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Abstract—Photonic crystal slow-light gratings fabricated using
Si photonics enable high-speed, high-resolution, and wide field-of-
view two-dimensional beam scanning via the thermo-optic effect. In
this paper, we built a frequency-modulated continuous-wave light
detection and ranging system on a chip by combining a beam scan-
ner with Ge photodiodes for delay homodyne coherent detection.
Emitting and scanning frequency-swept laser beam, point cloud
images of 154 × 32 = 4928 points were obtained. The real-time
operation and velocity imaging were also demonstrated. This device
is expected to detect Lambertian targets over long distances in
the 100-m class by reasonably reducing chip and optics losses and
suppressing internal noise components.

Index Terms—Beam scanner, frequency-modulated continuous-
wave (FMCW), light detection and ranging (LiDAR), photonic
crystal, Si photonics, slow-light.

I. INTRODUCTION

L IGHT detection and ranging (LiDAR) systems, which are
three-dimensional (3D) imaging sensors, have attracted

great attention in conjunction with autonomous vehicles [1].
In general, LiDAR systems for long and medium ranges use a
mechanical beam scanner to send a high-density optical beam
to target objects. In recent years, it has been actively researched
to replace mechanical scanners with nonmechanical solid-state
ones to make LiDAR systems more compact, fast, flexible,
and stable. For example, optical phased arrays (OPAs) [2]–[8]
and focal plane arrays (FPAs) [9]–[11] have been fabricated and
demonstrated using a Si-photonics platform. As an alternative
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approach, we have developed a slow-light grating (SLG) beam
scanner based on photonic crystal waveguides, which can also be
fabricated using Si photonics [12]. It is a waveguide grating that
emits the guided mode as a free-space beam and steers it with
wavelength changes and/or waveguide refractive index changes.
Different from usual waveguide gratings, the beam angle of the
SLG is much more sensitive to the wavelength and refractive
index, due to the slow-light effect. In comparison with OPA and
FPA, SLG alleviates the burden of large-scale integration and
phase calibration of optical antennas while enabling wide-range
and high-resolution beam scanning via the thermo-optic (TO)
effect for a fixed laser wavelength. We have demonstrated two-
dimensional (2D) beam scanning with 40° × 8.8° range, ∼0.1°
beam divergence [13], and 2.7-μs beam switching time [14].

As for range, the popular time-of-flight (TOF) method is
difficult to apply on Si devices because 40–50 dBm order intense
optical pulses used in this method produce the two-photon
absorption in Si even at transparent wavelengths λ> 1.5 μm and
saturate the transmission (Tx) power. As a result, the frequency-
modulated continuous-wave (FMCW) method is frequently used
[6], [11], [15]–[19]. In FMCW LiDARs, frequency-swept laser
light is transmitted to nearby objects, and reflected light is re-
ceived (Rx) in the same device and mixed with internal reference
light (Ref) to produce a beat frequency via delayed homodyne
detection, which provides range information. Since the Tx power
must be suppressed below the eye-safe level of 10 dBm in
this wavelength range, the two-photon absorption that occurs
severely at >20 dBm in Si devices [20] is not considered to be a
problem, even though the account of internal losses of the device
is added to the launched power. Aside from low noise and high
sensitivity, FMCW has negligible crosstalk with ambient light
from the sun, city lighting, other LiDARs, and so on, which
is a significant advantage for stable LiDAR use in complex
environments. Furthermore, FMCW can detect velocity and
vibration based on the Doppler shift of the beat frequency, which
also provides motion information [21].

Visualizing the distance and motion of target objects enables
various applications as illustrated in Fig. 1. TOF LiDARs are
already used in high-end smartphones and tablets for short-range
applications such as identification, capture, and surveying. They
are also beginning to be implemented in autonomous vehi-
cles, drones, and robots. The data acquired by these mobiles
are accumulated for mapping and environmental monitoring.
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Fig. 1. Applications of FMCW LiDAR. SLM, simultaneous localization and mapping; AGV, automatic guided vehicle.

