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ABSTRACT We proposed a concurrent transmitting-based 128 channels LiDAR using an bipolar optical
code scheme called code-inversion keying based prime-permuted code, which is the most suitable method
to shorten the chip sequence length, while maintaining the performance characteristics of LiDAR. In each
channel, four laser diodes with different wavelengths are bundled with a coupler to direct toward a target
direction. The target direction could be recognized after the reception by identifying the received reflected
pulse, even if several target directions were measured simultaneously. Due to the very short chip sequence,

only a very short signal transmission time is required.

INDEX TERMS LiDAR, optical communication, bipolar optical codes, time-of-flight.

I. INTRODUCTION

Light detection and ranging (LiDAR) aims to obtain high-
resolution 3D distance images with high refresh rates from
long distances [1], [2]. All LiDARs use the time-of-flight
(ToF) principle to estimate distance. The ToF is linearly
proportional to the maximum distance of LiDAR. During
ToF, the LiDAR actively listens to a transmission channel
and waits for a reflected pulse to arrive. In a pulsed LiDAR,
the ToF is idle listening time and the most time-consuming
activity in distance estimation. The key performance indi-
cators are the maximum distance, longitudinal resolution,
distance precision and accuracy, lateral resolution, horizon-
tal field-of-view, vertical field-of-view, and frame refresh
rate [3], [4], [5], [6]. These key indicators are mutually
related, and improving one can degrade the others [7]. For
example, a low refresh rate (per second) is required for a high
lateral resolution, as the maximum distance is proportional
to the maximum pulse repetition rate. All the performance
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indicators of a pulsed LiDAR are directly related to idle
listening time. The idle listening time particularly in pulsed
LiDAR, is a significant obstacle in improving multiple per-
formance indicators simultaneously.

Another problem is the range ambiguity [3], [8], for which
a random pattern technique [9], [10] and multiple pulse
repetition rates [11] were introduced. This method uses the
correlation between the transmitted and received pulse pat-
terns to identify the unique target ToF, but discriminating
between low-intensity reflected pulses in the presence of
high-intensity return pulses is challenging. Moreover, the
listening time for reception increases with the maximum
distance [12]. As an alternative to overcome the limitations
of pulsed LiDAR, various LiDARs using modulated codes
have been proposed. Optical communication transmits and
receives a modulated laser signal using a high-quality optical
cable without signal loss or attenuation. In order for LIDAR
to measure the distance to an object, it needs to transmit a
laser signal through the air and receive only the reflected
signal when it hits the object. Unipolar communication sends
and receives data using a pattern composed of the presence
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or absence of pulses, and the pulsed LiDAR measures the
distance using the time when the transmitted pulse is reflected
and received. Among the modulation codes used in optical
communication, the unipolar code matches the characteristics
of LiDAR very well. Both technologies have in common
that they are based on the intensity of pulses, so they are
very easy to converge. The unipolar method has a limit in
improving the performance of LIDAR because it takes a very
long time to transmit the laser pulse pattern according to the
chip sequence. The bipolar code schemes use only a very
short chip sequence, and the time to transmit the laser pulse
pattern is short, so it is very suitable for improving the per-
formance of LiDAR. LiDAR uses the reflected laser pulse to
measure the distance, and among the bipolar communication
methods in which the characteristics of the pulse change
due to the influence of the reflected wave cannot be used.
We reviewed the characteristics of various communication
methods and selected the code inversion keying (CIK) based
prime permuted code (CPPC) as the optimal bipolar method
applicable to LiDAR.

LiDAR for vehicles is used in real space, and most LiDARs
follow the regulations of accessible emission limit (AEL)
Class 1. The maximum distance of LiDAR is inversely pro-
portional to the intensity of the laser pulse. A pulsed LIDAR
needs a large signal-to-noise ratio (SNR) to reduce false
positives. However, pulse-coded LiDAR can reduce false pos-
itives even with a small SNR because it uses information from
multiple pulses. The optical code scheme significantly influ-
ences the performance and characteristics of pulse-coded
LiDAR [13]. As the number of laser pulses in the optical code
increases, weaker laser pulses must be used to comply with
AEL. In addition, the maximum distance is not significantly
affected compared to the increased number of pulses and
reduced pulse intensity.

Moreover, if the number of laser pulses increases, distances
measured by multiple pulses can be used, reducing noise
and improving the precision and accuracy of the measured
distances. If the number of time bins for the optical code
increases, the time to transmit the code to a target direction
increases. Since LIDAR measures the distance only when the
laser pulse is reflected and received, the longer the maximum
distance measured, the longer the laser pulse flight and listen-
ing time for the reflected pulse, and the smaller the number
of frame refresh rates. Most significantly, it uses a different
signature for each distance target direction and measures
another point without listening time, which requires the laser
to be reflected and received from the target direction. As the
transmission time increases, the number of frame refresh
rates decreases because the dwell time of each measure-
ment increases. Reducing the number of measurements by
increasing the distance between target directions can increase
the number of frame refresh rates. If the angle between
the target directions widens, the minimum target object size
increases, reducing the lateral resolution. Since the opti-
cal code determines the important performance indicators,
the most important being the maximum distance, lateral
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resolution, and frame rates, optical code selection is the most
challenging design factor. With long distances and high lat-
eral resolution, LiDAR can provide improved 3D information
for recognizing the surrounding environment. In the auto-
motive sector, LIDAR is assumed as the next step towards
full driverless capabilities as it can provide a high resolu-
tion and real-time 3D representation (point cloud) of the
environment [1], [2].

