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Abstract—This work presents a novel scheme for a 4-dimensional
(D) frequency modulated continuous wave (FMCW) LiDAR, which
demonstrates an unprecedentedly high velocity sensitivity. This is
achieved by utilizing the driving waveform to minimize the phase
noise originating from the distributed feedback (DFB) laser during
the wavelength sweeping process on the transmitting side, while on
the receiving end, we use a combination of a self-injection-locked
oscillator (SILO) and an avalanche photodiode (APD) with a cas-
caded multiplication layer, to ensure excellent responsivity and
saturation current performance. Comparison is made with a refer-
ence LiDAR system comprised of the traditional radio-frequency
(RF) oscillator with a p-i-n PD at the receiving-end. The results
show that our SILO + APD design provides much better quality
4-D images of slow-moving objects (5 µm/sec) and state-of-the-art
velocity sensitivity. This can be attributed to a reduction in the phase
noise of the down-converted baseband signals, which is beneficial
to the resolution of a small Doppler frequency shift. Furthermore,
the incorporation of a high-performance APD also improves the
contrast ratio between the object and the background pixels. These
improvements offer new possibilities for the development of the
next generation of 4-D FMCW LiDARs capable of simultaneously
providing the absolute 3-D geometric size and small vibration
information.

Index Terms—Avalanche photodiodes (APDs), image detection
systems.
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I. INTRODUCTION

FREQUENCY modulated continuous wave (FMCW) radars
have found applications in various industries, for example,

for velocity measurement in automotive and military sensors
[1], [2], for hand gesture recognition (HGR) [3], and for non-
contact vital-sign monitoring (VSM) in medical applications [4],
[5]. This technique has several unique advantages over other
radar technologies, being able to obtain instantaneous velocity
information for (multiple-) objects and the elimination of the
blind time during operation. However, it is desirable to improve
the velocity sensitivity detection capability of FMCW radar to
meet the requirements for HGR and VSM applications.

Several strategies have been demonstrated to minimize the
influence of the phase noise on small Doppler frequency shifts
(<1Hz) in the received radio-frequency (RF) signal, such as
by the incorporation of an RF self-injection-locked oscillator
(SILO) into the design [5], [6] or improvement of the signal
processing algorithms [4].

However, obtaining real-time 4-D (3D + velocity) images
with an FMCW radar with a compact antenna size remains a
challenge. One of the most effective steps towards attaining such
a goal is development of the FMCW LiDAR architecture, which
merges the FMCW radar with additional electrical-to-optical
(EO) and optical-to-electrical (OE) conversion modules [7], [8],
[9], [10], [11], [12], [13]. 4-D images have been obtained at
the optical wavelength of 1.55 μm using a miniaturized FMCW
LiDAR module containing compact internal optics [14]. These
LiDAR images also usually exhibit much better angular res-
olution in both azimuth and elevation than those of FMCW
radar [7]. In addition, an improvement in the high velocity
sensitivity can also be expected when the central frequency
is boosted from the RF to the optical wave range. Although
the commercially available laser vibrometers have demonstrated
ultra-high velocity sensitivity (∼nm/sec) [15] it is not as simple
to obtain a 3-D profile with absolute distance information from
the interference signal as it is for a static laser.

In order to successfully realize a 4-D FMCW LiDAR design,
it is essential for a wavelength sweeping laser to serve as a light
source. Recently, there has been an increase in demand for 4-D
FMCW LiDARs with a velocity sensitivity as high as that of
the vibrometer, which are capable of simultaneously measuring
the physical parameters and dynamic fine displacement of civil
structures in real time [16].
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Unfortunately, wavelength sweeping lasers tend to suffer from
much larger phase noise and nonlinearity than do static lasers
[17], which can seriously limit their capability to resolve the
small Doppler frequency shifts required for high velocity sen-
sitivity performance. The self-injection-locked (SIL) technique
[18] has been adapted for semiconductor laser applications and
the devices thus designed have demonstrated state-of-the-art
static and instantaneous optical linewidths down to the Hz
level [18], [19], [20]. However, in addition to phase noise from
the laser transmitter side, phase noise from the electrical LO
source during the frequency down-conversion process on the
receiver-end of the LiDAR is also an issue.