Narrow-view navigation in foggy weather is possible by ex-
tracting the forward image of the desired distance range from
the entire 3D information. Security sensing can track moving
objects thanks to flexible nonmechanical beam scanning that is
unaffected by inertia. FMCW LiDARs can be used for all of
these purposes as well. FMCW’s Doppler shift measurements
add additional capabilities to LiDAR, including infrastructure
monitoring, sound, vibration, and airflow analysis, and watching
and vital monitoring of people.

These advantages become effective when FMCW LiDARs
can be manufactured as easily as TOF LiDARs using a photonic
integration platform such as Si photonics. OPAs and FPAs in
combination with the FMCW optical setup have been reported,
showing point cloud images with hundreds of resolution points
[6], [11]. In the present study, we created an FMCW LiDAR
chip that combined the SLG beam scanner with other required
components, resulting in point cloud images with thousands of
resolution points. This paper describes the details and discusses
the prospects for improving the signal-to-noise ratio (S/N) of
range signals for detection of targets greater than 100 m.

II. DEVICE

The device details and fabrication process were similar to
those in Refs. [12], [13], but with some changes and com-
ponent additions, which are denoted as (C) and (A) in the
following. Fig. 2 shows the top view of the LiDAR chip and
its schematic. The chip was fabricated on a 200-mm-diameter
silicon-on-insulator using a Si-photonics complementary metal-
oxide-semiconductor process, whose feature size was 110 nm.
The thickness of the Si layer was 205–210 nm, lower SiO2

BOX layer 2 μm, and the SiO2 over-cladding ∼2 μm. The
chip included a Si-inverse-tapered spot-size converter (SSC)

endfire fiber coupler, a TO symmetric Mach-Zehnder (MZ)
on/off switch (SW) (A), a homodyne detection circuit (A) with
Ge balanced photodiodes (BPD) (A), left/right TO MZ SW,
a couple of TO MZ SW trees, and p-i-p TO heater-loaded 32
SLGs, all of which were connected by Si wire waveguides and
electrically controlled by external circuits through Al wires and
bonding pads. All the components except for the pads were
cladded with SiO2. The total chip size was 9.1 × 5.5 mm2

(C), which was mainly constrained by the size and pitch of 126
bonding pads; it would be reduced to 5 × 5 mm2 if smaller and
denser pads were available.

For low-loss optical wirings, Si singlemode waveguides of
400-nm width and Si quasi-singlemode waveguides with 3-μm
width (C) were mixed through 50-μm-long adiabatic tapers.
Their propagation losses were measured using a test element
group (TEG) chip and transverse-electric (TE) polarized laser
light to be 3.6 dB/cm and 0.2 dB/cm, respectively (in the follow-
ing, the value for each component was measured similarly). The
TO MZ SW had a TiN heater whose thickness, width, length,
and location were 120 nm, 3 μm, 150 μm, and 1.2 μm above
the Si layer, respectively. The heating power for π-phase shift
was 14 mW, and the rise and fall time constant was 9–10 μs.
As shown in Fig. 2(c), a tapered transition structure [22] was
used for the optical coupling from the wire waveguide into the
SLG, for which the modal transition loss was calculated using
3D finite-difference time-domain simulation to be 0.28 dB (the-
oretical values for other components were obtained similarly)
and measured to be 0.6 dB.

The SLG consisted of a 1.5-mm-long (C) lattice-shifted pho-
tonic crystal waveguide (LSPCW) with a shallow grating. The
hole diameter and pitch of triangular lattice photonic crystal
claddings sandwiching the single line-defect waveguide channel
were targeted at 192 and 394 nm, respectively, and the third-row
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Fig. 2. Fabricated and assembled LiDAR chip of 9.1 mm × 5.5 mm size.
(a) Fabricated chip bonded on Al base. (b) Schematic. (c) Scanning electron
micrograph of photonic crystal waveguide obtained after removing SiO2 over-
cladding. Upper shows SLG, and lower shows the tapered transition structure
without grating. (d) Ge photodiode in a TEG chip.

