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ABSTRACT Pulsed light detection and rangings (LiDARs) are widely utilized in various applications such
as navigation, robotic, and remote sensing for their high distance resolution, accuracy, and speed. When
multiple echoes are received either from interferences or under harsh environmental conditions, conventional
pulsed LiDARs fail to extract the distance information out of received signal. To overcome this problem,
this paper introduces a multi-event detecting pulsed LiDAR that delivers multiple distance and intensity
information when multiple echoes are received. The proposed system comprises an analog front-end (AFE),
a timing discriminator with 8 comparators, a multi-event detector, and a time-to-amplitude converter (TAC)
for the timing circuit, capable of capturing the distance and intensity information up to four echoes. For
quantification, experiments based on multiple echoes with multiple local peaks are conducted using an
electrical model generated from real situation. Each event delivers 3-bit intensity information, and the
measured distance information with a 10-bit analog-to-digital converter (ADC) exhibits the time resolution
of 146.5 ps and the integral nonlinearity (INL) of 1.17 LSB.

INDEX TERMS Pulsed LiDAR, multi-event detection, multiple echoes.

I. INTRODUCTION

Light detection and ranging (LiDAR) is a distance sensor
widely used in various fields such as terrain visualiza-
tion, augmented vision, reconnaissance, pedestal detection,
unmanned aerial vehicles (UAVs), automobile auxiliary
driving, smart robots, and more [1], [2]. LiDARs can
be classified into two types: continuous-wave and pulsed.
Frequency modulated continuous-wave (FMCW) and ampli-
tude modulated continuous-wave (AMCW) are two different
types of continuous-wave LiDARs [3]. Pulsed LiDARs are
commonly employed on modern outdoor LiDAR systems
over continuous-wave LiDARs for their lower complexity,
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high resolution, high accuracy, and fast sampling time [4],
[5]. However, the accuracy of pulsed LiDAR can severely
be affected by external interferences or the environment
conditions such as fog, rain, and snow because of particles on
the air reflecting multiple echoes [6], [7], [8], [9]. Fig. 1(a)
shows a scenario of the received multiple echoes from rain
drops once a single laser pulse is emitted [10]. Echos is a valid
information for detecting the distance from a target whereas
echoj, echoy, and interference are undesired. Conventional
LiDARSs determine the distance information based on the first
arrival echo; as can be seen in Fig. 1(b), which causes failure
in extracting the distance information form the desired echos.
Even though laser pulses with longer wavelength easily
penetrate particle and mitigate this problem, interference
from other sources or attacks cannot be avoided [11], [12].
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FIGURE 1. Conventional LiDAR system operating with multiple echoes
and interference. (a) A scenario and (b) the timing information of
received echoes.

Therefore, receiving instance and intensity information from
multiple event and identifying the desired signal is critical to
enhance robustness of pulsed LiDARs.

For detecting multiple events, several approaches have
been developed [9], [13], [14]. In [13], multiple time-to-
digital converters (TDCs) extract multiple events and store
the distance information to a large memory which causes
high area cost. Instead of using TDCs, multiple distance
and intensity information can be extracted and stored using
a time-to-amplitude converter (TAC) [14]. However, these
schemes fail to extract multiple distance information when
areceived pulse includes multiple local peaks due to interfer-
ences or harsh environmental conditions. To avoid multiple
local peaks received, sub-ns laser pulse and an on-chip
avalanche photodiode (APD) is proposed in [9]. Nonetheless,
this method cannot be compatible with conventional LiDARs
with external APDs, and the wavelength of laser is limited
due to the silicon-based integrated APD. To overcome these
issues, a multi-event detecting pulsed LiDAR is proposed.
Unlike conventional pulsed LiDARs, the proposed LiDAR
can detect both multiple pulses and multiple local peaks in
a pulse. Then, distance and intensity information is extracted
for each pulse or peak.