In this work, we combine a SILO RF oscillator [5], [6] with
our home-made avalanche photodiode (APD), which has al-
ready demonstrated excellent saturation current and responsivity
performance [21], [22], to reduce phase and amplitude noise
on the receiver-side of the FMCW LiDAR. As compared to
the traditional architecture with a p-i-n photodiode (PD) at the
receiver-end, our unique APD structure shows a high responsiv-
ity, large gain-bandwidth product, and low excess noise under a
moderate (∼mW) optical LO pumping power, which can further
increase the optical power budget and velocity sensitivity of the
FMCW LiDAR system [22]. This breakthrough in the receiver-
end design has allowed us to successfully capture 4-D images
with an unprecedented high velocity sensitivity (∼5 μm/sec). In
contrast to using a SIL laser, which relies on a high-Q optical
cavity in the optical domain [18], [19], [20], it is not necessary to
include a high-Q RF resonator to suppress phase noise in the RF
SILO design. It can thus be implemented as an integrated circuit
(IC) [23] allowing for a compact low-cost package. In contrast
to the reference system which relies upon the traditional p-i-n
PD and heterodyne RF receivers (rather than the SILO), our
LiDAR system can construct much better quality 4-D images of
a slow-moving (∼ 5μm/sec) object, because of the enhancement
of the contrast ratio between the object and background signals in
each pixel. Even when the object is moving at such a low speed,
our new scheme can greatly reduce (by about 50%) the mean
velocity measurement error. The improvement in the baseband
spectra demonstrated by our FMCW LiDAR system opens up
new possibilities for the development of a new generation of
4-D LiDARs capable of providing real-time 4-D images with a
velocity sensitivity as high as that of the state-of-the-art laser
vibrometers.

II. SYSTEM SETUP

Fig. 1 shows the setup of our FMCW LiDAR system. In order
to attain the highest velocity sensitivity, the receiver-end in the
LiDAR must be able to discriminate a small Doppler frequency
shift (fD), down to a level of several Hz. This will be discussed
in more detail later. In addition, for real-time applications, it
is highly desirable to select a small baseband bandwidth (tens
of kHz), to avoid the necessity of using costly high-speed sig-
nal processing ICs in the receiver-end. However, laser flicker
noise becomes a serious issue under low-frequency operation.
A heterodyne scheme is adopted to overcome this problem in our
LiDAR system [21], where the frequency of the FMCW laser for

Fig. 1. The setups for the (a) conventional heterodyne and (b) self-injection
schemes.

sensing an object is up-converted by an additional 2.4 GHz (i.e.,
the intermediate frequency (IF, fIF ) using a single-sideband
(SSB) Mach-Zehnder modulator (MZM), which is driven by a
local oscillator (LO), to avoid the flicker noise.

A comparison is made between the two different types of
designs with photodetectors in the receiver-end. Our home-
made avalanche photodiode (APD) with cascaded multiplication
layers [21] offers superior responsivity and saturation current
performance over that of the p-i-n PDs for FMCW LiDAR
applications [21]. The responsivity performance can be further
enhanced over that reported in our previous work [21], [22] by
replacing the APD with its top-illuminated structure, with a new
flip-chip bonding package, in which the topside contact metal
can serve as an optical mirror to fold the absorption path of
optical signals launched from the substrate side. The dynamic
and static measurement results obtained with this novel device
will be discussed below.

Comparison is made with a high-performance, commercially
available p-i-n PD based Rx (Thorlabs, RXM42AF) device,
which is composed of a high-speed p-i-n PD integrated with
a trans-impedance amplifier (TIA). After passing through the
PD or APD, the signal is down converted to the baseband using
the LO and a quadrature mixer, as shown in Fig. 1(a). Improved
4-D image quality can be expected with the SILO-assisted Li-
DAR system, because self-injection locking makes it possible to
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provide the gain in the signal-to-noise (S/N) ratio [5], [6],
especially for a weak low-frequency signal. To realize RF
self-injection in the receiver-end, the beating signal between
the echo and the reference light is injected into the LO to
modulate the output frequency. In other words, the LO operates
as a SILO, as shown in Fig. 1(b). A frequency demodulator
composed of a mixer and a delay line is then used to extract the
Doppler frequency shift from the LO output signal. The working
principles of our SILO are discussed below.

