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ABSTRACT In future mobility, robust obstacle detection is imperative for autonomous vehicles, fostering a
reliance on vision-based data and the emergence of light detection and ranging (LiDAR) as a pivotal sensor.
Despite challenges of cost and novelty, LiDAR’s unique capabilities find favor among automakers, except
Tesla. Offering 3D imaging with superior resolution than radar, LiDAR holds potential significance as a
perception sensor for safe and efficient transportation. Its 3D distance measurement using laser pulses and
waveform analysis is vital for obstacle detection in autonomous vehicles. Techniques like scanning and flash
LiDAR optimize point cloud acquisition, albeit with challenges in balancing resolution and frame rates.
Because LiDAR measures the distance to an object using the time-of-flight, the idle listening time required
to detect reflected waves increases in proportion to the maximum distance. Both, lateral angular resolution
and frame rates are dependent on this idle listening time. Lateral angular resolution impacts LiDAR’s ability
to detect objects. This study proposes an optical orthogonal frequency-division multiple access (OFDMA)
LiDAR with a coded pulse technique to enhance the detection accuracy of objects. Simulation results
demonstrate that the proposed OFDMA LiDAR overcoming false positives and mutual interference through
pulse streamLiDARs and strategic approaches is crucial in LiDAR’s integration into future mobility systems.

INDEX TERMS Autonomous vehicles, LiDAR, optical communication, optical OFDMA, time-of-flight,
discrete Hartley transform.

I. INTRODUCTION
Future mobility is foreseen to include a diverse variety of
vehicles including airborne or flying vehicles, similar to
today’s ground vehicles. The mobility solutions must be able
to detect and react to obstacles in their environment to ensure
safe and efficient transportation [1], [2], [3], [4]. Similar
to how humans rely on visual cues for navigation, vision-
based data plays a critical role in identifying and detecting
obstacles in the path of mobility systems. Light detection and
ranging (LiDAR) is the most widely used sensor available for
visual sensing. Compared to cameras and radars, LiDAR is a
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relatively new and expensive technology, which has limited
its widespread use. However, LiDAR has unique features
that distinguish it from other sensors. LiDAR is expected
to play a critical role in the future of mobility, especially
in autonomous vehicles. Except for Tesla, most automakers
have already adopted LiDAR to enhance autonomous driving
capabilities.

LiDAR provides complete spatial understanding by cre-
ating 3D images of the environment. A key advantage
of LiDAR over radar is its relatively high lateral angular
resolution, which improves object detection and localization
accuracy [5]. However, LiDAR is limited in frame rates
and may provide comparatively lower frame rates than other
perception sensors. LiDAR requires further performance
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improvements due to a trade-off between lateral angular
resolution and frame rate. As LiDAR technology advances,
lateral angular resolution, and frame rate challenges must
be addressed simultaneously. Despite its potential for future
transportation, the high cost of LiDAR is a big challenge
that has limited its wide application in mobility. In addition,
shock-prone and vibration-prone optical components for
LiDAR are another big challenge. Once these challenges
are overcome, LiDAR can fulfill its potential as an essential
perception sensor for future mobility, leading to an era of safe
and efficient transportation systems.

• This study proposes an optical orthogonal frequency-
division multiple access (OOFDMA) LiDAR with a
coded pulse technique for object detection.We proposed
an optimized flip-OFDM based on discrete Hartley
transform (DHT) for OOFDMA LiDAR.

• The proposed LiDAR measures long-distance with high
lateral resolution and high frame rate without loss of
accuracy and precision.

• The proposed LiDAR does not interfere with each
other, even when more than one unit is operating
simultaneously, allowing cooperative operation.

• Simulations are performed to validate the performance
of the prototype of the proposed OOFDMA LiDAR. For
this purpose, its performance is compared with pulsed
LiDAR, sequential firing LiDAR, unipolar concurrent
firing LiDAR, and bipolar concurrent firing LiDAR.

The remaining paper is organized as follows. Limitations
of LiDAR 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.

II. LIMITATIONS OF LiDAR WITH SINGLE PULSE OR
CODED PULSE STREAM
A. BASIC LiDAR OPERATION
LiDAR is characterized by its ability to measure distance
in three dimensions. When measuring the distance of an
object, LiDAR systems emit laser pulses and capture their
reflections, then calculate the distance based on the time
taken for the laser to complete a round-trip [4], [6].
Each LiDAR system can measure a maximum distance,
which depends on factors such as the laser’s emission
characteristics and wavelength, the receiver’s sensitivity, and
the employed signal processing technique. LiDAR systems
allocate sufficient time for the transmitted laser to travel
the maximum distance at the speed of light and receive the
reflected wave.

Due to the laser’s constant speed, LiDAR systems
implement various techniques to measure as many points as
possible within a specific period. One technique that LiDAR
systems use is the scanning LiDAR approach, in which
each laser pulse is directed to an individual point, one at
a time [7]. The distance is measured after the reflected
wave is intercepted before the LiDAR moves towards the

following point, with a slightly different angle. However, this
approach can measure only one point at a time, resulting in
significant time consumption when measuring many points.
Nevertheless, the advantage of this approach lies in the
concentrated laser power, which allows measurements of
greater distances. On the other hand, the flash LiDAR
approach can quickly measure numerous points by projecting
a laser pulse to the targeted area like a camera flashlight and
receiving the corresponding reflected waves [6]. However,
the flash LiDAR method has a disadvantage in terms of
distance. The laser’s power is spread over a broader area
which reduces the measurement distance.