Il. PROPOSED LIDAR

A. CONVENTIONAL LIDARS

Fig. 2 shows a basic block diagram of the conventional
LiDARs that consist of four main blocks: the analog front-
end (AFE), time discriminator (TD), timing circuit (TC), and
data acquisition (DAQ). When Sg sets high by a controller
(CTRL), a laser diode in the transmitter TX emits light
towards the target. The reflected light onto APD generates
Iapp converted into voltage Vapp with a trans-impedance
amplifier (TIA) followed by a band-pass filter (BPF) for noise
reduction. Fig. 3 shows a conventional nonlinear 3-stage
inverter-based TIA for high gain, high bandwidth, low noise,
and low power consumption [15], [16], [17]. The gain of the
TIA, R11A, can be controlled to adjust Vapp to an appropriate
value. TD transforms the analog signal output into a digital
end signal Sg suitable for time discrimination based on a
threshold voltage Vry [18], [19], [20], [21]. Then the time
difference from start signal Sg and Sg is converted in to
distance information with a TDC or TAC [22], [23], [24],
[25]. However, conventional TDs cannot discriminate each
local peak in a pulse with a single reference voltage in Fig. 4,
where echo; and echo4 are not detected. Multi-channel TDCs
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FIGURE 2. The basic block diagram of the conventional LiDARs.
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FIGURE 3. The circuit diagram of a conventional nonlinear TIA.
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FIGURE 4. The timing diagram of the conventional TDs when multiple
local peaks present.
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FIGURE 5. The block diagram of the proposed LiDAR.

can be used to detect multiple echoes at the expense of
increased hardware cost and power consumption. The most
significant advantage of TAC over TDC is reduced hardware
cost since multiple event detection can be implemented with a
single TAC and a small multi-channel sample and hold (S&H)
circuit [14].

B. DETAILS OF PROPOSED LIDAR
The proposed LiDAR detecting multiple event consists of
a conventional nonlinear TIA, a BPF, a TD implemented
by a flash ADC with n references, a multi-event detector
(MED), a TAC, and a DAQ as shown in Fig. 5. The ADC
generates n-bit end signal Sg; with n references for multiple
event detection. Unlike a conventional TD, the proposed TD
allows for detecting multiple local peaks as depicted in Fig. 6.
Fig. 7(a) displays the block diagram of the MED that
generates a stop signal Sg from n-bit Sg;. The MED includes
arising and a falling edge detectors to generate edges of Sg;.
For the signals Sra and Sga, a short pulse is generated for
each rising and falling edge of Sg;, respectively, as can be
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FIGURE 6. The timing diagram of the proposed TD with four references
for detecting multiple local peaks.
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FIGURE 7. The proposed LiDAR ( n = 4). (a) The block diagram of MED,
(b) the timing diagram of MED and TAC, and (c) the block diagram of TAC.

seen from Fig. 7(b). The signal Sg rises at the rising time
of Spa and falls at the rising time of Sra, which indicates
the time for each local peak at the rising edge of Sg. For
intensity information at each local peak, log,n-bit signal Dy p
is extracted in a DAQ. Fig. 7(c) depicts the block diagram
of the proposed TAC that stores the time information of
up to four events based on each rising time of Ss and Sg.
Once Ss rises, capacitor C; starts to charge based on DC
current of I;, which makes Vrr increases linearly in time.
When Sg rises at g1, g2, 183, and fg4, V1 is sampled, held
into 4-channel Vrac with dedicated capacitors in the S&H
block.

Since I; can be a function of Vpp, Vpr is limited to the
voltage Viimit to guarantee the linearity of Vyr. When V1p
reaches Viimit, the comparator enables the end-of-conversion
signal EOCtac and proceeds the operations of DAQ in Fig. 5.
Then the distance information in the four-channel Vtac is
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FIGURE 8. Simulation results about the gain of the proposed TIA.
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FIGURE 9. Simulation results about Vy; and the slope of Vy,.
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FIGURE 10. Simulation results about the timing diagram of the proposed
LiDAR.

digitized, and log,n-bit intensity data Dyp are deliver to the
output with Vrac for each local peak or pulse.