This study proposed a concurrent transmitting LiDAR with
bipolar optical codes with the following contributions to
overcome the issues of maximum distance and high lateral
resolution in LiDAR.

« A LiDAR with bipolar optical coded pulses that works
with concurrent transmitting with body rotation is pre-
sented. The concurrent transmitting overcomes the lim-
itation of low lateral resolution in traditional LiDARs,
such as Velodyne LiDARSs, and provides measuring for
a further distance.

o The proposed 2D bipolar optical code scheme comprises
bipolar optical code and dense wavelength division mul-
tiple access (DWDMA) to formulate the laser pulse
wavelength. Our LiDAR can constantly measure long
distances without idle listening time between target
directions. The coded laser pulses include a unique
identification number encoded by applying 2D bipolar
optical code called CPPC. Therefore, this system trans-
mits coded pulses in each target direction without the
need for listening time for return pulses.

o Our LiDAR solves the range ambiguity problem and can
discriminate between the previous and current pulses
that overlap in the temporal domain.

« Extensive simulations were performed to evaluate the
performance of the proposed LiDAR. Results indicate
that our LiDAR performed better than conventional
LiDARs in every aspect.

The remaining paper is organized as follows. Exist-
ing works on LiDAR with coded pulses are presented in
Section II. Section III presents the architecture and working
mechanism of the proposed LiDAR. Section IV describes the
simulation setup, results, and analysis of the results. Finally,
Section V presents the conclusion and future works.

Il. SCANNING LIDAR WITH CODED PULSES

The transmitted laser power and received SNR mainly
determine the maximum distance of the LiDAR. Both param-
eters are related to the received signal strength, but their
approaches differ. It is possible to measure long distances by
increasing the strength of the reflected received signal using
a laser pulse with maximum power that does not exceed the
AEL Class 1. Suppose the SNR is reduced to be close to
one. Then, even a low-intensity reflected signal, similar to
a long-distance noise, can be detected and used for distance
measurement. In the case of radar and LiDAR, a large SNR is
preferred because a low false alarm rate is essential, and high
received signal strength is required. The maximum distance
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of the LiDAR refers to the furthest distance from which the
received signal can be distinguished from noise. The received
signal strength is inversely proportional to the square of the
distance to the target. A strong reflected signal is received
when the target is close, and vice versa. In the pulsed LiDAR,
as the maximum power decreases, the maximum distance
also decreases due to attenuation caused by the reflectivity
and distance of target object. The received signal is clearly
distinguished from noise when SNR is large; the false alarm
rate is very low, but the maximum distance is shortened to
increase the received signal strength. If SNR is low, the false
alarm rate is high because the received signal is difficult to
distinguish from noise. However, the maximum distance can
increase as the received signal strength can be low.

In contrast, the coded pulse LiDAR has several potential
differences from the conventional pulsed LiDAR. Replacing
a single pulse with multiple pulses for a single target direction
reduces the maximum power per pulse for AEL Class 1 com-
pliance. The receiver utilizeutilizes multiple pulses reflected
and received from one target direction in the optical code.
Coded pulses are detected by signal correlation to measure
long distances with high accuracy and precision, even with
very low SNR. When multiple pulses are used for one target
direction, the similarity in the pulse pattern in the transmitted
and received pulses can be determined by analyzing their
correlation. Even if the single laser pulse power is distributed
and transmitted as multiple pulses, the reflected laser pulse
can be detected with a low SNR, allowing object detection at
a similar or longer distance compared to that of the single-
pulse method.

Since the distance to the target is calculated by the time
difference between the transmitted and received coded pulses,
measuring the accurate ToF is necessary. A relatively large
error in the pulse of the received signal can occur owing to
the target’s channel environment or physical reflection char-
acteristics. A general LIDAR uses a Gaussian laser pulse; the
received Gaussian laser pulse is broken due to the influence
of noise in the reflection characteristic of objects and channel
environment; this shape changes each time it is received.
The original Gaussian shape cannot be restored precisely
even after various approximation methods to the original
Gaussian shape and the center of the damaged laser pulse by
noise are applied. The standard for measuring the distance
in the received laser pulse is based on the center point of
the Gaussian laser pulse. The accuracy of the distance is
also affected by the error generated by the shape of the laser
pulse. Moreover, the received Gaussian pulse flights become
distorted and deformed due to various noises, resulting in
poor accuracy [14]. When using multiple laser pulses, even
if individual laser pulses are affected by noise and there is a
difference from the transmitted laser pulse type, the average
of the multiple laser pulses can significantly reduce errors.

Unipolar coding schemes place one pulse in a chip
sequence for a symbol and interpret the symbol using the
pulse position. Cardinality, the number of simultaneously
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available users, is proportional to the chip sequence length.
Prime number-based code schemes in optical communication
use prime numbers larger than cardinality; the length of the
chip sequence is proportional to the square of the prime num-
ber. The chip sequence becomes longer than the cardinality
and the transmission time becomes longer. Code schemes
using multiple laser wavelengths simultaneously address this
problem by increasing the chip sequence proportionally to
the prime number. The symbol is interpreted based on the
position of the laser pulse at each laser wavelength. At least
one laser pulse must be present in each wavelength in the
code and should increase proportionally to the number of
laser wavelengths. According to AEL regulations, multi-
wavelength-based code schemes are disadvantaged because
weak laser pulses shorten the maximum distance. However,
the accuracy and precision increase proportionally with the
number of laser pulses. In the unipolar method, the first laser
pulse is placed on the first chip of the frame to recognize
the pulse position in the frame. When the receiver detects
the first laser pulse, it interprets it as a symbol according
to the location of the laser pulse in the time bin. The laser
pulse is in the first chip of all points simultaneously measured
by LiDAR, and no laser pulses exist in the remaining chips
because they are blank according to the code method. The
chip’s position with the laser pulse in the following chip
sequence depends on the optical code scheme and symbols.

