator; DF, delay fiber; PD, photodetector; OSC, oscilloscope; PC, computer.

OC. The first beam is directed into a high-speed photodetector
(PD2) as the reference signal. The second beam is amplified by
an erbium-doped fiber amplifier (EDFA), sent to port-1 of a cir-
culator, and then transmitted through a delay fiber and collima-
tor in port-2 to the moving target. The back-reflected light from
the target with Doppler shift is coupled to the circulator by the
same delay fiber and collimator. It should be noted that the mov-
ing target is a mirror on a motorized translation stage, the target
velocity is controlled by the translation stage, and target distance
here is defined by the length of the delay fiber, so we can replace
the distance of the target in space by using delayed fiber of differ-
ent lengths. The back-reflected light is injected to another high-
speed photodetector (PD1) through port-3 of the circulator. The
electrical signals from PD1 and PD2 are acquired by a real-time
oscilloscope (OSC). Then, the signals are digital frequency
mixed and analyzed by a computer.

Figure 8 shows the schematic of the time-frequency domain
diagrams of the reference beat signal, back-reflected beat signal,
and mixing signal of the two signals. The frequency of the refer-
ence beat signal can be expressed as

fi+kt, te0t/2]
fr®)=9 fr—kt, telt/2t], (1)
fi t € [ty,ts]

Reference beat signal

Back-reflected beat signal

Digital mixing signal

Fig. 8. Schematics of the time-frequency diagrams of the reference beat sig-
nal (blue line), back-reflected beat signal (red line), and the mixing signal
(green line).
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where f and f, are the initial frequencies of the up-chirped and
down-chirped segments, respectively, k is the chirp rate
k=2(f,—f,)/T,=2B/T,, and B is the modulation band of
the reference beat signal. The frequency of the back-reflected sig-
nal is expressed as

fl + k(t - T) + (5m - 65)’ te [0,t1/2]
fR(t) = f2 - k(t - T) + (6m - 5s)’ te [tl/z’tI] . (2)
fi1+ =6 t € [tt)]

Here, 7 is the transmission delay of the back-reflected signal
compared with the reference light. The Doppler shifts §,, and &;
depend on the target velocity as &, = 2v,f,,/c and 5, = 2v,f /¢,
where v, is the target velocity, f , is the frequency of the ML, f _ is
the frequency of the SL, and ¢ is the speed of light. Since
fm >fs’5m > 65'

After frequency mixing and lowpass filtering, three low-
frequency components can be obtained from the mixing signal,
which is shown in Eq. (3):

fbu=k7_(5m_5s)
fbd=k7+(5m_ s)' (3)
AS=6, — &,

The distance and velocity of the moving target can be simul-
taneously derived as

4nB
eas " (4)

t = 2af

R = = Dlutfud _ T18f,
2n 8nB
v

where Afy, = (fy, + foa) /2, Af =f,, = = ¢(1/4,, — 1/4),and
n is the optical fiber refractive index. It should be noted that
because the maximum target velocity in this experiment is less
than 2 m/s, the Doppler shift difference Aé is only a few tens of
hertz. Consequently, Ad is far less than f,, and f,; (ie., f}, is
approximately equal to f,;). Since Ad is so small, it is difficult
to measure A accurately in the up—down ramp segment of
the signal, and the constant frequency segment is employed
for the velocity measurement.

4. Experimental Results

Figure 9 shows the measured time-frequency diagrams of the
reference beat signal, back-reflected beat signal, and digital mix-
ing signal when the distance and velocity are set at 2935 m and
0.51 m/s, respectively. It can be seen that the Doppler shift differ-
ence A is close to zero frequency, and f,, is approximately
equal to f;.

To obtain more precise results, the fast Fourier transform
(FFT) method is used to process the signals. Figure 10 presents
the spectra of the digital mixing signals for the measurements of
distance and velocity of the target. According to Eq. (4), the
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Fig. 9. Measured time-frequency diagrams of (a) the reference beat signal,
(b) the back-reflected beat signal, and (c) the digital mixing signal.
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Fig.10. Spectra of the digital mixing signals for (a) the distance measurement
and (b) the velocity measurement.

measured distance and velocity are 2938.71 m and 0.505 m/s,
which agree well with the set value.

To investigate the performance of the FMCW-DF LIDAR,
targets with various distances and velocities are measured,
and the measurement errors and REs are also demonstrated.
Figure 11(al) shows the distance and velocity measurement
results when the distance is changed from 15 m to 2935 m with
a fixed speed of 146.3 mm/s. Figures 11(a2) and 11(a3) show the
distance and velocity measurement errors and REs at different
target distances. The maximum distance measurement error
is 4.63 m when the target distance is set at 1 km. The maximum
velocity measurement error is 0.00132 m/s. The maximum REs
of the distance and velocity measurements are 1.6% and 0.9%,
respectively. Figure 11(b1) illustrates the distance and velocity
measurement results when the speed of the target varies from
7.3 mm/s to 1462.5 mm/s with a fixed distance of 1115 m. In
this case, the maximum distance error and velocity error are
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Fig. 11. Measurement results of the LIDAR. (a1)-(a3) Measured distances and
velocities, measurement errors, and REs when target velocity is fixed at
146.3 mm/s with different distances. (b1)-(b3) Measured distances and veloc-
ities, measurement errors, and REs when target distance is fixed at 1115 m with
various velocities.

4.63 m and 0.00349 m/s, respectively. The REs of the distance
and velocity measurement are 0.14% and 3.18%.

5. Conclusion

An FMCW-DF LIDAR based on a monolithic integrated TS-
DFB laser is experimentally demonstrated. Utilizing the side-
band injection locking technique, the DF TS-DFB laser with
high-quality LEM beat signal is realized, which is employed in
the proposed LIDAR. The performance of the LIDAR is also
experimentally investigated. The FMCW-DF LIDAR can accu-
rately measure the distance and velocity of a target simultane-
ously. The maximum relative measurement errors of the
distance and velocity are 1.6% and 3.18%, respectively.
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