Ill. SIMULATION RESULTS

Cadence Spectre with TSMC 0.18 pum process parameters
was used for SPICE simulation with a 1.8 V power supply.
Fig. 8 shows the frequency response of the 3-stage inverter-
based TIA in Fig. 3 with 3 pF input capacitance. The gain of
TIA is obtained as 73.8 and 93.7 dB by changing the value
of Rt1a to either 5 or 50 k€2, where their cut-off frequency is
obtained as 113 and 14 MHz, respectively.

To quantify the range of linear working range of Vi, the
simulation results of V1 and the derivative of Vy in terms of
time are shown in Fig. 9. Since dV11/dt drops as time goes on,
the nonlinearity increases and thus the distance information
can be degraded. At the starting point t+ = 0, dVri/dr is
obtained as 5.04 mV/ns. Viimit is set to 850 mV for the dV/dt
drop of 1%, where the dynamic range of the proposed TAC is
156.9 ns. Fig. 10 shows the transient simulation results of the
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FIGURE 12. Experimental setup of the proposed LiDAR.
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FIGURE 13. Experimental results of transient digital outputs.

proposed TAC with four multiple events. When Sg goes high,
four channel of Vrac is obtained based on the given profile
of VapD.

IV. EXPERIMENTAL RESULTS

The proposed LiDAR is fabricated in TSMC 0.18 um CMOS
technology with a 1.8 V power supply. The micrograph of the
proposed LiDAR is shown in Fig. 11, where the active area is
approximately 0.5 x 1.2 mm?. To reduce the delay caused by
wire bonding, the proposed LiDAR involves mounting both
the receiver and a laser diode driver on a single prototype
printed circuit board (PCB) as shown in Fig. 12. The proposed
LiDAR receives the reflected light from an object once laser
diode LD emits pulsed light. The time delay and the intensity
of reflected light associated with this process are extracted for
each event.

Fig. 13 shows experimental results for the digital outputs
of the proposed LiDAR with signals S5, EOCtac, EOCpaq,
and the read signal RD. The proposed LiDAR incorporates
with and micro-controller unit (MCU) as a DAQ with a 10-bit
ADC. Ss rises for sampling every 50 us. 0.2 us after the
light emission, the sampling for event detection is finished
just before the rising edge of EOCtac. Then digitization for
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FIGURE 14. Experimental results for quantifying the TIA based on optical
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FIGURE 16. Experimental results for generating multiple events with
water droplets on a glass between an object and the receiver. (a) The
waveform of diode current with two events and (b) its fast Fourier
transform.
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FIGURE 17. Several input APD currents used in experiment and measured
Vapp- () 1 echo, (b) 4 echoes, (c) amplitude-increasing 4 echoes, and
(d) mimicked 2 local peaks.

the distance information is conducted until the rising edge of
EOCpagq, which takes 6 ps. When the read signal RD rises
after EOCpaq enables, the distance and intensity information
is ready for the final output.

The measured characteristic of the TIA according to the
input optical power is shown in Fig. 14, where the gain
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FIGURE 18. Experimental results about the digital code D;p for the
intensity information.
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FIGURE 19. Experimental results of the TAC output Vyac and maximum
error of Vyac when the input shape is (a) 1 echo, (b) 4 echoes,
(c) amplitude-increasing 4 echos, and (d) mimicked 2 local peaks.