A. SEQUENTIAL TRANSMITTING LIDAR USING 1D
UNIPOLAR OPTICAL CODED PULSES

The proposed LiDAR is based on unipolar direct-sequence
optical code division multiple access (DS-OCDMA) that
embeds the target direction information in its laser pulses [7].
Each channel is distinguished by a specific 1D unipolar opti-
cal code rather than a wavelength or time slot. An encoding
procedure optically transforms each bit stream to a chip
sequence before transmission. The reverse is performed at
the receiver to decode the received signal stream and recover
the original bit stream. The idle listening time is removed
because the added laser pulses carry the target direction
information, encoded using DS-OCDMA. The pulses are
transmitted in each target direction without the listening time
delay required to receive the reflected laser pulses in the con-
ventional LiDAR. The sequential transmitting LiDAR uses
a 905nm laser pulse wavelength with a 5Sns pulse width
and a MEMS mirror that scanned 10 times per second at
a 128 x 128 resolution [15]. Fig. 1 shows the architecture
of the sequential transmitting LiDAR, and Fig. 2 offers the
operating strategy.

It is necessary to select an appropriate coding method for
the LiDAR [13]. The asynchronous prime sequence code is an
optical encoding scheme using a prime number larger than
the number of concurrencies called cardinality. Each bit is
encoded as a chip sequence. The code of the sequential trans-
mitting LiDAR uses the presence or absence of laser pulses.
However, not all chips have pulses, but there is one pulse
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FIGURE 1. Architecture of the sequential transmitting LiDAR. The solid and dotted lines represent the electrical and
optical signal paths, respectively. The green and red describe the transmission and reception operations,

respectively.

for each prime number. The number of pulses for encoding
one bit is the same as the prime number. The cardinality
representing the maximum number of concurrency is a prime
number, and the length of the chip sequence required is
proportional to the squared prime number. Therefore, a prime
number equal to or greater than the cardinality must be used
for high cardinality. Since the chip sequence length required
when encoding one bit is a squared prime number, one bit
is converted into a row of chip sequences of long length.
As the chip stream increases, the time required for transmit-
ting increases proportionally to the product of the number of
bits and the squared prime number.

As the transmitter encodes the bit stream to laser pulses
using the asynchronous prime sequence code, the receiver
separates and recognizes different laser lengths represented
by several reflected waves that are received simultane-
ously [16], [17], [18], [19], [20], [21]. More than 9 differ-
ent codewords are required to identify these laser pulses.
Therefore, the one-dimensional unipolar asynchronous prime
sequence code in the sequential transmitting LiDAR estab-
lishes a Galois field with prime number 11, GF(11), that
is 121 elements in length, 11 in weight, and represents 11
different codewords. When the spread spectrum on a 9-bit
stream is implemented by multiplying each bit with a binary
codeword of 121 chips, 1089 signals are generated. When
a bit is “1,” it is transformed into C;, a binary codeword
corresponding to 121 chips; when the bit is “0,” the 121
chips are converted to “0.” Each element (s; ;) of the prime
sequence (S; = (Si.0,Si1, - - ., Si.10)) based on the
prime number 11 is determined using s; ; = ij(mod 11).

Each element (c;;) of the binary codeword (C; =
(ci0,¢€it,-- ., €i.120)) that maps the prime sequence
S; is determined as follows.

1 ifl=sj+11ljforj=0,1,...,10
Ci,l =
’ 0

-»si,is .

'5Ci,ia ..

ey

otherwise
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The sequential transmitting LiDAR sequentially measures
the distance to a target using an encoded pulse. A LiDAR
uses the elevation and azimuth angles of the spherical coor-
dinate system to identify the target direction for measuring
its distance. The azimuth and elevation angles are not sep-
arately distinguished in this sequential transmitting LiDAR.
The target direction information represents the coded laser
pulse based on the asynchronous prime sequence code. After
generating and transmitting encoded laser pulses for one tar-
get direction, the MEMS mirror angle is adjusted to the next
target direction without idle listening time for the reception of
the reflected pulse. Then, a new encoding pulse is generated
for the target direction, and the laser pulse is transmitted.
The encoded bit stream with time is stored in the code-time
associative memory and is used with the received time of
the reflected pulse when calculating ToF. Thus, the encoded
chip stream in the code-time associative memory is used
for pulse detection, decoding, and ToF calculation in the
receiver. The pulse is detected by the sliding window corre-
lation method [22], [23] using the chip sequence stored in
the code-time associated memory and generated as a pulse
stream using the received signal. When the received laser
pulse is decoded successfully, the target direction information
can be known, and the transmitting time and distance are
calculated.

The sequential transmitting LiDAR maintained the advan-
tages of the maximum distance and improved measurement
accuracy. Multiplexing via asynchronous prime sequence
code allows measuring distances to multiple target directions
simultaneously. Multiplexing support means sending multi-
ple pulses to different target directions before the distance
measurement of one target direction is finished, i.e., before
receiving the reflected pulses from the current target direc-
tion. Even if reflected pulses from several target directions are
received simultaneously, information about the target direc-
tion can be obtained by decoding the encoded content.
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FIGURE 2. Operating strategy of the sequential transmitting LiDAR with
coded pulses. (a) LiDAR transmits coded pulse streams at the target, and
the MEMS miirror is tilted towards the next target; (b) LiDAR repeats the
(a) sequence. At the same time, the LiDAR receives a reflected pulse
stream, decodes it, and then calculates the target distance with the
identifier at the received pulse stream. (c) and (d) The LiDAR repeats the
(b) sequence for all targets.
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FIGURE 3. LiDAR using asynchronous prime sequence code with one
wavelength and 121 chips.

