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DISTANCE DETECTION METHOD AND
SYSTEM

Matter enclosed in heavy brackets [ ]| appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

CROSS-REFERENCE 10O RELATED
APPLICATIONS

This application is a reissue divisional of and claims

priority to U.S. application Ser. No. 16/011,820, filed on Jun.
19, 2018. U.S. application Ser. No. 16/011,820 is a reissue
divisional application of and claims priority to U.S. appli-
cation Ser. No. 14/984,704, filed on Dec. 30, 2015, issued as
U.S. Pat. No. 46,930. U.S. application Ser. No. 14/984,704
is a reissue application based on U.S. application Ser. No.
13/632,191, filed on Oct. 1, 2012, which previously issued as
U.S. Pat. No. 8,619,241. U.S. application Ser. No. 13/632,
191 is a divisional of U.S. application Ser. No. 12/509,235,
filed Jun. 18, 2010, now U.S. Pat. No. 8,310,655, which is
the U.S. national phase of International Application No.
PCT/CA2008/002268, which claims priority to U.S. Provi-
sional Application Ser. No. 61/015,738, filed Dec. 21, 2007,
U.S. Provisional Application Ser. No. 61/015,867, filed Dec.
21, 2007, and U.S. Provisional Application Ser. No. 61/042,
424, filed Apr. 4, 2008.

TECHNICAL FIELD

The invention relates to methods and systems for improv-
ing the measurement of light transit time reflected by
different types ol objects 1in detection and ranging methods
and systems.

BACKGROUND OF THE ART

Several methods are used to measure the distance between
an apparatus and an object. Optical range-finding systems
frequently rely on the time-of-flight principle and determine
the distance between the apparatus and the object by mea-
suring the time a short pulse of light emitted from the
apparatus takes to reach an object and be reflected to a
photo-detection circuit. Conventional optical rangefinders
use a counter mitiated at the starting pulse and then stopped
when the receiver circuit detects the pulse echo of a value
higher than a specific threshold. This threshold can be set
low to provide sensitivity but the system will generate false
alarms from transient noise. It can be set high to avoid false
alarms but the system will not detect objects that return weak
signal reflection. In bad weather conditions, such as rain or
snow, several pulse echoes can be generated. Some tech-
niques help to detect a certain number of echoes and may be
used the reject some retlections but they have their limita-
tions.

Some optical rangefinders use other methods to be more
robust against false alarms. One method 1s based on the use
of an analog-to-digital converter (ADC) for the digitaliza-
tion of the waveform of the echoed back signal. Once
digitalized, the wavelorm can be processed by digital signal
processing circuits to improve the performance of the sys-
tem.
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Several techniques are already known for improving the
performance of an optical rangefinder using an ADC. Aver-
aging 1s an eilicient way to improve the signal to noise ratio
(SNR). However, averaging has an impact on response time
and may render the system too slow for some applications.

The resolution of distance measurement can be enhanced
by using a clock pulsed delay circuit technique. Using an
integer (IN) division of the clock pulse signal with a delay
circuit and by rearranging each echo light pulse sample data,
this technique 1mproves the resolution by a factor N. How-
ever, this technique has an impact on the number of averages
if the averaging technique is also used to improve the SNR.

Digital correlation 1s another digital processing technique
for increasing the resolution of the range measurement. By
correlating the echo pulse signal with a pre-stored wave-
form, the distance to the object can be estimated by using the
peak value of the result of the correlation function.

Several digital processing techmiques have been elabo-
rated to improve the performance of rangefinders but none
consider that the need, in terms of resolution and signal to
noise improvement, 1s not constant as a function of the range
for most of range-finding applications.

SUMMARY

It 1s therefore an aim of the present imnvention to address
at least one of the above mentioned difliculties

The present system improves the detection of the presence
and the measure of the distance of objects, while optimizing
the performance (resolution, repetition rate, etc) by adapting,
a range-dependant processing as a function of the need of
different applications.

The present system can be adapted for use with a lighting
system for lighting purposes as well as for the detection and
ranging purposes.

The present system also improves the detection of rain,
snow, fog, smoke and can provide information about current
weather conditions.