of the APD is 50 A/W at 905 nm wavelength. Fig. 15
shows the measurement results of the peak noise, which is
approximately 26 mV and 31 mV as Rya is set to 5 k
and 50 k€2, respectively. For quantification of the proposed
LiDAR under the multiple event conditions, experiments are
conducted to obtain an electrical model by putting water
droplets on a glass between an object and the proposed
LiDAR as shown in Fig. 16(a). The external APD modeled
C30737 generates the current profile of Iapp from the
905 nm laser diode pulse with its width of 50 ns. Fig. 16(b)
illustrates the frequency analysis using fast Fourier transform,
where the dominant frequency of Iapp appears at around
14.4 MHz. The electrical models of Iapp used in this
experiment are generated by using a function generator as
followed: Fig. 17(a) represents a single event of sine-shaped
pulse. Four pulses with equal shape are modeled as multiple
events in Fig. 17(b). Four pulses with unequal amplitude are
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FIGURE 20. Experimental results about the digital code Dy for the time
information generated by DAQ and the INL of Dypc.

TABLE 1. Measured performance of the proposed LiDAR.

Case 1 Case 2
Dynamic range (ns) 120 150
Dynamic range (m) 18 22.5
Maximum error (%) 1.12 2.68

TABLE 2. Performance summary and comparison of LiDARs.

This 2012 2018 2019 2023
work  [13] [14] [9] [26]

Technology (nm) 180 350 180 180 180
Timing circuit TAC TDC TAC TDC TDC

APD off-chip off-chip off-chip on-chip on-chip
Intensity detection Y N Y N N
Multi—eyent detection Y Y Y Y N
Miialpek y NN NN
Dynamic range (m)  22.5 9 120 10 2.7
Resolution (ps) 146.5 144 N/A 10 1,000

Chip area (mm?) 0.60 N/A 0.01 2.20 0.227

modeled in Fig. 17(c). Lastly, Fig. 17(d) mimicked Iapp from
Fig. 16(a).

Fig. 18 displays experimental results for the 3-bit ampli-
tude information based on the single pulse electrical input
shows that LSB step increases every 20 pA. If the current
goes beyond 146 pA, the amplitude output is saturated to
its maxim value. To investigate the linearity of the proposed
TAC, Fig. 19 depicts the time difference between the rising
edges of Ss and Sg, At, varied up to 150 ns corresponding
to 22.5 m in distance at Vijimir = 850 m. Each Ar is
conducted 20 iterations, and error bar with their minimum and
maximum values are depicted. The maximum error indicates
the maximum voltage difference between the fitted line and
the actual voltage output Vrac out of 20 iterations, where
each plot is extracted based on the electrical input from
Fig. 17. As a result, the maximum absolute errors for the
dynamic range is limited to 120 and 150 ns are 1.12%
and 2.68%, respectively. Fig. 20 shows the experimental
results regarding the output of 10-bit DAQ with the input of
Fig. 17(a) while varying At from 0 to 150 ns. The integral
non-linearity (INL) of Dtac is in good accordance with the
linearity error in Fig. 19(a). The worst-case INL becomes
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—1.17 and —4.74 LSBs for the dynamic range is limited
to 120 and 150 ns, respectively. The summary is presented
in Table 1 through experimental results. Table 2 compares
the performance of the proposed LiDAR with the previously
published works. The proposed LiDAR reduces complexity
and chip area by using a TAC, and enables a multi-local
peak detection. The performance of the proposed LiDAR
is suitable for medium-range LiDAR applications with the
intensity and distance information of the multiple events and
multiple local peaks caused by external interference and the
harsh environment conditions.

V. CONCLUSION

This paper presents a robust multi-event detecting LiDAR
that extracts intensity and distance information for up to
four events caused from external interference and harsh
environmental conditions. At the expense of additional S&H
circuits, more events can be detected. The integration of a
TAC in the proposed LiDAR offers advantages of detecting
multiple local peaks with less hardware complexity and
reducing the need for additional memory circuits. Since
the proposed LiDAR enhances the reliability of multiple
echo detection, it can be used for side monitoring LiDAR
of a vehicle. Also, the proposed LiDAR can be a suitable
tool in fields such as traffic condition detection, obstacle
avoidance, and environmental awareness. However, the
proposed method for detecting multiple events can also be
used for long range applications.
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