In contrast, in the conventional simple pulse method, it is
impossible to distinguish the target direction of the reflected
pulse when several pulses are received simultaneously. Since
it is possible to measure only one target direction at a time,
the measurement time is constant based on the maximum
distance. Hence, even if a laser pulse sent to the target direc-
tion is received, the distance to the next target direction is
measured after a predetermined measurement time. In the
sequential transmitting LiDAR, the incidence and reflection
angles change according to the target direction, measured by
reflecting the laser in the desired direction using a mirror. The
laser pulse diameter reflected by the mirror is proportional to
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the cosine of the angle of incidence. The diameter increases
when the incidence angle is close to a right angle. Hence, the
received signal strength varied for the same distance.

B. CONCURRENT TRANSMITTING LIDAR USING 2D
UNIPOLAR OPTICAL CODED PULSES

The concurrent transmitting LiDAR used several methods
to overcome the limitation of the sequential transmitting
LiDAR while using the advantages of the encoded pulse.
A 2D OCDMA modulation was proposed in [24] and [25]
that uses wavelength-hopping time-spreading codes for con-
current transmitting LIiDAR. When transmitting laser pulses
in the target direction, the concurrent transmitting LiDAR
directly rotates the body with the attached laser sources.
Fig. 4 shows the operation of the concurrent transmitting
LiDAR [26], [27], [28], [29].

This concurrent transmitting LiDAR had a similar struc-
ture as Velodyne VLS-128, with 128 laser sources vertically
attached to the LiDAR body. The LiDAR body is rotated
to the target direction slightly and measured the distance
to 360°. The pulse diameter is similar to the original pulse
diameter when the angle of incidence is close to 0°. Accord-
ing to the measurement interval, this LIDAR had an azimuth
angle of 360°, and 128 laser sources were mounted vertically
to measure the elevation angle in each azimuth. The 128
elevation angles were divided by the wavelength of the laser
source, and the azimuth angle used the encoded laser pulse
based on 2D unipolar optical codes called the carrier-hopping
prime code (CHPC). When the body rotates to measure the
target distance, the same encoded laser pulses are generated
from 128 laser sources using the azimuth information. Laser
pulses of different wavelengths were transmitted according to
the elevation angles. The wavelength has the elevation angle
information of the received laser pulse needed to calculate
the laser pulse transmitting time and distance to the target
direction.

The proposed concurrent transmitting LiDAR has the fol-
lowing advantages over the sequential transmitting LiDAR.
For sending laser pulses in the desired direction, the sequen-
tial transmitting LiDAR used the reflection of the MEMS
mirror. However, the proposed LiDAR directly rotated the
LiDAR body with laser sources attached to the body. More-
over, in the sequential transmitting LiDAR, the incidence and
reflection angles changed according to the target direction,
measured by reflecting the laser in the desired direction using
a mirror. Thus, the received signal strength varied even at the
same distance.

Fig. 5 shows the operating strategy of the concurrent
transmitting LIDAR with coded pulses. Information for iden-
tifying the azimuth angle is encoded using a 2D unipolar
optical codes. Each of the 128 sources generate encoded
laser pulses using three laser diodes (LDs) with different
wavelengths. The transmitter moves according to the desired
azimuth as given by the azimuth information. The transmit-
ting time is recorded while transmitting a laser at an elevation
angle corresponding to each source using the multiplexer in
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FIGURE 4. Architecture of the concurrent transmitting LIDAR based on 2D unipolar optical codes called
carrier-hopping prime code (CHPC). The solid and dotted lines are the electrical and optical signal paths, while the
green and red describe the transmission and reception operations, respectively.

each source. The encoded bit stream, stored with time in the
code-time associative memory, is used for pulse detection,
decoding, and ToF calculation in the receiver. The laser pulses
fly toward the target direction at the speed of light and enter
the receiver through the lens when reflected. The reflected
waves are classified in the receiver according to the wave-
length through the demultiplexer. Then it is converted into an
analog electric signal using a photodiode to process the wave-
length. After converting to digital data using ADC, the pulse
is detected by the sliding window correlation method with
chip sequence stored in the code-time associated memory and
generated as a pulse stream using the received signal. The
identification information was decoded using the 2D unipolar
optical codes method, from which the time of transmitting the
pulse was determined. The ToF and distance to the target are
calculated and added to the point cloud image.

The wavelength used for the 2D unipolar optical codes
method in the concurrent transmitting LiDAR was as follows.
Vertically attached 128 laser sources required 384 wave-
lengths using three LDs to generate pulses of three different
wavelengths. The 25 GHz signals have wavelengths from
1530.1389 nm to 1624.8914 nm, with the conventional band
(C-band) defined for DWDM in ITU-T G.692 [18], [30].
In contrast, the 2D unipolar optical codes used by the con-
current transmitting LiDAR used several laser wavelengths.
Fig. 6 expresses a 2D unipolar optical codes with three wave-
lengths, 11 chips, and 11 cardinality. This coding method can
be identified according to the chip where the laser pulse is
located at each wavelength.