The IF beating signal in the heterodyne receiver can be
represented by

SIF (t) = AIF cos (ωIF t+ φIF (t)) , (1)

where ωIF, AIF, and φIF are the angular frequency, amplitude,
and phase of the IF beating signal, respectively. It is important
to note that φIF incorporates the phase information of both the
beating frequency and the Doppler frequency shift. In the self-
injection scheme, when the SILO is injected with the IF beating
signal, the output signal undergoes frequency modulation, which
can be described by

ΔωSILO(t) = ωLR sin (φIF (t)) . (2)

Here, ωLR represents the locking range of the SILO which is
given by

ωLR =
ωSILOAIF

2QSILOASILO
. (3)

In (3), ωSILO, QSILO, and ASILO correspond to the angular
frequency, tank quality factor, and oscillation amplitude of the
SILO, respectively. The output baseband signal obtained after
employing frequency demodulation in the SILO, is as follows:

BSI(t) = ΔωSILO(t)τd, (4)

where τd denotes the time delay of the delay line used in the
frequency demodulator. In contrast, the conventional heterodyne
scheme produces the following baseband signal

BCH(t) = AIF e
jφIF (t). (5)

Comparing (4) with (5), we can derive the amplitude gain
achieved through the self-injection scheme:

GB =
ωSILOτd

2QSILOASILO
. (6)

It is worth noting that, by substituting the relevant design
parameters into (6), GB exceeds 30 dB. Such a large internal
gain in the SILO leads to a much better 4-D image quality than
that of the conventional heterodyne receiver as will be discussed
later.

To illuminate the object, a fiber collimator is used to generate
a free-space beam, and a pair of galvo scan mirrors (Thorlabs,
GVSM002-US) is used to scan the beam direction in two dimen-
sions, as shown in Fig. 1(a) and (b). At the output of the fiber
collimator, the beam has a Gaussian diameter of 0.87 mm and
a divergence angle of 0.129°. The scanning mirrors allow beam
scanning with a field-of-view of ±12.5° and a repeatability of
15 μrad. The light reflected by the object is received by the same
fiber collimator, and a circulator is used to redirect the reflected
light toward the photoreceiver.

Fig. 2. (a) I-V characteristics of the demonstrated APD under different input
optical powers (b) bias-dependent O-E frequency responses measured under a
moderate optical pumping power (200 µW) (c) top-views of the demonstrated
APDs before and after flip-chip bonding.

III. RESULTS

Fig. 2(a) shows the bias dependent photocurrent, dark current,
and multiplication gain of the demonstrated APD. Comparison
of the reference top-illuminated APD, which has the same epi-
layer structure (triple M-layer design [21]) as the APD described
in this work shows a significant improvement in the responsivity
(7.7 vs. 10.5 A/W at 0.9 Vbr) while maintaining a close 3-dB
bandwidth value. Furthermore, under 0.9 Vbr, the gain is almost
invariant when the launched optical power ranges between 0.05
to 0.2 mW. This is close to the optimum optical LO pumping
power (∼0.2 mW) level required to obtain the highest S/N ratio.
In contrast to the traditional APD, for weak light applications, the
aim of our APD is to produce high-responsivity and high-speed
performance under a moderate optical LO pumping power,
which is suitable for FMCW LiDAR applications. Fig. 2(b)
shows the bias dependent optical-to-electrical (O-E) frequency
responses measured under the optimal optical power (0.2 mW).
As can be seen, the measured 3-dB optical-to-electrical (O-E)
bandwidth can reach 5.2 GHz with a high-responsivity (5.5
A/W at 0.9 Vbr) and the bandwidth number remains nearly
constant over different bias voltages (0.85 to 1 Vbr). Both
these bias/power insensitive characteristics are indicative of the
high-linearity performance of our APD, which is a key parameter
for FMCW LiDAR applications. For more details about device
performance, the interested reader can refer to our previous work
[21]. The layout of metal pads on the aluminum nitride (AlN)
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TABLE I
BENCHMARK APD PERFORMANCE IN LIDAR APPLICATIONS

Fig. 3. Schematic representation of frequency versus time in FMCW mode.

carrier substrate is illustrated in Fig. 2(c), along with top-views
of the fabricated APD with a 50 μm diameter active optical
window on the InP substrate, and the flip-chip bonding package.
Here, the co-planar waveguide (CPW) structure is adopted on
both the active APD and passive AlN carrier side during the
flip-chip bonding process.