According to a broad aspect of the present invention, there
1s provided a method for detecting a distance to an object.
The method comprises providing a lighting system having at
least one pulse width modulated visible-light source for
illumination of a field of view; emitting an 1llumination
signal for illuminating the field of view for a duration of time
y using the visible-light source at a time t; integrating a
reflection energy for a first time period from a time t—-x to a
time t+x; determining a {first integration value for the first
time period; integrating the retlection energy for a second
time period from a time t+y—-x to a time t+y+x; determiming,
a second integration value for the second time period;
calculating a difference value between the first integration
value and the second integration value; determining a propa-
gation delay value proportional to the difference value;
determining the distance to the object from the propagation
delay value.

BRIEF DESCRIPTION OF THE DRAWINGS

Having thus generally described the nature of the mven-
tion, reference will now be made to the accompanying
drawings, showing by way of illustration a preferred
embodiment thereot and in which:

FIG. 1 1s a block diagram of an embodiment of the
lighting system:;

FIG. 2 shows an example of a reflected signal with
accumulation and phase shift techniques wherein FIG. 2a 1s
a trace obtained with no accumulation and no phase shiit,
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FIG. 2b has accumulation and phase shift improvements and
FIG. 2¢ has a greater number of accumulations and phase
shifts;

FIG. 3 1s a table of example setup parameters for the
segmentation;

FIG. 4 shows an example of a reflected signal with
adjusted parameters as a function of the distance;

FIG. § 1s a flow chart of an embodiment of the segmen-
tation process;

FIG. 6 shows an example of the accumulation and phase
shift technique for a 10 m range finder using the one sample
by optical pulse technique;

FIG. 7 1s a table of example setup configuration for the
accumulation and phase shift technique using the one
sample by optical pulse technique;

FIG. 8 1s a block diagram of a lidar module using an
embedded processor;

FIG. 9 shows a noisy signal fitted and filtered;

FIG. 10 presents a Gaussian pulse with a zero-crossing
point of the first derivative;

FIG. 11 shows a typical PWM pattern with slope adjust-
ment;

FIG. 12 shows a rising edge signal from a source and
reflected signals;

FIG. 13 shows a 10% to 90% rising edge of an echo back
noisy signal with linear regression;

FIG. 14 1s a flow chart of an embodiment of the PWM
edge techmque for detection and ranging; and

FIG. 15 shows a rising edge with overshoot stabilizing
alter one cycle of the resonance frequency;

FIG. 16 shows a timing diagram of the method using an
integration signal from the reflected signal and synchronized
with rising edge and falling edge of the PWM lighting
SOUrce;

FIG. 17 1s a flow chart of the main steps of a method for
acquiring a detected light optical signal and generating an
accumulated digital trace; and

FIG. 18 1s a flow chart of the main steps of a method for
detecting a distance to an object.

It will be noted that throughout the appended drawings,
like features are identified by like reference numerals.

DETAILED DESCRIPTION

FIG. 1 1s a block diagram illustrating an embodiment of
a lighting system equipped with the present system. The
lighting system 100 has a visible-light source 112. The
visible-light source 12 has, as a {irst purpose, the emission
of visible light for 1llumination or visual communication of
information, like signaling, for human vision. The primary
purpose of emitting light 1s controlled according to specific
criteria like optical power, field of view and light color, to
meet requirements defined through a number of regulations.
In the preferred embodiment, the visible-light source 112
has one or more solid-state lighting devices, LEDs or
OLEDs for instance.

The visible-light source 112 1s connected to a source
controller 114, so as to be driven 1nto producing visible light.
In addition to emitting light, the system 100 performs
detection of objects and particles (vehicles, passengers,
pedestrians, airborne particles, gases and liquids) when these
objects are part of the environment/scene 1lluminated by the
light source 112. Accordingly, the source controller 114
drives the visible-light source 112 in a predetermined mode,
such that the emitted light takes the form of a light signal,
for instance by way of amplitude-modulated or pulsed light
€miss10n.

10

15

20

25

30

35

40

45

50

55

60

65

4

These light signals are such that they can be used to
provide the lighting i1llumination level required by the appli-
cation, through data/signal processor 118 and source con-
troller 114, while producing a detectable signal. Accord-
ingly, it 1s possible to obtain a light level equivalent to a
continuous light source by modulating the light signal fast
enough (e.g., frequency more than 100 Hz) to be generally
imperceptible to the human eye and having an average light
power equivalent to a continuous light source.