Although multiple wavelengths reduce the transmitting
time, the same number of laser pulses as the number of
wavelengths is required. Reducing the power of every laser
pulse to satisfy eye safety is difficult. Priority was given to
the maximum distance in this LiDAR, so only three wave-
lengths were used. The asynchronous prime sequence code
used one wavelength and required 121 chips of 11x11 for
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cardinality 11. 2D unipolar optical codes used three wave-
lengths, but only 11 chips for each wavelength to transmit
the laser pulses. The transmitting time was reduced to a
ratio of the square root of prime number. Then the pulse
was transmitted in the target direction for a much shorter
time. When using a pulse of 5ns width, which is widely
used in LiDARSs, only 55 ns were required to transmit all the
encoded laser pulses at the target direction. Therefore, using
a narrow measurement angle allows quickly measuring 360°.
2D unipolar optical codes was generated using the following
method. Given a set of k prime numbers py > pr—1 >

. > pi1, binary (0,1) matrices, X;, ;,_,,....i;» With ordered
pairs [18], [25]:

{[0,0), (1, i1 +i2p1 + ... +ixp1p2 .. . Pr—1), (2,2 Op1 i1
+Q0Opip1+ ...+ Q2 Opk iPIP2 - Pk=1)s - -+,
xw—=1,w—=1D0Op i1 +((w—1)Op2i2)p1 + ...
+(w—=1) Opk iK)p1p2 - - - Pr—1)] :

ih={0,1,....,p1 —1},ir ={0,1,...,pp — 1}, ...,

ixr =1{0,1,...,pr — 1}} 2)

for the 2D unipolar optical codes with cardinality p1p> . . . p,
L = w wavelength, length N = pips...pk, and weight
w =< pi, where “©,”" shows a module p; n for j =
{1,2, ..., k} [25].

1. CONCURRENT TRANSMITTING LIDAR USING 2D
BIPOLAR OPTICAL CODED PULSES

We picked a 2D prime-permuted code, using Walsh codes for
wavelength hopping and bipolar Barker sequences for time
spreading, shortening the long chip sequence required in the
unipolar optical codes of concurrent transmitting LiDAR and
removing the start-of-frame bit [21]. Using incoherent on-off
keying (OOK) modulation, every user sends a unipolar code-
word corresponding to the address codeword of its intended
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a reflected pulse stream, decodes it, and calculates the target distance
with the identifier at the received pulse stream. (c) and (d) LiDAR repeats
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FIGURE 6. LiDAR using carrier-hopping prime codes with three
wavelengths and 11 chips.

receiver for a data bit “1.” However, nothing is transmit-
ted for a data bit “0.” Incoherent laser diodes are more
cost-effective compared to coherent ones. Coherent laser
diodes require complex and expensive components, such as
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TABLE 1. Multiwavelength codewords and their wavelength conjugates
based on the Walsh codes of length 4.

Walsh code Codeword  Wavelengths  Codeword  Wavelengths
(+1—-1+1-1) Co AoA2 @ A1A3
(-‘rl +1—-1-— 1) Cy AoA1 Cy A2)\3
(+1—-1—-1+1) Ca Aoz Cy A1 )2

1Wavelength
A3
A,
44
Ao

@12 3 405
Time =

FIGURE 7. LiDAR uses 2D bipolar optical codes called CIK-based

(4 x 3,3, 1, 1) prime permuted code over GF(3) with three wavelengths
and 6 chips. If codeword CyC, C, is transmitted for a bit “1,” the
wavelength-conjugates, C,C; C,, are transmitted for a bit “0".

high-quality optics and precise frequency stabilization tech-
niques, which drive up the overall cost of the LiDAR [31].
Prime permuted codes support CIK, in which the “0* data
bits are transmitted with wavelength-conjugate codewords
and OOK. The permutations are controlled by the shifted
prime sequences over GF(p) of a prime p to keep the peri-
odic cross-correlation functions of the 2D prime-permuted
codes at most one [32], [33], [34], [35], [36], [37]. For the
Walsh code of length four, four wavelengths represent the
three multiwavelength codewords, as listed in Table 1. This
table shows the wavelength mappings of the multiwavelength
codewords, C;, by the locations of the “+1”° elements in the
sequences. C; denotes the wavelength-conjugate of C; for
i =0,1,2,3. In the CIK-based prime-permuted codes, the
multiwavelength bipolar codes are permuted onto the time
slots of the time-spreading bipolar codes of length N. The
p? controls the permutation patterns shifted prime sequences
over GF (p) of a prime p, where N < p. Shown in Table 2 is
the (L X N, w, 1,1) = (4 x 3,3, 1, 1) prime-permuted code
generated using the shifted prime sequences over GF(3);
L is the number of wavelengths, N is the length of Baker
sequence [38] w is the code weight; three multiwavelength
codewords of length four, such as the Walsh code in Table 1;
and the time-spreading Barker sequence (+1, +1, —1) of
length three. The “+1”” and “—1"" elements of the Barker
sequence are represented by multiwavelength codewords,
C;’s and C;’s, correspondingly, where the elements of the
shifted prime sequences determine the index i = 0, 1, 2, 3.
For CIK, the codes in Table 2 transmit the ““1”’ data bits, while
a wavelength-conjugate form transmits the “0” data bits.
As shown in Table 1 and Fig. 7 if codeword CyC 1C5 is trans-
mitted for a bit ““1,” the wavelength-conjugates, CoC; C,, are
transmitted for a bit ““0.”