lattice shift was 100 nm. The group index and working spectral
width of slow light with higher-order dispersion suppressed were
18–22 and 23 nm, respectively. With a grating, the slow-light
mode of the SLG is radiated gradually to the out-of-plane direc-
tion to form a fan beam with the angle θ (taken from normal to the
device surface) and the divergence (full-width at half maximum)
δθ along the LSPCW and the divergence δφ across the LSPCW.
The grating was created by first etching the Si layer shallowly
and then etching the photonic crystal holes perforated. The
grating’s corrugation width and depth were both set at 200 and
8 ± 2.5 nm, respectively (C). The corrugations were aligned so
that they overlapped with the photonic crystal’s even number of
rows of holes and they did not form at the waveguide channel, as
shown in Fig. 2(c). This structure theoretically gives an upward
emission efficiency of ∼60% independently of the direction of
light propagation and a radiation coefficient of ∼100 dB/cm
(corresponding δθ = 0.08°) at λ = 1550 nm. The experimental

δθ distribution is in the range of 0.08°–0.18°, which might be
affected by nonuniformities in the shallow etching.

Each SLG was equipped with a TO heater for beam scan-
ning, which was formed by p-i-p doping into the LSPCW. The
p-dopant (boron) was ion-implanted into the Si layer with a
surface density of 2.0 × 1013 cm−2, and the width of the i-region
overlapping with the waveguide channel was set at 1.6 μm to
suppress the free-carrier absorption loss. The heating current
rose at a voltage V of 7 V, mainly applied to the i-region, and
flew across the waveguide channel with a slope resistance of 290
Ω. For V = 7–32 V, the current and heating power varied in the
range of 0–87 mA and 0–2.7 W (rated power), respectively, and
the beam was scanned by Δθ = 25.2° at maximum from θ =
7.0°–32.2°. By switching the direction of light propagation in
the LSPCW and converting the beam angle by a prism lens [12]
optimized for these θ,Δθ could be doubled up to>50°, although
only a single direction was used in this experiment. In another
preliminary experiment, an increase in δθ heating was observed.
This was caused by temperature nonuniformity near the SLG’s
edges, which caused the beam angle to be slightly disturbed. We
did not form the grating in this LiDAR chip within 100 μm of
both edges, so the increase in δθ was suppressed.

The delay homodyne detection circuit employed a 2 × 2
coupler for dividing input light to Tx and Ref and for guiding
half of Rx light to the subsequent 2 × 2 couplers to mix with
Ref and detect in the Ge BPD, as shown in Fig. 2(d). Since
the on-chip circulator is not available, the first 2 × 2 coupler
caused an essential 3 dB loss for both Tx and Rx. A TO MZ
attenuator (ATT) was used in the reference path to moderately
reduce the Ref power so that the responsivity of Ge BPD was
not saturated. The Ge BPD was selectively grown on a p-doped
Si open window with a thin SiO2 cover. The top of the Ge was
n-doped (phosphorus) and then annealed to remove defects and
activate the dopants. The responsivity and dark current at zero
bias were 0.7–1.0 A/W at λ = 1.50–1.58 μm and <10 nW,
respectively. The responsivity did not increase for bias voltages
from −1 to −3 V, whereas the dark current increased to as high
as 4–250 μA. Therefore, we used the BPDs under zero bias.

After dicing the wafer and polishing the chip facet, the chip
was die-bonded on an Al base and wire-bonded to the surround-
ing printed circuit board, as shown in Fig. 3(a). Polarization-
maintaining core-shrunk single-mode fiber was directly attached
to the SSC with UV resin.