Comparison is made between the performance of our previ-
ously fabricated 200 μm active diameter top-illuminated APD
[21] and the commercially available APDs [24], [25], [26]. As
can be seen in Table I, the multiple M-layer APD outperforms
the APDs obtained from different suppliers [24], [25], [26] with
respect to gain, responsivity, and smaller Vbr, while maintain-
ing a better O-E bandwidth. These results show the immense
potential of our APD design for utilization in LiDAR systems.

To enable simultaneous detection of the distance and velocity
of an object, the FMCW is modulated by a periodic triangular
waveform signal. Ideally, the instantaneous frequency of the
FMCW laser will vary linearly from f1 to f2 and back again
during the intervals of rising (up-chirp) and falling (down-chirp)
frequency, as shown in the schematic representation in Fig. 3.
Part of the FMCW laser output is directly used as the reference
light, while the other part is modulated to produce the frequency
change of fIF before being directed to the object. As shown
in Fig. 3, the difference in the frequencies of the reference and
echo lights is not only the IF, because of the relative delay and
the Doppler shift caused by the objects being tested. Thus, the

frequencies of the beating signals for the up- and down-chirp
intervals are different and are able to reveal information about the
distance and velocity of the objects. Specifically, the frequencies
of the RF beating signal at the two intervals are [27]

fup = fIF − 2 (f2 − f1)

T
Δτ − fD,

fdown = fIF +
2 (f2 − f1)

T
Δτ − fD, (7)

where T denotes the period of the triangular modulation, and
Δτ is the time difference between when the light echo and the
reference light arrive at the receiver. In addition to the intrinsic
time difference Δτ0 caused by some fixed components, the
relative distance L of the object being tested will linearly affect
Δτ . Thus,

Δτ = Δτ0 +
2L

c
, (8)

where c is the speed of light. Assuming that the laser frequency
fc is much greater than the sweep bandwidth f2 − f1, the
Doppler shift is a linear function of the velocity v of the object,

fD =
2fc
c

v. (9)

However, if the laser frequency sweep is not perfectly triangu-
lar, the beating signals for the up- and down-chirp intervals will
not have constant frequencies, making it difficult to determine
the values of fup, fdown and Δτ . The driving waveform must
be pre-distorted for optimal linearity performance. Fig. 4 shows
the linearization process for the FMCW laser [28]. The dif-
ference between the measured and the desired laser frequency
sweep is used to iteratively update the driving signal.

The laser frequency, as shown in Fig. 4, is measured by the
heterodyne scheme; it is revealed by the beating signal of the
FMCW laser and stable narrow-linewidth tunable laser (HP
8167B). The function of the tunable laser is to convert the
frequency of the FMCW laser down to within the bandwidth
of the optical receiver. Thus, the frequency of the tunable laser
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Fig. 4. Laser frequency sweep linearization process.

Fig. 5. Electrical spectra detected (a) before and (b) after the linearization of
the laser frequency sweep.

f0 is set to lower than but close to f1, such that the frequency
range of the beating signal (i.e., f1 − f0 to f2 − f0) falls within
the spectrum of the same side, making detection by a single-PD
feasible.

In the experiments, a 1-kHz driving signal was generated by
an arbitrary waveform generator (Keysight, M8190A). Starting
with the ideal triangular driving signal, only five iterations were
required to obtain the pre-distorted driving signal needed to
reach the best laser frequency sweep linearity, with a sweep
bandwidth B (i.e., f2 − f1) of 13 GHz, leading to a range
resolution of c/(2B) = 1.15 cm [9]. Fig. 5 shows the mea-
sured spectra of the beating signal between the light echo and
reference light obtained before and after linearization of the laser
frequency sweep for a static object. There are two spectral peaks,
at frequencies of fup and fdown, for which the 10-dB spectral
widths are 16 and 18 kHz (as shown in Fig. 5(a)) and 9 and
11 kHz (in Fig. 5(b)), respectively. The significant reduction in
the spectral widths indicates that the linearization of the laser
frequency sweep has been successful. The linearization also
eliminates the undesired harmonics at 2.35 and 2.45 GHz, as
shown in Fig. 5(a), reducing the possibility of misidentification
of fup and fdown.