Fig. 8 shows the operating strategy of concurrent trans-
mitting LiDAR with 2D bipolar optical codes called CPPC.
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TABLE 2. CIK-Based (4 x 3, 3, 1, 1) prime permuted code over GF(3) based on the multiwavelength codewords in Table 1 and time-spreading Baker
sequence (+1+1—1).

Groupi =0
Codewords Wavelengths
CoCoCo AoA2A0A2 A1 A3
Ci1C1C1  AoArdoA1Az)s
C2C2Cso A0A3A0 A3 A2

Groupi =1
Codewords Wavelengths
CoC1C2 A0A2A0A1 A1 A2
C1C2Co  AoA1AoA3A1As
C2CoCy A0A3A0 A2 A2 A3

Group i = 2
Codewords Wavelengths
CoC2Cy AoA2A0A3 23
C1CoC2  AoArdoA2A1Xe
C2C1Co A0A3A0 A1 Ao A2

When measuring, laser pulses are sent out simultaneously
from the 128 vertical channels, and distances are measured
simultaneously. Each channel encodes and transmits identifi-
cation information of target directions based on CPPC (4 x
3,3, 1, 1). Four LDs with different wavelengths per channel
are bundled with a coupler; hence, the lasers emitted fly
toward the same target direction. When the laser transmission
to the target direction is completed, it rotates to the next target
direction without idle listening time for the reception of the
reflected pulse. Since the cardinality of CPPC (4 x 3,3, 1, 1)
is nine, a unique non-overlapping code can be used for up
to nine target directions. It takes 0.5 ps and 4.5 ps for one
and nine target directions, respectively. Since the rotation
angle between target directions is very narrow at 0.009°, one
lens can sufficiently receive reflected waves up to 0.045°,
the angle of the nine target directions. When converted to
a measurable distance with ToF, it is 675 m theoretically,
making it possible to measure a sufficiently long distance
without mutual interference and listening time. The encoded
chip stream is stored in the code-time associative memory
with transmitting time and used with the received time of the
reflected pulse when calculating ToF.

Fig. 9 shows the architecture of the concurrent transmitting
LiDAR based on 2D bipolar optical codes. After generat-
ing a five-bit identification number according to the target
direction, a three-bit CRC checksum is calculated to form
an eight-bit transmission stream. The eight-bit transmission
stream is encoded using CPPC (4 x 3,3,1,1) to a chip
sequence composed of 48 time-bins parallel to four wave-
lengths. The encoded chip stream stored in the code-time
associative memory is used for pulse detection, decoding,
and ToF calculation in the receiver. Four LDs with different
wavelengths for each channel are bundled through a cou-
pler in the transmitter. A total of 512 LDs with different
wavelengths (between 1530.0413 nm and 1568.3623 nm for
12.5 GHz signal), and 128 wavelength intervals are spaced
apart for each channel, allocated four each. If the time-bin
value of the chip sequence of each wavelength is “1,” the
corresponding LD generates a laser pulse. It is sent to the
target direction after combining it with other laser pulses
through a coupler. When all pulse sequences are sent, the
motor rotates to the next specified angle for the next target
direction.

After the emitted laser pulses are reflected from a tar-
get, they are received through the lens, divided into 512
wavelengths using a splitter, and transmitted to the ADC.
The stream generated through the ADC limits the maximum
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FIGURE 8. Operating strategy of the concurrent transmitting LiDAR with
2D bipolar optical codes - code-inversion keying (CIK)-based prime
permuted code (CPPC). (a) LiDAR transmits all coded pulse streams to
each target all at once and the body is rotated toward the next target
detection; (b) LiDAR repeats (a). Simultaneously, the LiDAR receives a
reflected pulse stream, decodes it, and then calculates the target distance
with the identifier at the received pulse stream. (c) and (d) LiDAR repeats
(b) the sequence for all targets.

signal value by applying the hard limit. The pulse is detected
using the sliding window correlation method from the chip
sequence stored in the code-time associated memory and
generated as a pulse stream using the received signal. Four
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FIGURE 9. Architecture of the concurrent transmitting LiDAR based on 2D bipolar optical codes. The solid and
dotted lines are the electrical and optical signal paths, while the green and red describe the transmission and

reception operations, respectively.

pulse streams identical to the wavelength used for trans-
mission are bundled. These are decoded using the CPPC
(4 x 3,3,1, 1) stored in the code-time associative memory
to generate a bit stream. A three-bit CRC is generated with
five-bit identification information from the bit stream. The
error is determined by comparing it with the three-bit CRC
included in the bit stream. If there is no error, the distance to
the object is calculated using the ToF method using channel
and identification information and transmission and reception
times. Finally, the point cloud is created by gathering the
distance data information.

IV. SIMULATION

This section discusses the proposed concurrent transmitting
LiDAR simulation results and compares its performance with
other LiDARs. The environment in Fig. 10 was configured
for the simulation to measure and compare the performance
of the proposed LiDAR with that of other LiDARs. A white
and black paper wall, 2 m wide and 2 m tall, was placed
2.5m in front of the LiDAR. The reflectance of the white
and black paper walls was 90 % and 10 %, respectively. For
optical characteristics related to laser transmission/reception,
reflection, and the lens, Synopsys RSoft OptSim optical sim-
ulation software was used [39]. In [7], the performance of the
sequential transmitting LIDAR was evaluated by a prototype
manufactured using a commercially available off-the-shelf
product. We selected ADC12J4000 from Texas Instruments,
a 12-bit, 4 GHz radio frequency-sampling ADC. The accu-
racy or drift depends mainly on the ADC. ADC12J4000 has
0.1ps RMS as the ADC jitter or 0.03 mm in the distance.
We chose parameters based on our previous prototype LIDAR
for optical characteristics related to laser transmission and
reception, pulse reflection, and lens. In [40], we described
the components used in the simulation. MATLAB was used
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FIGURE 10. Environment used for simulating the four LiDARs.

for encoding and decoding, signal processing, and distance
calculation tasks.