Certain scanning LiDARs employ simultaneous laser
emission across multiple points to mitigate this limitation,
reducing the desired area’s measurement time. Velodyne’s
Alpha Prime is an outstanding LiDAR system with 128 laser
diodes, each designating a single of 128 points [7]. These
lasers are arranged as groups of eight lasers and are capable
of simultaneous transmission. Each group transmits every
2.665 µs, following 16 transmit sequences, to measure the
distance. Despite its versatility, Alpha Prime’s measurement
process takes at least 50 milliseconds to measure the same
location after covering all areas, making it unsuitable for
detecting fast-moving objects.

B. LATERAL ANGULAR RESOLUTION
The lateral angular resolution of a LiDAR system is crucial
in determining the frame rate for repeated measurements of
the same location [3], [4]. The scanning LiDAR completes
the measurement of one angle. It changes the angle slightly
and then measures the next angle. When measuring a given
area, the angle of movement becomes smaller in proportion
to the resolution, increasing the number of measurements.
Consequently, measurement time increases proportionally,
and the frame rate decreases. Utilizing a high lateral angular
resolution with a low frame rate is advantageous for precisely
measuring stationary objects [6], [8], [9]. Using a high
frame rate with a low lateral angular resolution is more
beneficial for objects in high-speed motion. The lateral
angular resolution also determines the minimum size of
accurately measurable objects. A scanning LiDAR emits
laser pulses that rotate around a center regularly based
on the lateral angular resolution. The LiDAR determines
the position of an object by analyzing the reflected pulse.
The distance between the LiDAR and the measured object,
multiplied by the lateral angular spacing, determines the
object’s measurement interval. If the object’s size exceeds
the measurement interval, at least one laser pulse will reflect,
enabling the measurement of its distance and identification
of its presence. If the object’s size is smaller than the
measurement interval, at most, only one laser pulse can
reflect from the object. The object’s distance cannot be
measured without laser pulse reflection, and its presence
remains unknown. The maximum measurement interval is
determined by the minimum size of the object recognized
at the farthest measurement distance, which establishes the
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rotation angle and lateral angular resolution. As it affects the
minimum size and maximum speed of accurately measurable
objects, selecting an optimized lateral angular resolution for
specific applications is the responsibility of scanning LiDAR
manufacturers.

LiDAR systems that use a single laser pulse are subject
to similar limitations, regardless of the chosen transmission
method. Researchers have explored coded pulses using ran-
domized or optical code division multiple access (OCDMA)
techniques to overcome these limitations [9], [10], [11].
This method transmits a coded laser pulse stream with
unique codes to distinguish each measurement location.
Subsequently, the system receives the reflected laser pulse
stream from the object and decodes it to identify the
corresponding measurement points. This process enables
accurate calculation of travel time and distance. In the domain
of radio frequency (RF), the CDMAmethod allows for the use
of ‘‘+1’’, ‘‘0’’, and ‘‘−1’’ in the code. This method utilizes
the properties of ‘‘+1’’ and ‘‘−1’’ to effectively cancel
each other out, resulting in concise and efficient symbols.
On the other hand, OCDMA is limited to ‘‘+1’’ and ‘‘0’’.
As a result, a method is implemented to distinguish between
‘‘+1’’ and ‘‘0’’ based on the relative position and number
of laser pulses [12]. This results in producing symbols and
time bins that are less efficient and longer. Code length
significantly impacts the stream of coded pulses the LiDAR
transmits to a given point and the time required to transmit
the pulses, resulting in longer times for measurement. LiDAR
systems using single pulse or coded pulse streams take a
long time because they must divide many locations into
sequences for successive measurements or transmit many
pulses. In improving LiDAR lateral angular resolution, the
best approach is to decrease the dwell time by reducing
the number of time bins and the encoded pulse stream
length.

Pulse streams consist of multiple, irregularly spaced
pulses. In the case of stationary objects, all laser pulses within
a pulse stream are reflected from the same point, resulting in
the same time of flight and distance measurements. However,
for moving objects, the laser pulses within a pulse stream
will be reflected from different points depending on the
direction of the object, resulting in a different time of flight
and distance measurement for each pulse. It is essential
to transmit all laser pulses within the pulse stream in the
shortest possible time to ensure accurate and precise distance
measurement of a moving object. OCDMA code is critical to
both coded pulse length and maximum measurable distance.
Due to the potential health hazards of lasers, regulations
limit the maximum permissible exposure (MPE) based on the
number of laser pulses per second. Increasing the number
of laser pulses in the pulse stream reduces the power per
pulse transmitted by the LiDAR, consequently reducing the
maximum distance that can be measured. Reducing the laser
pulses per time bin increases the maximum measurement
distance.