With the exception of the sweeping laser, the APD operating
conditions, including the bias voltage and optical LO pumping
(i.e., the reference light) power, were optimized to obtain the
best spectral identification for each pixel. Fig. 6(a)–(c) show the
bias-dependent baseband spectra obtained with the self-injection
scheme illustrated in Fig. 1(b), under a fixed optical LO of −5

Fig. 6. Baseband spectra measured at a fixed LO power of −5 dBm and
different reverse bias voltages (a) 0.85 Vbr (b) 0.9 Vbr (c) 0.95 Vbr.
(d) Baseband spectra obtained under an optimized 0.85 Vbr but at a higher
LO power of −2 dBm.

Fig. 7. Signal processing for distance and velocity sensing.

dBm. As can be seen, the 10-dB spectral widths are 5.4, 19, and
11 kHz; the narrowest width is obtained at 0.85 Vbr. The optical
LO power-dependent baseband spectra obtained under optimal
0.85 Vbr APD operation are depicted in Fig. 6(a) and (d). As
can be seen, the spectral widths are about the same, and the LO
power dependency is not very significant. Thus, the lower LO
power (−5 dBm) is chosen for application during measurement
to increase the power budget for ranging.

Fig. 7 depicts the flow of the off-line signal process applied
to obtain the distance and velocity. First, the received in-phase
and quadrature data (I and Q) are recorded by a real-time
oscilloscope (Keysight, DSO81204A) using a sample rate of
250 kSample/s and processed into a single data stream. The
data stream required for the self-injection scheme is derived
from the phase difference between the output of the SILO and
the delayed version, i.e., tan−1(Q/I). The conventional (het-
erodyne) scheme simply requires the complex baseband signal,
i.e., I + jQ.

Theoretically speaking, the spectra of the data streams should
reveal the values of fup and fdown. However, if the fast-Fourier
transform (FFT) is applied to a processed stream, for which
the time length is longer than the modulation period T, the
corresponding spectrum will simultaneously contain multiple
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Fig. 8. Signal processing for distance and velocity sensing. The spectra
obtained during the up- and down-chirp intervals with the (a) conventional and
(b) self-injection schemes.

frequency components. Specifically„ two spectral peaks can be
observed in the negative and positive spectra at frequencies of
f− = fup − fIF and f+ = fdown − fIF with the conventional
scheme. On the other hand, since tan−1(Q/I) is inherently a
real value, in the self-injection scheme, the two spectral peaks
will appear together on each side, i.e., at ±|f−| and ±|f+|.
In both cases, the existence of multiple spectral components
increases the difficulty of obtaining the desired spectral infor-
mation. To clearly identify the frequency differences between the
echo light and the reference light during the up- and down-chirp
intervals, i.e., f− and f+ respectively, the streams during the two
intervals are processed separately. The separation of the spectra
allows for better identification of f− and f+. For example,
look at the spectra obtained when the velocity of the object
being tested is set to 10 mm/s. The spectra during the up- and
down-chirp intervals are plotted in Fig. 8. The FFT interval is
shorter, as depicted in Fig. 3. The single harmonic observed
in each case indicates the successful elimination of multiple
spectral components from the spectra. Using a short FFT interval
makes identification of the spectral information much easier. As
can be seen in Fig. 8(a), the two spectra are asymmetric and have
spectral peaks on different sides. In contrast, the two spectra
in Fig. 8(b) are symmetric. Therefore, the process for finding
f− and f+ includes identification of the up- and down-chirp
intervals from the synchronized data streams. The application
of the FFT to each interval aids in frequency identification of
the spectral peaks. After finding f− and f+, the last step, as
illustrated in Fig. 7, is to calculate the distance and velocity
using (7)–(9).