A. SIMULATION ENVIRONMENT

We selected the VLS-128 LiDAR from Velodyne [41] and
our previously developed 1D unipolar optical codes based
sequential and 2D unipolar optical codes based concur-
rent transmitting LiDAR for performance comparison. The
VLS-128 uses 128 infrared (IR) laser pairs with IR detectors
for measuring the distance to the objects. The mounted body
spins around its axis to scan a 360° environment, with each
laser transmitted 18 500 times per second to produce a 3D
point cloud. VLS-128 provides the highest resolution with the
widest FoV in the world. The sequential transmitting LIDAR
measured the target ten times per second with 128 azimuths
and elevation angles each. The 2D unipolar optical codes
based concurrent transmitting LiDAR measured the target
50 times per second with 20 000 azimuth and 128 elevation
angles. A comparison is provided in Table 3. The width of the
laser pulses used by the four LiDARs was 5 ns.

LiDAR snsors used in automobiles should comply with
AEL Level 1. The wavelength and pulse width determines
the laser output and the number of laser pulses used. The
larger the number of laser pulses reaching the AEL standard
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FIGURE 12. Center point zoomed 3D point cloud generated by the four LiDARs in Fig. 11. (a) Velodyne's VLS-128 scanning LiDAR.
(b) Sequential transmitting LiDAR based on 1D unipolar optical codes. (c) Concurrent transmitting LiDAR based on 2D unipolar
optical codes. (d) Concurrent transmitting LiDAR based on 2D bipolar optical codes.

aperture, the lower the power of the laser pulse. Of the three
LiDAR snsors with coded pulses, the laser pulses transmitted
from the sequential transmitting LiDAR arrived at the AEL
standard aperture most frequently, and the concurrent trans-
mitting LiDAR based on 2D unipolar optical codes arrived the
least. By comparing the number of pulses, the 2D unipolar
optical codes based concurrent transmitting LiDAR could
use the highest laser power, and the sequential transmitting
LiDAR used the lowest laser power to comply with AEL
Class 1. The VLS-128 and sequential transmitting LiDAR
use a laser in the near-infrared band near 900 nm, adversely

64196

affecting the human retina. However, the two concurrent
transmitting LiDARSs used a laser in the 1550 nm band, which
is less harmful to the human retina. Hence, the highest laser
power can be used even though the number of pulses of the 2D
unipolar optical codes based concurrent transmitting LiDAR
was the largest.

B. PERFORMANCE EVALUATION OF THE FOUR LIDARs

The properties of the LiDARs are summarized in Table 4 for
further comparison. RSSI in Table 4 indicates the received
signal strength indicator of the pulse. As shown in the
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FIGURE 13. Top view of the paper wall distances from the four LiDARs.

TABLE 4. Property comparison of the four LiDARs.

0.2 0.4

0.6 0.8 1

Sequential Transmitting

Concurrent Transmitting

Concurrent Transmitting

Item Vadyne LiDAR based on LiDAR based on LiDAR based on
1D unipolar optical codes 2D unipolar optical codes 2D bipolar optical codes
Distance of Azimuth 0.004 m 0.015m 0.001 m 0.0005 m
twomeasured point gy o 0:005m 0.014m 0.014m 0.014m
(minimum)
Number of Azimuth 458 128 2546 5093
measured point Elevation 127 116 116 116
Up 0.669 m 0.67m 0.67m 0.67m
Boundary of Left —0.994m —0.909 m —0.998 m —0.999m
measured point Right 0.994m 0.909m 0.998 m 0.999m
Down —0.889m —0.994m —0.994m —0.994m
Average RSSI of Black paper 7134 92 10937 1805
single pulse White paper 64158 912 98094 16 483
Total RSSI of Black paper 7134 4667 294418 87940
all pulses White paper 64 158 42031 2650 064 791 896

measurement result, two concurrent transmitting LiDARSs are
the best, whereas the sequential transmitting LiDAR is the
worst. The four LIDARs have the same FoV, but the number
of measurements is different due to the difference in lateral
resolution. VLS-128 has a non-linear distribution of lateral
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resolution in elevation, whereas the 2D bipolar optical codes
based concurrent transmitting LiDAR had the best lateral res-
olution. Consequently, the number of locations where paper
walls were measured was the largest for the 2D bipolar optical
codes based concurrent transmitting LiDAR. The sequential
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FIGURE 14. Received signal strength indicator and maximum distance of the four LiDARs. “SeqLiDAR” indicates the sequential transmitting LiDAR
based on 1D unipolar optical codes [7]; “UniConLiDAR” is the concurrent transmitting LiDAR based on 2D unipolar optical codes [27]; “BiConLiDAR" is
the proposed concurrent transmitting LiDAR based on 2D bipolar optical codes; “VLS-128" refers to the Velodyne VSL-128 LiDAR.

transmitting LiDAR has a poor lateral resolution, resulting in
poor paper wall measurement.

Fig. 11 and 12 show the location data measured by the
four LiDARs. The 3D point cloud generated by the proposed
LiDAR was rich compared to the others. The sequential trans-
mitting LiDAR has poor performance compared to VLS-128.