In an embodiment, the source controller 114 1s designed
to provide an illumination drive signal, such as a constant
DC signal or a pulse-width modulated (PWM) signal, that 1s
normally used 1n lighting systems to produce the required
illumination and control its intensity. The illumination drive
signal 1s produced by the illumination dnver sub-module
114 A of the controller 114.

A modulated/pulsed driving signal supplies the fast
modulation/pulse sequence required for remote object detec-
tion. This modulated/pulsed drive signal 1s produced by a
modulation driver sub-module 114B of the controller 114.
The amplitude of short-pulse (typ. <30 ns) can be several
time the nominal value while the duty cycle i1s low (typ.
<0.1%).

The modulator driver 114B can also be used to send data
for optical communication. Both driving signals can be
produced 1ndependently or in combination. Sequencing of
the drive signals 1s controlled by the data/signal processor
118. The light source 112 can be monitored by the optical
detector 116 and the resulting parameters sent to the data/
signal processor 118 for optimization of data processing.

An alternative for sourcing the light signal for detection
involves an auxiliary light source (ALS) 122, which can be
a visible or non-visible source (e.g., UV or IR light, LEDs
or laser) using the modulation driver 14B. The auxiliary
light source 122 provides additional capabilities for detect-
ing objects and particles. UV light source (particularly
around 250 nm) can be used to limit the impact of the
sunlight when used with a UV detector. IR light can be used
to icrease the performance and the range of the detection
area. IR lights and other types of light can be used to detect
several types of particles by selecting specific wavelengths.
The auxiliary light source 122 can also be useful during the
installation of the system by using 1t as a pointer and
distance meter reference. It can also be used to determine the
condition of the lens.

The wvisible-light source 112 i1s preferably made up of
LEDs. More specifically, LEDs are well suited to be used 1n
the lighting system 100 since LED intensity can be efli-
ciently modulated/pulsed at suitable speed. Using this fea-
ture, current lighting systems already installed and featuring,
LEDs for standard lighting applications can be used as the
light source 112 for detection applications, such as presence
detection for energy savings, distance and speed measure-
ments, fog, rain, snow or smoke detection and spectroscopic
measurements for gas emission or smog detection.

The system 100 has at least one lens 130 through which
light 1s emitted 1n an appropriate way for specific applica-
tions. At least one mput lens section 130a of at least one lens
130 1s used for receiving the light signal, for instance
reflected or diffused (i.e., backscattered) by the objects/
particles 134. This input lens section 130a can be at a single
location or distributed (multiple zone elements) over the lens
130 and have at least one field of view. Several types of lens
130 can be used, such as Fresnel lenses for example. A
sub-section of the lens 130 can be used for inirared wave-
length. A sub-section of the lens 130 can be used for optical
data reception.
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A detector 116 1s associated with the visible-light source
112 and/or auxiliary light source 122 and the lens 130. The
detector module 116 1s an optical detector (or detectors)
provided so as to collect light emitted by the light source
112/ALS 122 and back-scattered (retlected) by the objects/
particles 134. Detector module 116 can also monitor the
visible-light source 112 or auxiliary light source 122. The
light signal can also come from an object 134 being the
direct source of this light (such as a remote control) 1n order
to send 1information to the data/signal processor through the
optical detector module 116. The optical detector module
116 1s, for example, composed of photodiodes, avalanche
photodiodes (APD), photomultipliers (PMT), complemen-
tary metal-oxide semiconductor (CMOS) or charge-coupled
device (CCD) array sensors.

Filters are typically provided with the detector module
116 to control background ambient light emitted from
sources other than the lighting system 100. Filters can also
be used for spectroscopic measurements and to enhance
performance of the light source 112.

A front-end and analog-to-digital converter (ADC) 124 1s
connected to detector 116 and recerves detected light data
therefrom and controls the detector 116. For instance, adjust-
ing the Vbias of an APD detector can be one of the detector
controls to optimize the gain of the receiver section for an
Automatic Gain Control (AGC). Analog filters can be used
for discriminating specific frequencies or to measure the DC
level.

A detection and ranging digital processing unit 126 1s
connected to the front-end 124, and controls parameters
such as gain of amplifier, synchromization and sample rate of
the ADC. The detection and ranging digital processing unit
126 recerves data from ADC and pre-processes the data.