The capability of the system to simultaneously sense the
distance and the velocity was tested using I, ♥, and U-shaped
targets, which were made from Styrofoam wrapped in retrore-
flective tape, as shown in Fig. 9. The♥-shaped object was placed
on a motorized linear stage which moved at a given speed, while
the I and U-shaped targets remained static. The ♥-shaped object
was moving during the measurement process, but the relative
distances to the I, ♥, and U targets were different, 2, 7, and
12 cm, respectively. Note that the azimuth and elevation for 4D
measurement were obtained by 40 by 40 pixel scanning in this
work.

Fig. 10 shows the measured images of distance and motion
obtained using the p-i-n PD; the ♥-shaped target was moving at
10 mm/s. A side-by-side visual comparison reveals the similarity

Fig. 9. Placement of targets (I, ♥, and U) at a specified distance for testing.

Fig. 10. Images of distance and motion obtained using the FMCW mode with
the (a) conventional and (b) self-injection schemes when the velocity of the ♥
is 10 mm/s.

in performance between the two schemes. Specifically, the aver-
age measurement errors for distance and velocity are about 0.4
cm and 2 mm/s, respectively, for both schemes. The relatively
small error values mean that it is possible to differentiate the
distances and velocities for the three objects. The results confirm
that the distances and velocities can be successfully obtained
with either scheme. Note that some image pixels do not appear
because they have been mistakenly identified as part of the
background, probably because of the less than ideal reflection.
In the experiments, when the frequency of the spectral peak
exceeded the range of the settings, it was regarded as a part of the
background. Specifically, the set range is 3 times the maximum
desired frequency, determined for the farthest object, in this case,
the U-shaped target.

A lower speed (e.g.,≤1 mm/s) is required to test the difference
in the ability to sense the motion between the two schemes.
Fig. 11 shows the motion images measured at 1 mm/s. The visual
results show the speeds of the static objects (I and U-shaped
objects) and the moving ♥-shaped object to be similar; the
average measurement errors for the static and moving objects

Authorized licensed use limited to: National Central University. Downloaded on March 27,2025 at 04:49:13 UTC from IEEE Xplore.  Restrictions apply. 



6670 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 41, NO. 21, NOVEMBER 1, 2023

Fig. 11. Measured images of motion at 1 mm/sec obtained using the FMCW
mode with the (a) conventional and (b) self-injection schemes.

Fig. 12. Schematic plot of frequency versus time in the hybrid FMCW mode.

obtained using the conventional (self-injection) schemes are 0.9
(0.75) and 1.2 (0.73) mm/s, respectively. The inaccuracy of
the results seems to suggest that neither scheme is feasible for
sensing an object at such a low speed. In fact, the limitation for
sensing an object at a low speed is the length of the FFT interval.
Here the length of the FFT interval is T/2 = 500 μs, giving a
spectral resolution of 2 kHz; the Doppler frequency is only 1.3
kHz when the speed is 1 mm/s. Therefore, we suggest using
the hybrid FMCW mode for the 4D measurement detection of
objects moving at extremely low speeds.

The hybrid FMCW mode, see Fig. 12, is designed to generate
an extra duration of constant frequency after several triangular
frequency sweeps. The triangular frequency sweeps are still
used to measure distance, but the velocity is determined by
the constant-frequency duration, in which the frequency of the
beating signal is determined by the speed of the object, regardless
of the distance. When a high FFT resolution is needed for the
analysis of a small fD, the length of the constant-frequency du-
rationT0 can be increased without affecting the distance sensing
while using triangular frequency sweeps. Therefore, as depicted
in Fig. 7, in the hybrid FMCW mode, only the distance need
be calculated during signal processing, the Doppler shift and
velocity are obtained by identification of the constant-frequency
interval, application of the FFT, and frequency identification of
the spectral peak.

The hybrid FMCW mode is applied, with T0 = 0.1 (or 1) sec,
to achieve an FFT resolution of 10 (or 1) Hz during measurement,
with speeds of ≥0.1 (or <0.1) mm/s. Note that for motion
sensing at 0.1 mm/s it is necessary to be able to detect a Doppler
frequency of 130 Hz during the measurement process.

Fig. 13. Measured images of motion at 1 mm/sec obtained using the hybrid
FMCW mode with the (a) conventional and (b) self-injection schemes.

