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ABSTRACT

In this paper, the application of 2-D optical code-division multiple-access (OCDMA) modulation using
wavelength-hopping time-spreading codes in long-range automotive time-of-flight (ToF) light detection and
ranging (LIDAR) systems is proposed and demonstrated. The regulations and constraints that govern the design
of the proposed system are presented. Using 2-D carrier-hopping prime codes, the modulation technique and
associated hardware are implemented and validated with OptiSystem™ simulation. Interference-robustness
studies show that the proposed 2-D OCDMA ToF LIDAR system is more flexible in the choice of system/code
parameters and can support many more sensors and simultaneous ToF measurements than the 1-D counterpart.
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1. INTRODUCTION

The long range, pulse scanning, time-of-flight (ToF) measurement is one promising application of automotive
light detection and ranging (LIDAR) systems [1]-[3]. A ToF signal consists of a train of narrow laser pulses
transmitted periodically from a sensor of a LIDAR-equipped vehicle. The round-trip time of these pulses reflected
from an object is used to calculate the sensor-object distance. Recent studies showed that the use of optical code-
division multiple-access (OCDMA) modulation with 1-D time-spreading sequences and avalanche photodetectors
(APDs) could support such long range, laser safe, ToF measurement without complex signal processing [2], [3].
As every ToF laser pulse was encoded into a (pseudo-orthogonal) time-spreading sequence (e.g., optical
orthogonal codes (OOCs) and prime codes [4]-[7]), these sequences could serve as distinctive tags of ToF signals
and thus support sensor identification to reduce range ambiguity and false detections. The 1-D OCDMA
modulation could extend the ToF distance and support faster scanning rate and better angular resolution than the
classical single-pulse method [2], [3]. However, Fersch, et al. [2] focused on the correlation properties of OOCs
when they were not overlapping in time. This was basically a single-sensor study and the interference robustness
of the 1-D OCDMA modulation was not demonstrated. If multiple sequences (i.e., ToF signals) can be
distinguished at the receiver of a sensor, multiple simultaneous ToF measurements can be supported, thus resulting
in even faster scanning/frame rate and better angular resolution. Moreover, due to the stringent restriction in the
code parameters of the time-spreading sequences [6], [7], the 1-D OCDMA modulation can support very few
sensors after laser-safety regulations and hardware constraints have been taken into consideration [2], [3].

This paper addresses the above deficiencies by applying 2-D wavelength-hopping time-spreading (or, in short,
wavelength-time) codes [6]-[9]. Section 2 studies the proposed 2-D CDMA modulation in the fast-scanning, long-
range, APD-based, automotive ToF LIDAR system. For illustration, each sensor is assigned a unique sequence
from the 2-D carrier-hopping prime codes (CHPCs) [6], [7], which have the advantages of enlarged cardinality by
decoupling code weight from code length [8], [9] and very low cross-correlation function. Hence, the 2-D CHPCs
can support more sensors and heavier code weight than 1-D time-spreading codes, thus enhancing interference
robustness, making false detections less likely, and supporting many more simultaneous ToF measurements for
faster scanning/frame rate and better angular resolution. Also, the restrictions caused by laser-safety regulations
and hardware constraints in the design of the proposed system are investigated. Section 3 reports the OptiSystem™
simulation set-up of the proposed 2-D OCDMA automotive ToF LIDAR system. The interference-robustness
studies in Section 4 show that the proposed 2-D system is more flexible in the choice of system/code parameters
and can support many more sensors and simultaneous ToF measurements than the 1-D counterpart.