The data/signal processor 118 1s connected to the detec-
tion and ranging processing module 126 and receives pre-
processed data. The data/signal processor 118 is also con-
nected to the source controller 114, so as to receive driving,
data therefrom. The data/signal processor 118 has a process-
ing unit (e.g., CPU) so as to interpret the pre-processed data
from the detection module 126, in comparison with the
driving data of the source controller 114, which provides
information about the predetermined mode of emission of
the light signals emitted by the visible-light source 112.

Accordingly, information about the object (e.g., presence,
distance, speed of displacement, composition, dimension,
etc.) 1s calculated by the data/signal processor 118 as a
function of the relationship (e.g., phase difference, relative
intensity, spectral content, time of tlight, etc.) between the
driving data and the detected light data, 1s optionally pre-
processed by the front-end and ADC 24 and the detection
and ranging processing unit 126. A database 120 may be
provided 1n association with the data/signal processor 118 so
as to provide historical data or tabulated data to accelerate
the calculation of the object parameters.

In view of the calculation 1t performs, the data/signal
processor 118 controls the source controller 114 and thus the
light output of the visible-light source 112. For instance, the
visible-light source 112 may be required to increase or
reduce 1ts intensity, or change the parameters of its output.
For example, changes 1n its output power can adapt the
lighting level required in daytime conditions versus night-
time conditions or 1n bad visibility conditions such as fog,
SNOW Or rain.

The system 100 can be provided with sensors 132 con-
nected to the data/signal processor 118. Sensors 132 can be
an nclinometer, accelerometer, temperature sensor, day/
night sensors, etc. Sensors 132 can be useful during the
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installation of the system and during operation of the system.
For example, data from an inclinometer and accelerometer
can be used to compensate for the impact on the field of view
of an effect of the wind or any kind of vibration. Tempera-
ture sensors are usetul to provide information about weather
(internal, external or remote temperature with FIR lens).
Information from sensors 132 and data/signal processor 118
and light from light source 112 and auxiliary light source
122 can be used during installation, 1n particular for adjust-
ing the field of view of the optical receiver. The auxiliary
light source 112 can be used as a pointer and distance meter.

The system 100 has a power supply and interface 128. The
interface section 1s connected to a Data/signal processor and
communicates to an external traflic management system (via
wireless, power line, Ethernet, CAN bus, USB, etc.).
Segmentation of the Digital Processing as a Function of the
Range

Several range finding applications need different perfor-
mances as a function of the range. For automotive applica-
tions, such as Adaptive Cruise Control (ACC), 1t could be
usetul to detect a vehicle more than 100 meters ahead but the
needs 1n terms of accuracy and repetition rate are not the
same as for short range applications such as pre-crash
mitigation. Basically, for a short range application, the
reflected signal 1s strong but, usually, the needs for a good
resolution and fast refresh rate of the data are high. For a
long range application, the opposite i1s true, the reflected
signal 1s weak and noisy but the need for resolution and
refresh rate 1s less demanding.

Phase shifting control techniques can improve accuracy
using a digital acquisition system with low sample rate. For
instance, a relatively low cost ADC (ex.: 50 MSPS) can have
an 1mproved temporal resolution if successive acquisitions
are delayed by an equivalent fraction of the acquisition time
period but this technique has an impact on SNR and refresh
rate when averaging 1s used.

To optimize the performance, one can adjust specific
parameters as a function of the distance. Using the detection
and ranging digital processing umt 126 and the Data/signal
Processor 118, allows to control the number of shift delay by
period, the number of accumulation and the refresh rate for
cach data point sampled or for several segments. For shorter
distances, with an echo back signal which 1s relatively
strong, the number of shift delays and the refresh rate can be
higher to improve the resolution and the response time. The
number of accumulation (or other time-integration tech-
niques) would be lower but suflicient at short distances
(trade-ofl between signal-to-noise ratio, resolution and num-
ber of results per second).

The accumulation technique improves the signal-to-noise
ratio of the detected light signal using multiple measure-
ments. In order to produce one distance measurement, the
technique uses M light pulses and for each light pulse, a
signal detected by the optical detector 1s sampled by the
ADC with an ADC time resolution of 1/F second thereby
generating M lidar traces of j points (S, to S)) each. Points
of the M lidar traces are added point per point to generate
one accumulated digital lidar trace of j points.