III. LIDAR OPERATION

Fig. 3(b) shows the schematic of the measurement setup.
TE-polarized continuous-wave laser light (λ = 1539 nm) from
a bench-top tunable laser source (Santec TSL-550) was input
into the LiNbO3 in-phase/quadrature-phase (I–Q) modulator
(Thorlabs LN86-14) to produce frequency-modulated light via
the single sideband (SSB) modulation condition, where saw-
tooth frequency-swept signals with a modulation bandwidth B
= 10 GHz and sweep period T = 100 μs were produced using
an arbitrary waveform generator (Keysight M8195A). We con-
firmed that, when compared to double sideband signals, the SSB
signal improved the signal-to-noise ratio (S/N) and suppressed
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Fig. 3. FMCW LiDAR setup. (a) Appearance and (b) schematic. (c) Observed
beat spectrum for the mirror (left), retroreflective sheet (middle), and plaster
(right) as a target.

the fluctuation in the beat spectrum [23]. The light from the fiber
was input to the chip after being amplified by an erbium-doped
fiber amplifier and a band-pass filter (the power launched to the
chip was approximately 5 dBm). The fan beam radiated from the
SLG was collimated in the φ direction by a plano-convex lens
with a focal length f = 50.8 mm. In the first experiment, another
lens of f = 700 mm was also inserted 300-mm away from the
chip to reduce the small divergence δθ to approximately half. The
insertion loss from the fiber to the beam was 15 dB, and therefore,
the Tx power was −7 dBm. The beat signal detected by Ge BPD
between the Rx and power-optimized Ref light was analyzed
by a spectrum analyzer (SPE, Rohde & Schwarz FSW43) after
amplification by a differential trans-impedance amplifier (TIA).
Fig. 3(c) displays an example beat spectrum for a mirror as a
target. The maximum S/N was 71 dB at a distance L = 3.9 m.

In the LiDAR operation, we removed the second lens and
targeted such short distances in the laboratory room. We scanned
the beam in the range of 5.1° × 2.8° with 154 × 32 = 4928
points, recorded the peak intensity and frequency of the beat
spectrum, and constructed the point cloud images. Controlling
the SW trees and SLGs was used to scan the optical beam. The
average power consumption for the eight TO heaters in the SWs
and ATT was less than 60 mW. The p-i-p heater of the SLG was
operated with a voltage range of 7.5–20 V. The corresponding
power range was 0.2–1.4 W, and the average power consumption
was 0.8 W. For the same voltage, the beam angle θ slightly
differed between SLGs because of some nonuniformities. These

Fig. 4. Point cloud images of a tilted board covered with a retroreflective sheet.
(a) Intensity profile. (b) Range profile of 154 × 32 = 4928 points.

TiN and p-i-p heaters were driven and calibrated by op-amps
with digital-analog converters controlled by a personal com-
puter through an analog discovery 2 (Digilent) as a universal
serial bus and serial peripheral interface converter. The SPE
was also controlled by the personal computer via the general
path interface bus. Furthermore, it acquired each frequency in
the SPE using the peak search mode, calculated the range, and
plotted the point cloud image. This series of processes from the
beam scanning to the image acquisition was synchronized and
automatically operated by a Python program. Although S/N =
71 dB was observed for the mirror, the value fluctuated between
different beam angles. S/N was reduced to 16 dB when the
target was changed to a plaster as an approximate Lambertian
scatterer, as shown in Fig. 3(c). For the mirror, the efficiency
η of returned light captured by the reception aperture A of the
device is expressed as η = 10 log10[A/π(Lδθ)2] [dB]. For δθ
= 0.1°, L = 3.9 m and A = 3.47 mm2, which was estimated
from SLG’s effective radiation length, φ-directional divergence,
and lens aperture, η = −16.2 dB. For a Lambertian scatterer,
which is considered as a standard target for LiDARs, η = 10
log10(A/πL2) [dB]=−71.4 dB under the same condition. Taking
into account the linear relationship between the received signal
power and the beat signal intensity in coherent detection, this
comparison shows that Lambertian scatter reduces the S/N by
55.2 dB, which explains the measured S/N well. To compensate
for the severe reduction in S/N, we covered target objects with a
retroreflective sheet (OEALITE AP1000), which improved the
S/N to 44 dB.