2. AUTOMOTIVE TOF LIDAR SYSTEM AND DESIGN CONSTRAINTS

Figure 1a shows the block diagram of the proposed 2-D OCDMA automotive ToF LIDAR sensor module. At the
transmitting side, a laser diode is used to generate a narrow optical pulse in a fixed interval (i.e., repetition period).
The pulse width, power, and period are governed by various factors, such as laser-safety regulations, hardware
speed, number of measurement points, and angular resolution [1]-[3]. Each laser pulse is encoded into a code
sequence in the 2-D OCDMA encoder. (The encoder’s configuration is shown in Section 3.) A scanner is used to



direct the code sequence (i.e., ToF signal) to a targeted object. For steering the ToF signal to perform pixel-by-
pixel measurement, the scanner can be made of microelectromechanical systems (MEMS) scanning mirror or a
rotating mirror [2], [3]. At the receiving side, multiple code sequences will arrive and are detected by the APD
simultaneously. While some of them can be originated from the same sensor but at adjacent measurement points,
some can come from the reflection of different objects or from different sensors. The 2-D OCDMA decoder is
configured as an inverted filter of its associated encoder with a reversed code sequence as its address signature.
An arrival sequence with the correct address (i.e., from the transmitter of the same sensor) will create an
autocorrelation peak at the decoder, while incorrect sequences (i.e., interference) will create a cross-correlation
function [5]-[9]. A pulse demodulator threshold-detects the autocorrelation peak and restores the proper format of
the TOF signal. Finally, a timer records the round-trip time of the ToF signal between the sensor and object.
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Figure 1. (a) Block diagram of the proposed 2-D CDMA automotive ToF LIDAR sensor module. (b) 2-D
CHPC sequence X3 = (0,3,6) of weight w = 3, L = 3 wavelengths, and N = 31 chips. Each color indicates one

wavelength (1) of a laser pulse in the CHPC sequence.

The CHPCs belong to a family of 2-D asynchronous wavelength-time codes of L wavelengths, N chips (i.e.,
length), w pulses (i.e., weight), and cardinality of N, where w < L < N [6], [7]. Using N =31andw =L =3 as
an example, there exist 31 CHPC sequences of 3 wavelengths and 31 chips, denoted as Xo = (0,0,0), X1 = (0,1,2),
X2=(0,2,4), X3 =(0,3,6), Xa = (0,4,8), ..., and Xzo = (0,30,29), where the numbers represent the chip positions of
the three wavelengths. As shown in Figure 1b, X5 = (0,3,6) means that the three wavelengths 1,, 1,, and 4, are
used at chips 0, 3, and 6, respectively. (Details of the construction algorithm can be found in [6] and [7].)

To apply OCDMA modulation in the ToF LIDAR measurement, the system and code parameters are governed
by laser-safety regulations and hardware constraints. To be safe to human eyes, the admissible exposure limit per
pixel (AELpixer) restricts the maximum optical energy within each measurement period. Hence, the optical power
of each of the w pulses (of width ) in the code sequences is restricted to Pchip = AELpixel/(tw) [2], [3]. The smaller
the number of pulses w or narrower the chip-width , the higher the pulse power becomes. As the intensity of the
received pulses is inversely proportional to the square of the ToF distance, higher pulse power used for
transmission and, in turn, seen at the receiver can support longer distance measurement due to higher signal-to-
noise (power) ratio against background and hardware noises. In the ToF LIDAR systems, the maximum
measurement distance is usually given priority over accuracy or precision. Kim and Park [3] showed that it was
best to use smaller number of pulses (e.g., w = 3) to lengthen the ToF measurement distance.

Besides code weight, there is a restriction on code length due to laser-beam steering in the MEMS or rotating
mirrors. For long code length and high scanning (i.e., lateral movement) speed, the laser beam will already be
moved to a different spot at the target, thus resulting in blurry or incomplete ToF measurement [2]. Hence, the
code length will need to be adjusted in accordance to the scanning speed. Due to the scanner’s constraints and
long-range use, a sensor-object distance of at least D = 100 m is assumed. The ToF distance measurement thus
requires a repetition period of at least 2D/c = 666.7 ns, where ¢ = 3 x 10® m/s is the speed of light. Assume that
the scanner scans over a horizontal field-of-view of @ = 60° in Thor = 125 s (a reasonable value for the MEMS
mirrors) for D = 100 m [2]. The lateral movement of the laser beam becomes D x tan(Nto/Thor) = 0.13 m
(acceptable as a complete ToF measurement at a spot) when code length N = 31 and chip-width T = 5 ns are used.
For N =31 and t =5 ns, the scanning or measurement period needs to be at least 31 x 5 = 155 ns, which is within
the required period of 666.7ns. Hence, as used in [2] and [3], N = 31 is about the largest allowable code length for
the OCDMA ToF LIDAR system so that the whole sequence can be assumed to hit the same spot.