The phase shift technique 1s used to improve the time
resolution of the trace acquired by the ADC and limited by
its sample rate F Hz. The phase shift techmque allows for the
use of a low cost ADC having a low sample rate F by
virtually increasing the eflective sample rate. The eflective
sample rate 1s increased by a factor P by acquiring P sets
corresponding to P light pulses while shifting the phase
between the emitted light pulse and the ADC sampling rate.
The phase shifting between each acquisition corresponds to
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27/P. The P sets obtained are then combined 1n a single trace
by 1interleaving the P sets such that the resulting trace 1s
equivalent to a single measurement with a temporal resolu-
tion (1/FxP) second.

By combining the accumulation and the phase shiit tech-
niques, an accumulation of M sets 1s performed for each one
of the P phase shifts, for a total of N=MxP acquisition sets.
Using the N sets, the detection and ranging digital process-
ing unit 126 and the Data/signal Processor 118 creates one
combined trace of the reflected light pulse. Each point 1n the
combined trace 1s an accumulation of M=N/P sets and the
cllective time resolution of the combined trace 1s 1/(FxP)
second. To store one complete trace, the length of the butler
1s at least 1xP elements and the number of bit of each element
1s a function of the resolution of the ADC (number of bits,
B) and the number of accumulations M. To prevent over-
flow, each element of the bufler should have at least
B+log,M bits. Example results of the accumulation and
phase shift techniques are shown 1n FIGS. 2a, 2b and 2¢. For

that experimentation, a target 1s approximately at a distance
of 12 meters and the system use an ADC at 50 MSPS. FIG.

2a shows a trace obtained with no accumulation and no
phase shift. The signal 1s noisy with a lack of resolution and
it 1s very diflicult to identily the target. FIG. 2b shows an
improvement in terms of signal to noise ratio by accumu-
lating 64 sets with 8 shift delays. Finally, FIG. 2¢ shows how
an accumulation of 1024 sets with 256 shift delays can
improve the signal-to-noise ratio and resolution.

Accumulation and shift control can be done by a pro-
grammable logic, a Field Programmable Gate Array (FPGA)
for example. Phase shifting can be controlled by delaying
the clock of the ADC converter 130 by a fraction of a period
or by delaying the driver of the optical source.

FIG. 3 shows one example of setup configurations for this
method using different parameters as a function of the
distance. For different distances (for instance, for a range
from 1 m to 100 m), one can optimize the temporal reso-
lution, the number of accumulation and the refresh rate and
make tradeolls 1n terms of sensibility, accuracy and speed as
a function of the distance to a target.

FIG. 4 shows a retlected signal with a first echo from an
object closer to the system and a second echo from another
object further from the source. The amplitude of the first
echo 1s higher and the system optimizes the temporal
resolution. The amplitude of the second echo back pulse
from the farther object 1s lower and the system optimizes the
SNR by using more accumulation nstead of optimizing the
resolution.

The value of each parameter can be adaptive as a function
of the echo back signal. After analyzing the level of the
noise, the system can optimize the process by adjusting
parameters as a function of the priority (resolution, refresh
rate, SNR). For example, 1f the noise 1s lower than expected,
the system can reduce the number of accumulation and
increase the number of shift delays to improve the resolu-
tion.

FIG. 5 shows a tlow chart of a typical process for this
method. In this flowchart and 1n all other flowcharts of the
present application, some steps may be optional. Some
optional steps are identified by using a dashed box for the
step. Configuration 500 sets several parameters before the
beginning of the process. Acquisition 502 starts the process
by the synchronization of the emission of the optical pulses
and the acquisition of samples by the ADC. Digital filtering
and processing of the data 504 make the conditioning for the
extraction and storage 1 memory of a lidar trace 506.
Detection and estimation of the distance 508 1s made,

10

15

20

25

30

35

40

45

50

55

60

65

8

typically using a reference signal and measuring the lapse of
time between the emission and the reception of the signal.
The transmission of the results 510 (the detection and the
estimation of the distance) are transmitted to a external
system. Noise analysis 512 1s performed and an adjustment
of the parameters as a function of the level of the noise 514
can be made to optimize the process.