C. MEASUREMENT OF DISTANCE AND VELOCITY
The distance measuring algorithms employed in LiDAR
systems rely on analyzing the waveform of the received
reflected waves from the emitted pulses [6]. There are
several types of methods including intensity-based, peak-
intensity, and methods that consider both the width and
height of the reflected waves. As the laser pulse passes
through the medium toward the target object, it encounters
particles and contaminants such as dust and moisture.
Consequently, the laser pulse intensity decreases, and its
waveform changes. When the laser pulse hits the surface
of the target, part of the pulse is absorbed, the part passes
through, and the rest is reflected. This results in a significant
reduction in intensity and deformation of the waveform.
The reflected energy distribution follows a hemisphere,
leading to relatively low energy return to the LiDAR, even
at high reflectivities. As the reflected laser pulse travels
to the LiDAR receiver, further interactions with particles
and contaminants affect its intensity and waveform. These
interactions introduce additional variations from the original
transmitted waveform. These waveform irregularities can
significantly impact distance measurement methods that
rely on the characteristics of the laser pulse, leading to a
decrease in accuracy and precision. Pulse deformation can
introduce significant errors when using a single-pulse LiDAR
for distance measurement. Although the same site may be
surveyed many times with a single pulse LiDAR, variations
in the waveform caused by environmental conditions may
result in slight variations in the range. On the other hand,
pulse stream LiDARs overcome these limitations by using
multiple pulses to measure and compute distance, thereby
significantly improving accuracy and precision by the central
limit theorem (CLT).

Single pulse methods set a minimum threshold for the
reflected pulse to distinguish it from background noise to
reduce false positives [6]. Lowering this threshold allows
longer-range measurements but increases the probability
of taking noise for a reflected pulse from an object.
LiDAR systems choose to minimize false positives over
maximizing measurement distance by carefully setting the
threshold for the reflected pulse to be clearly distinguished
from noise [4]. Pulse-stream LiDAR systems mitigate false
positives by combining multiple pulses, allowing a reflected
pulse threshold to match noise levels closely. A reflected
pulse stream is only detected if all the pulses match the
transmitted pulse stream. This pulse stream approach allows
noise signals similar in magnitude to the reflected pulse
to be ignored if they do not match the pulse pattern, thus
eliminating the possibility of false positives. This feature
reduces the reflected pulse threshold and increases the
sensing range.

Some LiDAR uses frequency-modulated continuous wave
(FMCW) technology to measure the distance and speed
simultaneously from the Doppler shift of the moving
target [6]. While pulsed LiDAR specializes in measuring
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distance only using a single pulse, this approach is rarely used
due to the challenges associated with detecting wavelength
changes in the laser pulse to measure speed. This single-pulse
approach can lead to significant errors. In contrast, the
OCDMA method is more suitable for measuring the speed
of an object because it uses multiple pulses instead of
a single pulse. However, the pulses within the OCDMA
pulse stream are sparsely spread, which makes it difficult
to accurately detect the Doppler shift of the reflected waves
because these pulses occur irregularly throughout the pulse
stream. With consecutive pulse transmission, changes in
wavelength can be accurately detected, allowing for more
accurate measurements of an object’s speed.

D. MUTUAL INTERFERENCE
In the perception sensor, cameras act as passive sensors
without a signal source. Passive sensing allows multiple
cameras to operate simultaneously without interfering with
each other. In poor lighting situations, where cameras use a
flash to light up the surroundings, the use of a flash from one
camera affects the entire area of its range. Flashing can lead
to errors in the captured images if another camera in the same
area receives the light emitted by the flash. Radar and LiDAR
are active sensors that rely on their signal source to measure
distance. Radar and LiDAR determine distance through the
transmission of a signal and the time needed to reflect and
reach the receiver. When several radars or LiDARs operate
simultaneously, they may encounter signals transmitted by
other radars or LiDARs directly or after bouncing off objects.
When these sensors receive a signal similar to the one
transmitted, they cannot distinguish whether it is coming
from the same sensor or another sensor. As a result, all
the received data is processed as if it came from the same
sensor, and time and distance are measured. Thus, wherever
distance is calculated, an object is assumed to exist, including
both real and false objects created by interfering with each
other [13], [14]. The objects falsely detected due to mutual
interference are known as ghost targets. In radar and LiDAR
systems, this phenomenon is known as mutual interference.
Mutual interference is more likely to occur when a received
signal is much weaker than a transmitted signal, especially
in systems that detect weak signals over long ranges.
Radar systems have the advantage of precise frequency
tuning, making it possible for different radars to operate
on different frequencies to mitigate mutual interference.
Furthermore, radar systems are available with different fre-
quency bands to suit different applications, and technological
advances have increased the number of available frequency
bands.

The wavelength of the laser generated by the laser diode
used in LiDAR systems is determined by its material
properties, making it impossible to tune the wavelength
for transmission. Consequently, LiDARs using the same
laser diode share the same laser wavelength, increasing the
risk of interference between multiple LiDARs operating
simultaneously. In addition, the wavelength of the laser

affects human vision. LiDAR emissions are visible to the
naked eye and may cause health problems. The ultraviolet
band is also not ideal for mobile LiDAR, as emissions from
this band can cause severe adverse effects and health risks.
This limits the bands that can be used as signal sources for
future mobile LiDARs to infrared bands, which do not pose
a significant health risk. Compared to other sensors, LiDAR
is highly susceptible to mutual interference. As LiDAR
technology becomes more widespread in future mobility,
the probability of mutual interference in such scenarios is
expected to increase. Therefore, mitigation strategies are
needed to address the issue of mutual interference in future
mobility systems incorporating LiDARs. The use of multiple
LiDARs at the same time becomes a viable option when
a single LiDAR system is unable to provide sufficient
information for safe driving.