The code parameters and correlation properties of the 1-D and 2-D sequences impose a restriction to the
cardinality, which is governed by the Johnson's cardinality upper bound [6], [7]
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where A¢ > 0 is the maximum cross-correlation value and A, > 0 is the maximum autocorrelation sidelobe value of
the code sequences in use. A large code weight w can enhance interference robustness of ToF signals because of
high autocorrelation peak. However, a large w limits the number of supported sensors due to (1) and diminishes
the ToF measurement range due to lower peak power, as explained earlier. As it is more important to have a long
measurement range than accuracy or precision, w =~ 3 was used [2], [3]. Also, N = 31 is required because of the
scanning-rate and angular-resolution requirements. As a result, the cardinality upper bound of 1-D time-spreading
sequences of w =3, N =31, L = 1 (i.e., one wavelength), and Ac = A, = 1 is limited to ® = (1x31-1)/[3%x(3-1)] =5




in (1). In fact, the 1-D OOCs of w =3 and N = 31 used in [2] and [3] have 5 sequences, meaning that only up to 5
sensors can be supported. As shown in Section 4, the number of active sensors is even smaller.

The cardinality limit is relaxed in 2-D wavelength-time codes because the weight w and length N are decoupled
and the cardinality can be enlarged by increasing the number of wavelengths or length [8], [9]. For example, the
2-D CHPCs of N = 31 can support 31 sequences (i.e., sensors) and w can be any integer up to N. Because of using
multiple wavelengths, 2-D wavelength-time codes can support many more sensors and simultaneous ToF
measurements with stronger interference robustness than 1-D time-spreading codes, as shown in Section 4.

3.2-D OCDMA TOF LIDAR SYSTEM SIMULATION MODEL

OptiSystem™ is used to simulate the proposed 2-D OCDMA ToF LIDAR system. Figure 2 shows the simulation
set-up of the transmitter in a sensor module. A bit sequence generator is used to repeatedly trigger an NRZ pulse
generator to create a pulse of width T =5 ns (i.e., chip-width) for the 2-D tuneable encoder to generate a CHPC
sequence of length N = 31 at a repetition period of 155 ns. For weight w = 3 and L = 3 wavelengths, the encoder
consists of a 1 x 3 splitter, which split every incoming pulse into 3 pulses, one for each wavelength path. To create
the CHPC sequence Xz = (0,3,6), the delay-lines on the middle and bottom paths are programmed to create 3 and
6 chips (i.e., 15 and 30 ns) of time delays, respectively. The three delayed pulses then trigger their direct-modulated
lasers of wavelengths 4, = 650, 4, = 660, and 1, = 670 nm, respectively. Finally, the three laser pulses are
recombined at a wavelength multiplexer (Mux) to form Xs, which is then transmitted as a ToF signal. By
programming the delay-lines accordingly, every one of the 31 CHPC sequences of N = 31 can be generated.
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Figure 2. OptiSystem™ simulation set-up of the transmitter. Illustrated is the 2-D tuneable encoder with delay-
lines programmed for the CHPC sequence X3 = (0,3,6) of w=L =3, N=31,and T =5 ns.