Fig. 13 shows the locations measured by the paper walls
in the four types of LiDARs in a top-view format. These
figures show the FoV and distance information of the azimuth
angle for the measurement locations. The FoV is determined
by the unique specifications of each LiDAR method, but the
distance information represents a measuring error. Accord-
ing to the central limit theorem, the more data used in the
calculation, the less the error and the better the accuracy and
precision. The sequential transmitting LiDAR used the most
laser pulses and has the least error, as shown in Fig. 13a.
In contrast, the VLS-128, which uses only one laser pulse,
has the largest error, as given in Fig. 13b. Although the
proposed LiDAR used fewer laser pulses than the sequential
transmitting LiDAR, there is no difference in the distance
error. Thus, the proposed LiDAR exhibited precision and
accuracy, similar to the sequential transmitting LiDAR, even
with fewer laser pulses.

Fig. 14 shows the maximum detectable distance using the
received signal strength when measuring the white and black
matte paper walls with the three LiDARs. The sequential
and concurrent transmitting LiDARs could detect signals that
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TABLE 5. Maximum distance, accuracy, and precision of the four LiDARs.

Sequential Concurrent Concurrent
transmitting  transmitting  transmitting
Item Velodyne LiDAR LiDAR LiDAR
VLS-128 based on based on based on
1D unipolar 2D unipolar 2D bipolar
optical codes  optical codes  optical codes
Maximum =539, 278m 394m 280m
distance
Accuracy 0.047m 0.029m 0.029m 0.029m
Precision 0.019m 0.002m 0.003 m 0.002m

were not clearly distinguished from noise using multiple
reflected laser pulses. Compared to the black matte paper
wall, the white paper wall had higher reflectivity, and the
three LiDARs could equally measure a longer distance. The
laser output of the sequentially transmitted LiDAR is lower
than that of the VLS-128. However, reflected waves over a
longer distance were detected using multiple reflected laser
waves. The proposed LiDAR could transmit laser pulses with
a power of several tens of times higher than that of sequential
transmitting LiDAR or the VLS-128 using laser pulses in the
1550 nm band instead of the 900 nm band and fewer pulses
for multiplexing. Thus, the measurable distance was longer
than other LiDAR. Moreover, the received signal strength
was inversely proportional to the square of the distance to the
target direction. Strong and weak signals were received when
the distance to the destination was near and far, respectively.
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The position accuracy and precision were measured for the
four LiDARs according to the American Society for Pho-
togrammetry and Remote Sensing (ASPRS) standards [42],
[43]. The simulation results are summarized in Table 5. The
sequential transmitting LiDAR using multiple pulses per-
formed slightly better than concurrent transmitting LiDARs
and much better than Velodyne’s VLS-128 LiDAR. Com-
pared to the VLS-128, which uses one pulse, the sequential
transmitting LiDAR had twice the accuracy, whereas the two
concurrent transmitting LiDARs had five to six times higher
accuracy.

V. CONCLUSION

This paper proposed a 2D bipolar optical codes based
concurrent transmitting LiDAR that compensates for the
shortcomings of the pulse-coded LiDAR. This system is
a bipolar communication method that is not affected by
reflected waves, and effectively overcomes the long trans-
mission time of the unipolar communication method while
maintaining good measurement characteristics of code-based
LiDAR. The sequential transmitting LiDAR implements mul-
tiplexing using an asynchronous prime sequence code and
requires a long chip sequence and the transmission of laser
pulses to each target direction. The 2D unipolar optical codes
based concurrent transmitting LiDAR uses a multiplexer to
mix different wavelengths. The 2D bipolar optical codes
based concurrent transmitting LiDAR uses an optical cou-
pler to bundle multiple wavelengths. In the two concurrent
transmitting LiDARs, 128 elevation angles can be mea-
sured simultaneously by transmitting laser pulses of different
wavelengths from one azimuth angle. The 2D bipolar opti-
cal codes based concurrent transmitting LiDAR can operate
much faster than other pulse-coded LiDARs and Velodyne’s
VLS-128. The sequential transmitting LiDAR and VLS-128
use the 900 nm band, which poses a severe threat to the
human retina. The two concurrent transmitting LiDARs use
the 1550 nm band, which only slightly influences the human
optic nerve.

Extensive simulations were performed to analyze the char-
acteristics and performance of the four LIDARs. Performance
was analyzed for the 3D point cloud, maximum distance,
precision, and accuracy. Results suggested that the 2D bipolar
optical codes based concurrent transmitting LiDAR per-
formed slightly better than the 2D unipolar optical codes
based concurrent transmitting LiDAR and much better than
the sequential transmitting and VLS-128 LiDARs. The pro-
posed LiDAR uses 512 LDs and photodiodes, each in the
1550nm band. These LDs are expensive and become the
most significant factor contributing to the high price when
commercialized. Depending on the product’s target, coded
pulses with larger LDs and photodiodes can increase the
resolution as desired. Selecting an optical coding technique
according to the LiDAR target is helpful. Using a 2D optical
coding scheme such as that used for a concurrent transmitting
LiDAR to increase the number of target directions and refresh
ratio per second can maximize the distance measured even
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if accuracy and precision are compromised. The 1D optical
coding scheme, such as that used for a sequential transmitting
LiDAR, is preferable if accuracy and precision are prioritized.
It is necessary to study the coded laser pulses so that they can
be used when there are many LiDARs in a dense space in
the future. Furthermore, side effects from using coded pulse
streams need investigation. Due to the significant differences
between the simulations and actual environment, the signal
reflected by irregular objects can destroy the encoded pulse
stream in reality. Hence, LIDARs cannot decode the received
encoded pulse stream correctly.
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