III. OOFDMA-BASED LiDAR
A. DESIGN CONCEPT
This study presents a new LiDAR that utilizes optical
orthogonal frequency division multiple access (OOFDMA)
to generate a laser pulse stream, as illustrated in Figure 1.
The proposed LiDAR employs pulse stream generated by
special coding techniques, rather than a single pulse, to ensure
that only the pulses it sends are distinguishable, eliminating
mutual interference [9], [10], [11], [14], [15], [16], [17].
However, coding techniques in optics can only use the
presence of light, limiting them to represent only zeros
(‘‘0’’s) and positives (‘‘+1’’s), unlike RF which can represent
negative numbers (‘‘−1’’s). To represent a single bit in optics,
a very long pulse stream is required which results in a long
time to transmit the pulse stream [12], [18]. This LiDAR uses
a pulse stream coded with OOFDMA to encode information
into a very short length and then carried on multiple
wavelengths from densewavelength-divisionmultiple-access
(DWDMA) recommendations. Alternative access approaches
for visible light communication (VLC) encompass time
division multiple access (TDMA), frequency division mul-
tiple access (FDMA), and CDMA [19], [20]. FDMA
mandates a guard band, resulting in lower spectral efficiency
than OFDMA, allowing for overlapping adjacent bands.
Although TDMA is orthogonal, it is less power-efficient
than non-orthogonal alternatives like CDMA, which has been
extensively investigated in radio frequency and suggested for
VLC channels. We chosed OFDMA as it can accommodate
more users without causing interference and is effective in
scenarios involving VLC. OOFDMA is a computationally
intensive coding technique that produces a very short pulse
stream, making it well-suited for LiDAR [12], [21], and then
the pulse streams are directed toward the target direction.
128 laser diodes and external optical modulators (EOMs)
with varying wavelengths are utilized to produce transmit
signals with different wavelengths. For the optical steering
mechanism, we adopted Risley prisms that offer benefits for
beam steering compared to other systems. These benefits
comprise compactness, reduced sensitivity to vibration,
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FIGURE 1. Overall operation of transmitter and receiver.

robustness, independent rotational axes, and low moment of
inertia speed [22].

B. WORKING PRINCIPLE
The proposed LiDAR employs various techniques to ensure
accurate measurements while minimizing mutual interfer-
ence between laser signals. One of these techniques involves
using the device and encrypted identifiers to specify the
transmission direction of the corresponding laser signal.
By modulating the encrypted identifiers through OOFDMA
modulation, multiple laser signals with different wavelengths
can be generated and transmitted simultaneously in various
target directions. This approach effectively prevents mutual
interference between laser signals transmitted simultaneously
or by other LiDARs. In addition, LiDAR utilizes a pulse
stream generated by optical coding techniques to ensure
that only the pulses it sends are distinguishable, thereby
eliminating mutual interference. Changing the transmission
direction of the laser signal, irrespective of whether a
reflected signal is received or not, also reduces the latency
for distance measurement.

The transmission data is generated using flip-OFDMbased
on DHT and separated into each subchannel [12], [21], [23],
[24], as shown in Figure 2 and Figure 3. Figure 2 shows the
process of creating a transmission signal using OOFDMA,
and Figure 3 shows the process of receiving a reflected wave
in reverse order. The laser diodes are rotated concerning
the direction of laser pulse emission and measurement
interval of LiDAR scanning. The linear movement of the
diodes is controlled to ensure appropriate measurement

density [25], [26]. Once the received subchannels are
combined, OOFDMA is used to restore the data. Apart
from measuring the distance of objects, the proposed LiDAR
also measures signal strength and pulse width. Several
signal processing techniques, including optical aberration
correction, are utilized to enhance the accuracy and reliability
of the measurements [21].

Most OOFDMA approaches employ inverse discrete
Fourier transform (IDFT) and DFT for multiplexing/ demul-
tiplexing of the subchannels. As shown in Figures 2
and 3, this study employs DHT and inverse DHT (IDHT)
for multiplexing and demultiplexing of the subchannels,
provided that the input alphabets are drawn from real
constellations such as M-ary pulse amplitude modulation
(PAM). The kernel for both DHT and IDHT is identical,
so the same algorithm can carry out both processes. Unlike
conventional approaches that require Hermitian symmetric
(HS) in the frequency domain (FD) to obtain a real-valued
time domain (TD) signal, the proposed method generates
a real-valued output for DHT/IDHT when a real-valued
input is provided. By controlling the power of the emitted
laser, it is possible to measure at different distances. The
distance is measured by utilizing the flight time of the
signal, while the object’s relative speed can be determined
by measuring the Doppler shift of the subchannel. OOFDMA
suffers from a high peak-to-average power ratio (PAPR)
due to the constructive addition of subchannels, which can
be a significant limitation for intensity modulation-direction
detection (IM-DD) systems with class-1 lasers that have
a maximum optical output power less than the accessible
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FIGURE 2. Signal processing sequences of the DHT-based flip-OOFDMA encoder at each transmission carrier.

FIGURE 3. Signal processing sequences of the DHT-based flip-OFDM decoder at each receiving carrier.

emission limit (AEL). To address this issue, precoding
techniques have been proposed for moderate PAPR reduction
gainwith small computational complexity, of which theDHT-
based flip-OFDM has superior PAPR performance [21].