Fig. 4(a) and (b) shows the point cloud images of the signal
intensity and range acquired for a tilted flat board. The intensity
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Fig. 5. Point cloud images of a tilted board covered with a retroreflective sheet.
(a) Intensity profile. (b) Range profile of 154 × 32 = 4928 points.

Fig. 6. Realtime operation of LiDAR chip. Range profile of rotating bar of 50
× 32 = 1600 points is displayed as a color tile image, where color shows the
distance from 3.10 to 3.95 m.

on the left side decreased due to an increase in the lens’s colli-
mation error rather than an increase in distance. As previously
reported [21], a prism lens can be used to compensate for this
error. In Fig. 4(b), the distance of the board shifted in steps of
15 mm, which was the resolution of the range determined by
the frequency sweep bandwidth B = 10 GHz. Fig. 5(a) and (b)
shows the point cloud range images of stepwise rectangular rods
and cones, respectively, for which we confirmed 3D profiles.
The rod edges can be further smoothed by calibrating θ for
different φ. Fig. 6 demonstrates a real-time acquisition of 50 ×
32 = 1600 points. In this experiment, field-programmable gate
arrays (FPGA, Xilinx XC7A35T, XC7K325T, and XC7Z020)
were used to perform scan control, spectral analysis, and display
output, respectively. The sweep period was changed to T =
266–96 μs to obtain a framerate of 2.3–6.5 fps, respectively. The
noisy point was increased by 16-bit signal quantization in the
used FPGA, which was less than SPE’s 24-bit, but the rotating
rectangular rod was observed. Furthermore, when the number
of points was reduced to 20 × 16 = 320, a 32-fps operation was
achieved.

Fig. 7. Distance and velocity imaging of rotating turntable. (a) Appearance of
turntable covered with retroreflective sheet. (b) Point cloud image where color
depict the velocity in the direction along the irradiated beam.

Simultaneous distance and velocity imaging were also
demonstrated for the turntable, as shown in Fig. 7. The measure-
ment condition other than T = 64 μs was the same as in Figs. 4
and 5. Here the distance and velocity were obtained, respectively,
from the center frequency and spacing of split beat spectrum
caused by the Doppler shift. As displayed in the color plot, the
velocity was detected only on the sidewall of the turntable except
where the Tx light hit normal to the sidewall.

IV. DISCUSSION

Now we discuss the prospect for the image acquisition
of a standard Lambertian scatterer using this device. The
catastrophic-optical damage power of the chip is 23 dBm,
whereas the launched power was suppressed to 5 dBm. When the
power was increased from this value, the noise floor of the signal
spectrum increased, and the S/N degraded. This, we believe, is
due to the saturation of the BPD response or the reduction of
restricted intensity noise at the balanced detection caused by the
contamination of locally reflected light inside or outside of the
chip. As the evidence for this, we performed a test experiment
of Tx/Rx separate configuration, as shown in Fig. 8. Here, the
modulated light at the eye-safe power of 10 dBm was directly
transmitted to a plaster rod through a simple fiber collimator, and
scattered light was detected by the LiDAR chip at L = 3.91 m
with the reference light input suppressed by a 99:1 fiber coupler
in advance. The S/N of the beat signal reached 29 dB, a 13 dB
improvement over the result shown in Fig. 3(c). When the Tx
power was increased to 17 dBm, the S/N was increased to 36 dB.
The simple increase in S/N with increasing Tx power suggests
that a separate Tx/Rx configuration can suppress contamination.
Furthermore, the separate configuration can help avoid the 3 dB
essential loss at the first 2 × 2 coupler.
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Fig. 8. Test experiment of Tx/Rx separate configuration. (a) Optical setup. (b)
FMCW beat spectrum when plaster rod was used as a target and Tx beam power
was set at eye-safe power of 10 dBm.