Based on shift delay and accumulation techniques, it 1s
possible to optimize the cost of optical range finder systems
particularly for short range distance measurement. By using
only one sample per optical pulse, the ADC has to acquire
samples at the frequency of the optical pulse emission. For
a system driving optical pulses at L Hz, the ADC converts
L. samples per second with P shiit delay of D ns of delay.
FIG. 6 shows an example of that technique for a ten meter
range finder. The source emits a 20 ns optical pulse at T=0
ns at several KHz (ex.: 100 KHz). In the air, the optical pulse
takes approximately 65 ns to reach a target at ten meters and
to reflect back to the sensor of the system. Each time a pulse
1s emitted, the ADC acquires only one sample. The ADC
works at same frequency as the optical pulse driver (ex.: 100
KHz). For each one of the first twenty optical pulses, the
system synchronizes a shift delay of 5 ns between the optical
pulse driver and the ADC. After 20 pulses, the system
samples the reflected back signal 95 ns after the pulse was
emitted, just enough to detect the end of the retlected back
signal from a target at 10 meters. For this example, 1t the
system works at 100 KHz, after 200 us, a complete 10
meters Lidar trace 1s recorded. To improve the signal-to-
noise ratio, one can accumulate up to 3000 times to have one
complete lidar trace per second. FIG. 7 1s a table showing
setup configuration for this method. For a maximum range
of 10 meters and 30 meters, the table shows tradeofls
between accuracy (temporal resolution), sensibility (1m-
provement of the signal to noise ratio by accumulation) and
speed (refresh rate).

Nowadays, embedded processors, microcontrollers and
digital signal processor, have a lot of processing power with
fixed-point or floating-point units with hundreds of Mega
FLOating point Operations per Second (MFLOPS) of per-
formance. They are highly integrated with analog-to-digital
converters, timers, PWM modules and, several types of
interface (USB, Ethernet, CAN bus, etc). Using the last
technique described, mainly because the requirement in
terms of speed of the ADC 1s low, the major part of the range
finder system can be integrated 1 an embedded processor.
FIG. 8 shows a block diagram of a lidar module 800 using
an embedded processor optimizing the cost of the range
finder system. The embedded processor 801 controls the
timing for the driver 802 sourcing the light source 803. A
light signal 1s emitted in a direction determined by the
optical lens 804. A retlection signal from objects/particles
834 1s received on the optical lens 804 and collected by the
optical detector and amplifier 805. The embedded processor
801 uses an embedded ADC to make the acquisition of the
lidar trace and processes the data and sends the information
to an external system 840. The system 800 can use several
sources being driven sequentially using one sensor or sev-
eral sensors. The frequency of acquisition is at the frequency
of optical source multiplied by the number of optical
sources.

Moving Average, Filters, Frequency Analysis and Peak
Detection

Instead of collecting N data and then performing an
average (one average at each 1/Nx[frequency of the
source]), moving average techniques permit to constantly
have the last N samples to perform an average. Using a FIFO
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by adding a new data and subtracting the first data accumu-
lated 1s an example of an implementation of that technique.

Using too much integration time for averaging can gen-
crate a problem when detecting moving objects. Averaging
techniques can consider a signal from moving objects as
noise and will fail to discriminate 1t. Frequency domain
analysis can be useful for this kind of situation. Wavelet
transform 1s very etlicient for signal analysis in time/ire-
quency domain and 1s sensitive to the transient signals. By
separating the echo back signal in several segments and
analyzing the spectral frequency, the system can detect the
frequency of the pulse of the source 1n a specific segment.
Averaging parameters can be adjusted as a function of events
detected by the spectral analysis process. For instance, the
number of averages should be reduced when moving objects
are detected sequentially 1n different segments.

Low pass filters can be used as pre-processes on each
trace before averaging. Filters may be particularly eflicient
when more than one sample 1s available on an echo pulse.
Information from noise analysis and from the information of
the signal wavelorm emitted by the source can also help to
discriminate a signal and to adjust the parameters. Specific
processing functions can be used for each point of the trace
or by segment.

Another way to optimize the detection of an object and the
measurement of the distance 1s using a reference signal and
making a {it with the lidar trace. The reference signal can be
a pattern signal stored in memory or a reference reflection
signal ol an optical pulse detected by a reference optical
detector. This reference optical detector acquires a reference
zero value and this reference signal 1s compared to the lidar
trace. Detection and distance 1s based on comparison
between both signals Fit can be made by convolution.

FI1G. 9 shows a 1101sy signal fitted and filtered to diminish
the effects of the noise. FIG. 9 presents the effect of Slgnal
filtering and curve fitting. The raw data curve 1s the noisy
signal as recerved from the sensor. The filter curve 1s the raw
data curve after filtering by correlation with an ideal (no
noise) pulse. This removes the high-frequency noise. Finally
the fit curve presents the optimal fitting of an 1deal pulse on
the filtered signal. Fitting can improve distance stability
especially when the signal 1s weak and still too noisy even
aiter filtering.