1) The input data consists of randomly generated 128-bit
device identifiers and 128-bit angle identifiers, which
are encrypted using AES-128 [12].

2) The transmitter stores the identifiers and compares
them with the received data.

3) To increase the data rate, the serially incoming
128-bit encrypted data stream is split into N

2 parallel
substreams di [12].

4) Modulation is performed with N
2 parallel substreams

using M -pulse amplitude modulation. Each k bit (k =

log2M ) is mapped to the signal constellation set in the
TD [12]

an = Amdi (1)

where Am = 2m− 1 −M , m = 1, 2, . . . ,M .

5) TD symbols Xk are mapped to the even subchannels of
N -length FD signals

Xn+ =

{
X̃k , n = 2k
0, otherwise

(2)

6) FD symbols are fed to N -order IDHT to multiplex
the orthogonal subchannels, which result in a TD
signal [21]

x̃n =
1

√
N

n−1∑
n=0

Xn

[
cas

(
2πkn
N

)]
(3)

where n = 0, 1, . . . ,N−1, n represents FD OOFDMA
symbol while x̃ indicates TD output symbol and

cas
(

πkn
N

)
= cos

(
πkn
N

)
+ sin

(
πkn
N

)
(4)

is Hartley kernel.
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7) The output from IDHT is sent to the flip operation to
generate symbols. The yk is further decomposed into
y+k and y−k

y+k =

{
x̃n, x̃n > 0
0, otherwise

(5)

y−k =

{
x̃n, x̃n < 0
0, otherwise

(6)

8) The positive part y+k uses the original position for
transmission while the flipped part y−k is delayed, and
both parts are multiplexed [21]

xk =


y+n , 0 ≤ k ≤

N
2

− 1

−y−
k−N

2
,

N
2

≤ k ≤ N − 1
(7)

9) N parallel substreams are merged into a serial stream.
The generated OOFDMA signals, as shown in Figure. 1,

are connected to 128 laser diodes and external optical
modulators (EOMs) with different wavelengths to produce
transmit signals with different wavelengths. The outputs
of the EOMs are transmitted in the specified direction.
This allows multiple laser pulse streams with different
wavelengths for the same device and angle identifiers data to
be simultaneously transmitted toward different target points.
The distance is measured by utilizing the flight time of the
pulse stream.

C. ARCHITECTURAL DESIGN AND EXPERIMENTAL
IMPLEMENTATION OF THE PROTOTYPE
This study designed a prototype LiDAR to validate the
feasibility of the proposed concept. Experimental imple-
mentation of the prototype is carried out to validate the
feasibility and evaluate the performance of the proposed
LiDAR system, as shown in Figure 4. The proposed
system consists of commercial off-the-shelf (COTS) prod-
ucts. These include a triple laser source, three high-speed
photodetector modules, a four-channel high-speed digitizer,
and MATLAB software running on a Windows operating
system.

The prototype utilizes a coded laser pulse stream to
identify the location and determine the distance to an object.
The transmitter, running in MATLAB generates an eight-bit
stream comprising a five-bit identification number and a
three-bit cyclic redundancy check (CRC) checksum from the
most significant bit (MSB) to the least significant bit (LSB).
The identification numbers represent the location in each
bearing direction. The CRC-3 checksum is an error-detecting
code for detecting accidental changes and validating the
received bit stream. The power of the laser pulse emitted
in the steering direction is equal to or similar to the MPE
of class 1 laser products. The four laser pulse stream is
coded using the OOFDMA technique to generate a bit
stream orthogonal to the other, as shown in Figure 5e and
Figure 6e. The OOFDMA encoder saves coded laser pulse

FIGURE 4. Experimental implementation of the prototype LiDAR. (a) The
entire prototype LiDAR included a triple laser source, three high-speed
photodetector modules, and a four-channel high-speed digitizer;
(b) Three laser pulse streams are transmitted at different directions
according to their wavelengths.

stream information when the leading laser pulse is emitted to
calculate the time of flight.

The generated OOFDMA, signals are fed to three laser
diodes with different wavelengths in TripleX-WSLS by
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FIGURE 5. Streams encoded according to the codes used by the method
of five LiDARs. (a) Single pulse scanning LiDAR uses single pulse only as
described in Section IV-A1; (b) Sequential transmitting LiDAR with 1D
unipolar optical coded pulse stream uses asynchronous prime sequence
code with one wavelength and 121 chips as described in Section IV-A2;
(c) Concurrently transmitting LiDAR with 2D unipolar optical coded pulse
stream uses carrier-hopping prime codes with three wavelengths and 11
chips as described in Section IV-A3; (d) Concurrently transmitting LiDAR
with 2D bipolar optical coded pulse stream uses CIK-based prime
permuted code with three wavelengths and 6 chips as described in
Section IV-A4; (e) Concurrently transmitting based LiDAR with OOFDMA
coded pulse stream uses DHT-based flip-OFDM with one wavelength,
2 subcarriers, and 4 chips as described in Section III.

analog modulation to produce transmission signals with dif-
ferent wavelengths. The TripleX-WSLS from the Wavespec-
trum Laser Group was chosen because it provides a triple-
RGB fiber-coupled white laser source. The red (638nm),
green (520nm), and blue (450nm) lasers were integrated into
a single fiber to provide the optimal white laser. It consisted
of the laser diode (LD), the LD driver, and a thermoelectric
(TE) cooling system. Each wavelength was independently
controlled by analog modulation. Three optical laser pulse
streams are transmitted in three directions according to their
wavelengths.