The reflected 2-D CHPC sequences (i.e., ToF signals) from the object and other transmitters will arrive at the
receiver of the sensor. To distinguish the desired sequence from interfering sequences, the set-up of 2-D decoder
is similar to that of the 2-D encoder (in Figure 2) but with reversed time delays. The decoder consists of a
wavelength demultiplexer (Demux), a set of 3 APDs with tuneable delay-lines, and a 3 x 1 combiner. The Demux
routes the arrival pulses to their corresponding wavelength paths (i.e., top, middle, and bottom paths for A, = 650,
A, =660, and A, = 670 nm, respectively). The APDs converted optical pulses into electrical ones. Tuneable delay-
lines are used to reverse the time-delays of the pulses in accordance to the address signature of the decoder. For
example, to decode X3 = (0,3,6), the time delays on the 14, 4,, and 4, wavelength paths are set to 30, 15, and 0 ns,
respectively. The delayed pulses from the three paths are multiplexed at the combiner to generate the correlation
function. If the ToF signals consist of the desired sequence (i.e., X3), an autocorrelation function with a high peak
will be formed; otherwise, a low cross-correlation function will be generated. By threshold-detecting the
autocorrelation peak, the desired ToF signal can be detected and the round-trip time can be measured.

The simulation set-up of the proposed 2-D OCDMA ToF LIDAR system consists of 16 encoders and one
decoder of X3 = (0,3,6). The CHPC sequences (out of a total of 31) created by the 16 encoders are (0,2,4), (0,3,6),
(0,5,10), (0,6,12), (0,8,16), (0,10,20), (0,12,24), (0,14,28), (0,16,1), (0,19,7), (0,20,9), (0,22,13), (0,25,19),
(0,26,1), (0,28,25), and (0,30,29). Tuneable delay-lines with different amounts of time delays are added to the
outputs of these encoders to simulate the asynchronous nature of the system. A reflective filter is used to emulate
the reflection of these 16 ToF signals to the decoder.

4. 2-D OCDMA TOF LIDAR SYSTEM SIMULATION RESULTS

The simulation result of the proposed OCDMA LIDAR system with the 2-D CHPCs of w=L =3 and N =31 is
shown in Figure 3a, which contains the accumulated correlation function of the 16 CHPC sequences at the output
of the 2-D decoder of Xs. There are in total 16x3 = 48 pulses in the correlation function per period. Among them,
only three pulses come from the desired sequence Xz and will add atop at the decoder to give an autocorrelation
peak of 3 units in height. The other 45 pulses, which are evenly spread out over one period in this simulation
example, give the cross-correlation function of up to 2 units in height. Figure 3b shows that the simulation result
of the 1-D OOC of w = 3 and N = 31. The simulation uses the OOC sequence (0,3,15) as the desired sequence and



(0,1,7), (0,2,11), (0,4,14), and (0,5,13) as the interfering sequences. Because each sequence contains three pulses
(of same wavelength), a total of 15 pulses per period will arrive at the decoder of (0,3,15). These 15 pulses are
detected by an APD and then split by a 1 x 3 splitter into three paths, and each path contains the same 15 pulses
[6], [7]- These pulses are time-delayed by the delay-lines on the three paths and recombined at a 3 x 1 combiner
to give the accumulated correlation function of 45 pulses. Among them, only the three pulses coming from the
desired sequence (0,3,15) will add atop to give an autocorrelation peak. Using only one wavelength in the 1-D
0OO0C, the simulation example in Figure 3b shows that three chips in the cross-correlation function are as high as
the autocorrelation peak, thus creating false detection and range ambiguity and, in turn, ToOF measurement errors.
However, the 2-D CHPCs do not have these problems even with 16 sequences in use simultaneously.

E
=3
=

(@) ()

40I m
E0m

om
40I m SUI m

Amplitude (a.u.)

30I m

Amplitude (a.u.)

20I m

1D|m
QUIm

1U|rn

400 n 430n 460N 4300 520n Saln 4000 4300 460 N 430 n s20n 330N
Time (g} Time (=)

Figure 3. OCDMA ToF LIDAR system simulation results with a) 16 2-D CHPC and b) 5 1-D OOC sequences.

5. CONCLUSIONS

The 2-D OCDMA modulation in an automotive ToF LIDAR system was studied. The restrictions and regulations
that governed the design of the proposed systems were presented. The 2-D modulation technique and hardware
were implemented and validated with OptiSystem™ simulation. The interference-robustness studies showed that
the proposed 2-D OCDMA automotive ToF LIDAR system was more flexible in the choice of system/code
parameters and could support many more sensors and simultaneous ToF measurements than the 1-D counterpart.
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