When a signal waveform has a Gaussian profile, 1t 1s
possible to use a method based on a zero-crossing point of
the first derivative to detect the peak of the wavetorm. This
technique requires a previous filtering to remove the noise.
When the detection of an event (echo back pulse from an
object) occurs, the system will detect N consecutive points
over a predetermined threshold. The value of N depends
notably on the sample rate and the width of the pulse from
the source. By computing the first derivative of those
selected points and interpolating to find the zero-crossing
point, an estimation of the peak of the signal can be found.

FIG. 10 shows an example of a Gaussian pulse with
selected data over a predefined threshold and the result from
the derivative calculation of those selected data. One can see
the zero crossing from the derivative plot representing the
peak of the pulse.

[1lumination Driver as a Source for Rangefinder with Edge
Detection

Switch-mode LED drivers are very useful notably for
their efliciency compared to linear drivers. PWMs permit a
very high dimming ratio without drifting the wavelength
usually generated by linear drivers. Their performance 1s
particularly well suited for high power LEDs. However,
switch-mode LED drivers are noisier and the EMI can be an
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1ssue for some applications. One way to address this 1ssue 1s
to use a gate rising/falling slope adjust circuit to decrease the
speed of transitions. Transitions at lower speed mean less
EMI. FIG. 11 presents a typical PWM signal with slope
adjustment.

For range-finding applications, the rapid transition of the
signal 1s generally required. Usually, to get good perfor-
mance, electronic circuits need to detect fast transition
signals within a few nanosecond of resolution. Using a LED
light source with a PWM driver with adjustment to diminish
the speed of the slope as the source for detection and ranging
1s, 1n principle, not very helptul.

One solution 1s to use the same LED light source for
illumination and for detection and ranging with a PWM
circuit controlling the intensity of i1llumination. The PWM
LED light source has a relatively constant slope during 1ts
rising/falling edge to reduce EMI (rising/falling edge of 100
ns for example). The optical signal from the source 1s
sampled to be able to determine the starting time of the pulse
(T0). Electrical synchronization signal can also be used to
indicate the starting point. The reflected signal 1s sampled
with enough temporal resolution to have several points
during the slope of the signal when an object in the field of
view returns a perceptible echo.

FIG. 12 shows an example of a rising edge from a source,
an echo back signal from an object 4.5 meters away from the
source (=30 ns later) and another from an object at 7 meters
from the source (=45 ns later). Calculating the slope by
linear regression or other means, an evaluation of the origin
of the s1ignal 1s made and the elapsed time between the signal
from the source and an echo back signal can be determined.
Based on that result, one can estimate the presence and the
distance of the object reflecting the signal.

FIG. 13 represents a 10% to 90% rising edge of an echo
back noisy signal from an object at 4.5 meters from the
source. With linear regression, one can calculate the inter-
cept point and get a good estimate of the delay between the
two signals. Samples close to the end of the slope have a
better SNR. One can determine different weights in the
calculation as a function of the level of the noise. Both rising
and falling edges can be used. During the calibration pro-
cess, a threshold can be set to discriminate the presence or
the absence of an object. Averaging and filtering techniques
can be used to diminish the level of noise and shifting
techniques can also be used to have more points 1n the slope.
As shown 1n FIG. 9, even with a noisy signal, this method
can give good results.

FIG. 14 shows a tlow chart of the typical process for this
method. The echo back signal 1s filtered 1400, typically
using a band-pass filter based on the frequency of the
transition. Rising and falling edges are detected 1402 and
samples are taken in the slope 1404 to memorize a digital
wavelorm of the slope. The calculation of the linear regres-
sion 1406 1s made and permits to calculate the intercept
point 1408. Based on that information, the calculation of the
difference 1n time between the signal emission and the signal
received 1410 allows to estimate the distance to the object
1412.