Fig. 13(a) and (b) show the measured images of distance
and motion obtained using the conventional and self-injection
schemes, respectively, with the hybrid driving waveform and
the velocity of the ♥ set to 1 mm/s. Since we still rely upon
the same triangular frequency sweep for detection of distance
in the hybrid mode, the images of distance are similar, in
contrast to those obtained with the original FMCW mode, as
shown in Fig. 11. In fact, the mean distance measurement
errors in Figs. 11 and 13 are all about 0.4 cm, so that we
can properly differentiate the distances of the symbols in the
setup, regardless of which modulation mode and detection
schemes are adopted. However, a comparison of the images
in Figs. 11, and 13(a) and (b), with measurement errors of
0.29 and 0.28 mm/s, respectively, demonstrates a significant
improvement in motion sensing under constant-frequency op-
eration and a longer measurement interval in the hybrid FMCW
mode. The better FFT resolution enables better measurement
of lower speeds and improved sensitivity, for both the con-
ventional and self-injection schemes; see Fig. 13. It is worth
noting that the limited FFT resolution in the FMCW mode
also results in a misjudgment in the motion sensing of some
pixels in the letters I and U, as can be seen in Figs. 10 and 11;
this is not the case in the hybrid FMCW mode.

To examine and compare the abilities of the two schemes for
detection at a very low speed, the♥ symbol is set to move at only
0.01 mm/s. The images of motion are shown in Fig. 14. There are
obviously more measurement errors in the images obtained us-
ing the conventional scheme than with the self-injection scheme.
In particular, the conventional scheme shows few pixels with
correct measurements, leading to an average measurement error
of up to 0.009 mm/s. In contrast, with the self-injection scheme,
measurement errors are relatively low in most pixels, with an
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Fig. 14. Measured images of motion at 0.01 mm/s obtained using the hybrid
FMCW mode with the (a) conventional and (b) self-injection schemes.

Fig. 15. The measured spectra in the constant-frequency intervals at a velocity
of 0.01 mm/s using the (a) conventional and (b) self-injection schemes.

average error is 0.0038 mm/s. This result indicates the much
better measurement accuracy of the self-injection scheme. When
the speed of movement decreases further, the benefit becomes
more pronounced on the receiver side.

For a more detailed comparison of the differences between the
conventional and self-injection schemes, the spectra of some pix-
els selected from Fig. 14 are plotted in Fig. 15. The spectra in the
1st to the 3rd rows in Fig. 15 correspond to the pixels marked with
the symbols ◦, �, and �, respectively, in Fig. 14. The frequency
of the spectral peak indicates the Doppler shift. As shown in
Fig. 15(b), clearer spectra can be obtained with the self-injection

Fig. 16. Measured (a) 3-D location and (b) velocity images at a speed of 0.01
mm/sec obtained using the hybrid FMCW mode, self-injection scheme, and
APD.

scheme, which indicates that it is capable of achieving better
velocity resolution, compared to the conventional scheme; see
Fig. 15(a). The spectra obtained with the conventional scheme
show more and wider spectral peaks, leading to an increased
possibility of measurement error. In contrast, all the spectra in
Fig. 15(b) are all relatively narrow. For instance, look at the
3rd row in Fig. 15. Using the conventional scheme, the power
difference between the two spectral peaks is only ∼0.2 dB but
for the self-injection scheme, the power difference is more than
2.7 dB.

The sensitivity to velocity can be further improved by replac-
ing the p-i-n PD with our novel APD, thereby reducing the phase
and amplitude noise in the detected signals. Fig. 16 plots the 4-D
images measured at 0.01 mm/sec using the APD; the testing
conditions are the same as in Fig. 14(b). The APD decreases the
average error to 0.0033 mm/s; see Fig. 16(b). A comparison of
the differences between the average error in Fig. 14(b) and (b)
indicates that even better performance is obtained with the APD
at a lower speed (0.01 mm/s) than is possible with the p-i-n PD.