Three receivers are equipped with their own lens that
receives the reflected pulse streams, which are then converted

into a photocurrent using a high-speed photodetector. The
resulting photocurrent of the photodetector is preamplified
and converted into a voltage signal by a trans-impedance
amplifier (TIA). We used three high-speed photodetectors,
the PD1000-VIS from QUBIG, which can operate at
frequency up to 1GHz with a gain of 16 kVA−1. The pho-
todetectors are a high-speed Si PIN photodiode designed to
detect visible to near-infrared light with an optimum spectral
range of 320 to 1000 nm. The amplified photodetectors have
an integrated low-noise TIA which provides a fixed gain
resulting in a high signal-to-noise ratio (SNR).

The voltage signals are routed directly to a four-channel
high-speed analog-to-digital converter (ADC). We chose an
Express CompuScope PCIe Gen3 digitizer CSE161G4 from
GaGe RazorMax. This digitizer has four 16-bit channels at
1GS s−1 and 600MHz bandwidth, with PCIe data streaming
rates of up to 5.2GB s−1. After completing the conversion,
the receiving signal processor saves the arrival time and the
digitized result to the memory queue. The receiver detects
the matched OOFDMA pulse stream using an autocorrelation
function from the memory queue. The digitized result is
converted into an eight-bit stream in the decoded process. The
receiver generates the CRC using a three-bit CRC algorithm
that employs a five-bit identification number and compares
this CRC with that included in the eight-bit stream. If the two
CRCs match, the receiver uses the identification number to
identify the time of pulse emission and then calculates the
time-of-flight and the distance between the LiDAR and the
object. A point cloud image is formed when these processes
are conducted for the entire set.

IV. PERFORMANCE EVALUATION
A. OPERATIONAL CHARACTERISTICS OF LiDARs USED
FOR COMPARISON
To compare the performance of LiDARs, the prototype was
tested in five different modes. Although all LiDARs have
the same laser wavelength and pulse width, they differ in
encoding method and the pulse stream. The length, pulse
count, and pulse position in the pulse stream depend on the
pulse coding method employed by the LiDAR instrument.
As a result, it determines the time and power required for
sending and receiving the pulse stream to measure a point.
The image resolution and frame refresh rate depend on the
transmission time, while themaximummeasurement distance
depends on the pulse power. We present the behavioral
characteristics of four different LiDAR systems to evaluate
the performance against the proposed LiDAR, and the
detailed operational parameters are presented in Table 1.

1) SINGLE PULSE SCANNING LiDAR
Pulse LiDAR uses a single laser pulse for a single
measurement point [7]. Since the same pulse is used for
all measurement points, the discrimination of measurement
points from the received pulse is impossible. The time
required to measure a single point is longer when it takes
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TABLE 1. Characteristics of five LiDARs.

the laser pulse to travel the maximum measurement distance.
This results in the longest time of any comparable LiDAR.
The MPE is achieved in a single pulse, which makes it
the most powerful of all the LIDARs. The laser pulse
utilized in this LiDAR is presented in Figure 5a and
Figure 6a.

2) SEQUENTIAL TRANSMITTING LiDAR WITH 1D UNIPOLAR
OPTICAL CODED PULSE STREAM
This LiDAR uses unipolar direct sequence optical code
division multiple access (DS-OCDMA) to incorporate target

direction information into its laser pulses [9]. With unipolar
coding, each symbol is represented by a single pulse within a
chip sequence, with the pulse position indicating the symbol.
The length of the chip sequence is proportional to the square
of a prime number. It can therefore exceed the cardinality,
resulting in longer transmission times. The first laser pulse
marks the position of the first chip in the pulse detection
frame. The number of additional laser pulses increases the
accuracy and precision of pulse detection. There is no need
for idle listening time because the laser pulse stream carries
the DS-OCDMA-coded directional information. The laser
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FIGURE 6. Examples of waveforms emitted by five LiDARs. (a) Single
pulse scanning LiDAR emits single laser pulse at the beginning of each
frame cycle as described in Section IV-A1; (b) Sequential transmitting
LiDAR with 1D unipolar optical coded pulse stream emits one laser pulse
with one wavelength as described in Section IV-A2; (c) Concurrently
transmitting LiDAR with 2D unipolar optical coded pulse stream emits
three laser pulses in three different wavelength as described in
Section IV-A3; (d) Concurrently transmitting LiDAR with 2D bipolar optical
coded pulse stream emits two laser pulse concurrently with two of four
different wavelength as described in Section IV-A4; (e) Concurrently
transmitting based LiDAR with OOFDMA coded pulse stream emits single
laser in one wavelength but different amplitude pulse as described in
Section III.

FIGURE 7. Experimental environment.

pulse stream utilized in this LiDAR is presented in Figure 5b
and Figure 6b.