TABLE I
ESTIMATED OPTICAL LOSSES

Table I summarizes the optical losses estimated for the com-
ponents, excluding fine Rx beam coupling condition. The Tx
light suffers from 5.6 dB excess loss between the input fiber and
SLG, in addition to the 3 dB essential loss. The SLG adds 5.2
dB caused by the scattering and absorption, downward radiation,
and sidelobes not captured by the collimator lens. Considering
a 1 dB additional loss in the lens, 14.8 dB is totally estimated
for Tx. We assume that returned light is coupled into the SLG
with the same loss as for Tx. Since it is finally detected by the
BPD, 11.7 dB is totally estimated for Rx.

On the other hand, Table II summarizes the expected loss
reduction. First, the essential loss can be neglected by separating
Tx and Rx SLGs. Excess losses of other components can be re-
duced by optimizations and/or different configurations. The fiber
coupling loss has been reduced to 0.3 dB using Si3N4 SSC [24].
The loss of the 1 × 2 and 2× 2 couplers is theoretically 0.05 dB,
and MZ SWs is 0.1 dB. The modified transition between the wire
waveguide and SLG has been reduced to 0.21 dB experimentally

TABLE II
EXPECTED OPTICAL LOSSES FOR TX/RX SEPARATE CONFIGURATION

and 0.12 dB theoretically [25]. The loss of SLG can be reduced
by suppressing the p doping concentration without degrading
the electrical characteristics. The downward radiation loss of
2.2 dB can also be reduced to 0.4 dB theoretically by employing
a unidirectional structure SLG [26]; in this case, separate SLGs
are prepared for left and right propagation. We anticipate that
further grating structure optimizations will suppress the sidelobe
and beam divergence, reducing collimation loss. The Tx and
Rx losses then drop to as low as 3.4 and 3.05 dB, respectively
(reductions of 11.4 and 8.65 dB). For this Tx loss, the light
source output required becomes <14 dBm, considering the
eye-safe power. This value is reasonably achievable in a current
singlemode laser diode. For the reduced Rx loss, S/N for L =
3.91 m in Fig. 8 will be improved to >37 dB, which allows
the longest detectable L to >270 m without margin and >87 m
with a 10 dB margin. Further improvement will be possible by
employing a serial-arrayed SLG configuration [27], in which the
reception aperture is increased effectively without increasing the
loss. In a four SLG array, the S/N has been improved by 12 dB,
which increases the detectable distance to four times.

For the experiment of Fig. 8, the Tx power was 10 dBm, the
capture efficiency η calculated was −71.4 dB, the Rx loss esti-
mated was 11.7 dB, and the measured S/N was 29 dB. Therefore,
the minimum detected signal optical power is approximately
−102 dBm. If this LiDAR is assumed to be used at L = 1 m
in the shortest case, η becomes −59.6 dB, and the detected
signal optical power will be −53 dBm after the loss reduction
in Table II. As a result, the dynamic range is limited to 50 dB,
which prevents saturation in the TIA. The saturation of the BPD
is determined not by such low signal power, but by the reference
power and contaminant components, as previously stated.

V. CONCLUSION

We fabricated Si photonics full-integrated FMCW LiDAR
chip incorporating SLG gratings. The acquisition of 4928 points
in a point cloud image for target objects covered with retrore-
flective film at 3–5 m distances was made possible by non-
mechanical beam scanning with a fixed wavelength laser light
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and TO control of SLGs and SWs. Except for the observation
of a single-pixel FMCW signal and the demonstration using
a mechanical beam scanner, this is the third demonstration
of such a full-integrated FMCW LiDAR chip, including the
nonmechanical beam scanner, following those in Refs. [6], [11].
However, the number of pixels in the image in this study is
much larger than those suggested or reported in these papers,
which is attributed to the high-resolution of the SLG scanner. The
real-time operation with 2.3–32 fps framerates and the velocity
imaging from the Doppler shift measurement were also demon-
strated. By reducing component losses and separating Tx and Rx
SLGs, a practical LiDAR chip usable for Lambertian targets at
a 100-m class distance will be possible. Parallel operation in the
space and/or wavelength domains will enable a higher framerate
while maintaining a large number of image pixels [28].
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