Fig. 17 shows the velocity images captured using various ap-
proaches at an extremely low motion speed of 0.005 mm/s. In this
case, the self-injection scheme offers a significant improvement
over the conventional scheme, as shown in Fig. 17(a) and (b); the
measurement errors are 0.0047 and 0.0027 mm/s, respectively.
In addition, a comparison between Fig. 17(b) and (c) shows
measurement errors of 0.0027 and 0.0021 mm/s, which confirms
that the addition of our APD can bring further improvement.
Finally, Fig. 17(c) and (d) compares the hybrid driving waveform
and static laser (without FM), based on the same APD. We
can see that in both cases, the quality of the velocity images is
similar, as indicated by the similar measurement errors: 0.0021
and 0.0022 mm/s, respectively. The similarity in performance
implies that the constant-frequency interval in the hybrid mode
can independently perform motion sensing without being af-
fected by the triangular frequency sweeps. This result indicates
that our 4-D FMCW LiDAR scheme demonstrates a comparable
velocity sensitivity to that of laser vibrometers, which are usually
driven by a static laser under CW operation. Fig. 18 plots
the normalized mean absolute error (MAE) for the measured
velocities for the pixels comprising the ♥-shape obtained under
different measurement conditions, as specified in this figure. The
results agree with the findings illustrated in Figs. 13 to 17, that
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Fig. 17. Velocity images measured at 0.005 mm/sec obtained using the
(a) hybrid mode with the conventional scheme and p-i-n PD, (b) hybrid mode
with the self-injection scheme and p-i-n PD, (c) hybrid mode with the self-
injection scheme and APD, and (d) static laser with the self-injection scheme
and APD.

Fig. 18. Mean measurement error in velocity obtained using the hybrid FMCW
and a static laser.

is, the self-injection scheme does indeed show better sensitivity,
and its superiority becomes more obvious when the speed is
lower. Employing the APD can further improve the low-speed
motion sensing performance.

Furthermore, the velocity sensitivity demonstrated by our
4-D FMCW LiDAR system is comparable to that of a laser
vibrometer with a static laser for the same system. Overall, the
benefits of using a SILO include suppression of the influence of
phase noise in the electrical LO signals on the down-converted
baseband signal, which enhances the Doppler modulation, and
provides a higher gain to amplify the IF signal, as discussed in
[5]. In order to further reduce the phase noise and enhance the

quality of 4-D images, a SIL laser with an extremely narrow
linewidth for wavelength sweeping on the transmitter side of
LiDAR is highly desired [18], [19], [20]. To the best of our
knowledge, the velocity sensitivity achieved here (∼5μm/sec for
4-D images) is the highest reported for the FMCW LiDAR-based
technologies, including for an on-chip silicon photonic platform
with a slow-light grating (75 mm/sec, 400 mm/sec [8], [11]),
or for photonic crystal (19 mm/sec [29]) beam scanners and
phase-diversity coherent detection (1500 mm/sec) [30].

V. CONCLUSION

A novel scheme for a 4-dimensional (D) frequency modulated
continuous wave (FMCW) LiDAR is demonstrated in this work.
We illustrate how the receiving end of this FMCW LiDAR
can provide high-resolution 3-D + instantaneous velocity (4-
D) images with an extremely high velocity sensitivity. This is
achieved by combining a self-injection-locked oscillator (SILO)
and high-performance avalanche photodiode (APD), which si-
multaneously offers high responsivity and a high saturation cur-
rent, for minimizing the phase and amplitude noise, respectively.
Compared to the p-i-n PD receiver, the LiDAR system with the
APD can provide a much better quality of 4-D images with a
higher velocity sensitivity because of the enhancement in the
contrast ratio of each pixel. The velocity sensing sensitivity in
our 4-D image can be further improved by driving our sweeping
laser by a pre-programmed waveform to linearize the optical
chirp waveform and separately measure the depth and velocity
of the object in different time slots (hybrid waveform). Conse-
quently, the SILO system produces a higher velocity sensitivity,
resulting in superior 4-D images of a slow-moving (∼ 5μm/sec)
object, compared to those of the reference image obtained with
the conventional RF receiver. Due to improvement in the ability
of the SILO-based receiving end to reduce phase noise in the
down-converted baseband signals, a minor Doppler frequency
shift can thus be detected with exceptional sensitivity. The reduc-
tion of phase and intensity noise in our FMCW LiDAR system
opens new possibilities for the design of the next generation of
4-D LiDARs.
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