3) CONCURRENTLY TRANSMITTING LiDAR WITH 2D
UNIPOLAR OPTICAL CODED PULSE STREAM
This LiDAR uses 2D OCDMAmodulation with wavelength-
hopping time-spread codes to allow simultaneous transmis-
sion [16], [17]. For each source, three LDs with different
wavelengths are used to generate coded laser pulses. The 2D
unipolar optical coding technique can decode the embedded
target identification’s direction based on the laser pulse’s
chip position at each wavelength. The transmission time
is reduced to a ratio based on the square root of a prime
number. Although using multiple wavelengths reduces the
transmission time, the same number of laser pulses is
required as the total number of wavelengths. The laser pulse
stream utilized in this LiDAR is presented in Figure 5c and
Figure 6c.

FIGURE 8. Distance measurement of paper wall place at distance of 2.5m
in front of proposed LiDAR.

4) CONCURRENTLY TRANSMITTING LiDAR WITH 2D
BIPOLAR OPTICAL CODED PULSE STREAM
This LiDAR uses a 2D prime-permuted code with Walsh
codes for wavelength hopping and bipolar Barker sequences
for time spreading [27]. This code shortens the long chip
sequence required for the simultaneous transmission of the
unipolar optical codes of the LiDAR and removes the start of
the pulse stream indicator. On-off keying (OOK) modulation
is used, where each user transmits a unipolar codeword
corresponding to the address codeword of the intended
receiver for a data bit ‘‘1’’. Prime permuted codes support
code inversion keying (CIK). The ‘‘0’’ data bits in CIK
are transmitted using wavelength-conjugate code words and
OOK. Multiple LDs of different wavelengths per channel are
combined with a coupler to ensure that the emitted lasers
point in the same direction toward the target. The laser pulse
stream utilized in this LiDAR is presented in Figure 5d and
Figure 6d.

B. DISTANCE MEASUREMENT OF PAPER WALLS
Performance was assessed by measuring distance and inten-
sity with a 2m × 2m paper wall placed at a distance of
2.5m in front of the prototype. Figure 7 shows the configured
environment for the experiments, and Figure 8 shows the
distance measured by the proposed LiDAR. The distance
measurement of the proposed LiDAR was carried out using
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FIGURE 9. The distance was measured 1000 times using a prototype LiDAR on a white paper wall. Five different modes were used. (a) Single pulse
scanning LiDAR as described in Section IV-A1; (b) Sequential transmitting LiDAR with 1D unipolar optical coded pulse stream as described in
Section IV-A2; (c) Concurrently transmitting LiDAR with 2D unipolar optical coded pulse stream as described in Section IV-A3; (d) Concurrently
transmitting LiDAR with 2D bipolar optical coded pulse stream as described in Section IV-A4; (e) Concurrently transmitting based LiDAR with OOFDMA
coded pulse stream as described in Section III.

the operation of the LiDAR described in Section III-A,
Section III-B and Section III-C.

The analog signal, encoded using OOFDMA, served as
the input to the prototype TripleX-WSLS. This laser module
produced an optical signal, which was transmitted in different
directions based on their respective wavelengths, resulting
in a straight-line measurement on the paper wall. The
measurement results of the three laser pulse streams are
shown in Figure 8. The distances between the three laser
pulses were measured as time-of-flight and displayed as point
clouds.

C. ACCURACY AND PRECISION
We tested the proposed LiDAR prototype in five modes
to evaluate the distance accuracy and precision under
different operating conditions, as presented in Table 1.
Using white paper placed 2.5m from the LiDAR, 1000
times measurements were obtained, as shown in Figure 9.
The accuracy and precision of the position were measured
for the five LiDARs according to the standards of the
American Society for Photogrammetry and Remote Sensing
(ASPRS) [28]. The distance measurement results vary for
different LiDARs, and the line becomes longer as the error
increases. Pulsed LiDAR, which uses only one pulse, has the
largest error and the smallest number of pulses, as shown
in Figure 9(a). Sequential firing LiDAR in Figure 9(b),
on the other hand, uses the largest number of pulses and
has the smallest error. The unipolar concurrent firing LiDAR
in Figure 9(c) and the bipolar concurrent firing LiDAR
in Figure 9(d) use fewer pulses than the sequential firing
LiDAR, but their range errors are similar. The range error
decreases as the number of measurement pulses is increased,
but once the number exceeds a certain threshold, the error
levels remain constant. The range error decreases as the
number of measurement pulses is increased. The increased
number of pulses also leads to longer pulse transmission time,
resulting in longer measurement and computation times. The
method proposed in this study in Figure 9(e) uses OOFDMA,

TABLE 2. Measured RSSI, accuracy, and precision of five LiDARs.

and four pulses for one location, results in the second shortest
pulse transmission time among the five LiDARs. However,
the method measures the distance with more than twice the
accuracy of the single-pulse method. Experimental results
for the RSSI, accuracy, and precision of the distance are
summarized in Table 2 for better presentation.

D. MAXIMUM DISTANCE
Distance and intensity were measured every 0.5m to deter-
mine the system’s maximum range. This measurement was
done by alternating between a 2m × 2m black matte paper
wall and a white paper wall. The reflectance of the white
paper wall was 90%, and that of the black matter paper wall
was 10%. Themeasured powers in 0.5m increments from 1m
to 10m, as shown in Figure. 10. Experiments involve various
scanning schemes for the LiDAR, including a single pulse
LiDAR and four pulse stream LiDARs working together.
This figure shows how the received power correlates to the
measured distance. In the case of an extended Lambertian
target, the received signal strength is directly proportional to
the transmitted power and inversely proportional to the square
of the distance. The pulse stream LiDAR outperformed the
single pulse LiDAR in all measured distances and for all wall
colors.

After the pulse was reflected from the target, the received
signal strength was inversely proportional to the square of
the distance to the destination. A strong signal was received
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FIGURE 10. Measured intensity of the five LiDARs from 1m to 10m
(a) Black matte paper wall; (b) White paper wall.

when the distance to the target was close, and a weak signal
was received as the distance was increased. For this reason,
when a large SNR was used, the received signal was clearly
distinguished from noise, and the false alarm rate was very
low; however, the measurement distance was shortened due
to the need for a high received signal strength. In the case
of using low SNR, the false alarm became high because the
received signal is difficult to distinguish from noise, but the
low received signal strength was required to obtain maximum
range. In the case of LiDAR or radar, a large SNR is preferred
because a low false alarm rate is important, and a high
received signal strength is used. Each of the received signals
was difficult to distinguish from noise, but when multiple
pulses were used, it was possible to determine whether they
had the same pattern as the transmitted signal by analyzing
the pattern. Even if the power of a single pulse is distributed
and transmitted, the transmission signal can be detected using
a low SNR, so it is possible to measure a similar or distant
target compared to the method using a single pulse.

TABLE 3. Simulated maximum distance of five LiDARs.

The detection threshold determines the maximum distance
the LiDAR can measure. Noise can have any value and
can reach the detection threshold. In addition, the amplitude
value is the result of contributions from both the noise
and the reflectivity of the target, if present. Lowering the
detection threshold increases the probability of detection and
the probability of exceeding the noise threshold, resulting in
an increased number of false alarms. The probability of a false
alarm (PFA) affects the correctness of the return laser pulse
detection and the measured distance. Unlike pulse-stream
LiDARs, which rely on a pulse stream and eliminate spurious
pulses through multiple detection steps and CRC checksums,
single-pulse LiDARs rely on single pulse detection and
signal processing during the reception process. Due to the
discrepancy between the two LiDARs, the single pulsed
LiDAR necessitated an extremely low PFA and employed a
high ratio of threshold-to-noise (TNR). However, the pulse
stream LiDARs rely on a high PFA and low TNR.

We simulated the received power based on the measured
power and the relationship between the received power, mea-
sured distance, and target surface reflectivity. Simulations are
carried out using Synopsys RSoft OptSim [15], [29] optical
simulation software andMathWorks MATLAB R2023b [15],
[16], [30]. We included the optical characteristics related
to the reflection, lens, laser transmission, and reception,
as well as the encoding and decoding, signal processing,
intensity calculation, and distance calculation tasks [12], [15],
[24]. Table 3 and Figure 11 show the simulated maximum
detectable distance using the received signal strength when
measuring the white paper wall and black matte paper wall
with five LiDAR scanners.

Simulation results demonstrate that the proposed LiDAR
can effectively detect obstacles and has significant potential
for practical applications. For the pulse stream LiDARs, the
intensity was calculated by summing the peak amplitudes
of received pulses for the same target. Compared to the
single pulse LiDAR, the pulse stream LiDAR had a several
times higher intensity value. The sequential firing LiDAR
scanner and the concurrent firing LiDAR scanner could detect
signals that were not clearly distinguished from noise by
using multiple reflected laser pulses. Compared to the black
matte paper wall, the white paper wall had higher reflectivity,
so all five LiDARs could equally measure a longer distance
with the white paper wall. The laser output of the sequentially
transmitted LiDAR scanner was lower than that of the single
pulsed LiDAR, but it was possible to detect reflected waves
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FIGURE 11. Max Distance.

over a longer distance by using multiple reflected laser
waves.

V. CONCLUSION
The future of transportation is foreseen to transform by
integrating a vast range of terrestrial and aerial modes of
conveyance. Ensuring the safety and efficiency of these
transportation systems is of utmost importance, and the
significance of vision-based sensors, specifically LiDAR,
should not be underestimated. Despite its preliminary cost
and obstacles, LiDAR technology has emerged as an
indispensable perception sensor for autonomous vehicles. Its
precise 3D spatial scanning, high lateral angular resolution,
and robust object detection capabilitiesmake LiDAR a unique
sensor for vehicles. However, it is significantly important to
address challenges like lateral angular resolution and frame
rate trade-offs and mitigate interference issues that arise
when multiple LiDARs operate simultaneously. With these
challenges overcome, LiDAR is positioned to play a crucial
role in bringing about a new age of transportation systems
that are safe, efficient, and reliable.

The proposed LiDAR system, which leverages OOFDMA
and advanced coding techniques, is a promising solution to
resolve mutual interference issues among multiple LiDARs.
Generating distinctive pulse streams and using encrypted
identifiers to specify transmission directions, this technology
ensures accurate measurements while reducing latency for
distance calculations. Simulations show the potential of
this LiDAR system in effectively detecting obstacles and

opening doors to practical applications. Pulse stream LiDARs
have demonstrated superiority over single-pulse LiDARs in
scenarios with low reflectivity surfaces, delivering optimized
range and accuracy. OOFDMAcoding represents a promising
technology for increasing the robustness and versatility of
LiDAR-based perception systems as LiDAR technology con-
tinues to evolve. This innovation will continue to contribute
to advancements in future mobility solutions.
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