This method can be improved by using demodulation and
spectral analysis technmiques. The base frequency of the
PWM can be demodulated and the result of this demodula-
tion will give an indication of a presence ol an object. By
selecting a frequency based on an harmonic coming from the
slopes of the PWM signal, one can estimate the position of
the object by spectral analysis of different segments. Know-
ing the approximated position, the acquisition of samples
will be adjusted to target the rising and the falling edge.
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By using the edge detection technique, one can use a
standard LED driver for the purpose of lighting and also for
the purpose of detection and ranging. The frequency of the
PWM might be in the range from a few KHz up to 1 MHz.
High frequency modulation can improve the SNR notably
by averaging techniques. When the optical output of the
source 15 coupled by optical path (reflection from lens or
mirror or use of fiber optic), this method permits using a
PWM source for a LED lighting system completely electri-
cally 1solated from the receiver.

Other types of nising/falling edge detection can be used
with this method with the appropriate curve fitting tech-
nique. If EMI 1s not an issue, the electronic driver can
generate a fast rising edge and/or falling edge with some
overshoot at a resonance frequency. This signal adds more
power at a specific frequency and increase the signal that can
be detected by the recerver. FIG. 15 shows a rising edge with
overshoot stabilizing after one cycle of the resonance fre-
quency.

Recognition of Predetermined Patterns

Diflerent shapes of objects reflect a modified wavelorm of
the original signal. The echo back signal from a wall 1s
different when compared to the echo back signal from an
object with an irregular shape. Retlection from two objects
with a short longitudinal distance between them also gen-
erates a distinct wavelorm. By memorizing in database a
several types of wavelorms, this data can be used to improve
the digital processing performance. Digital correlation can
be done to detect a predetermined pattern.

Tracking

Averaging techniques do not perform very well with
moving objects. By tracking a moving object, one can
anticipate the position of the object and adapt to the situa-
tion. Averaging with shifting proportional to the estimated
position 1s a way to improve the SNR even 1n the case of
moving objects. Tracking edges 1s another way to adjust the
acquisition of the wavetform with more points in the region
of interest. Spectral analysis can also be used to lock and
track an object.

Weather Information and Condition Monitoring,

The system can be used as a road weather information
system (RWIS) and thus provide information about tem-
perature, visibility (fog, snow, rain, dust), condition of the
road (icy) and pollution (smog). Pattern recognition based
on low frequency signals and spikes can be implemented to
do so. The recognition of bad weather condition patterns
helps to discriminate noise from objects. The system can be
used to adjust the intensity of light depending on weather
conditions. Monitoring the condition of the lens 1s also
possible (dirt, accumulation of snow, etc). This monitoring,
can be done by the measurement of the reflection on the lens
from the source or from an auxiliary source.

Detection Based on Integration Time

FIG. 16 shows a timing diagram of the method using an
integration signal from the reflected signal and synchronized
with the rising edge and the falling edge of the PWM
lighting source.

This method uses a sensor or an array of sensors (1D or
2D array—CCD, CMOS) with an integrator, or electronic
shutter, and a PWM light source or a pulsed auxiliary light
source. FIG. 16 shows a PWM signal (PWM curve 1601)
with an adjustable duty cycle to control the intensity of light
for 1llumination purposes. Before the rising edge of the
PWM pulse, at time t-x, the sensor starts the integration
(sensor integration curve 1603) of the reflected signal. At
time t+X, the sensor stops the mtegration. The same process
1s performed at the falling edge of the PWM. The light pulse
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from the source 1s delayed (delay curve 1602) proportionally
to the travelled distance. The delta curve 1604 shows that the
integration P1 for the rising edge 1s smaller than the inte-
gration P2 for the falling edge because of the delay of travel
of the light signal. In fact, if an object 1s very close to the
source, the mntegration value from the rising edge will be
approximately equal to the integration value from the falling
edge. But, 1f an object 1s further, the integration value of
rising edge will be less than the integration value of the
falling edge. The difference between the values 1s propor-
tional to the distance. The relationship 1s:

Distance=cx(INT/4)*(P2-P1)/(P2+P1),

where ¢ represents the velocity of light, INT represents the
integration time, P1 represents the integration value syn-
chronized with the rising edge of the optical pulse and P2
represents the integration value synchronized on the falling
edge of the optical pulse.

When an illumination background from other lighting
sources 1s not negligible, measurement of the background B
during an integration time INT when the optical source of
the system 1s ofl can be made and subtracted from each
integration value P1 and P2. The relationship with non
negligible background 1s:

Distance=cx(INT/4)*((P2-B)-(P1-B))/(P2+P1-2B),

where B 1s the integration value of the optical background
level when the optical source of the system 1s ofl.

In the case where the integration time 1s larger than the
width of the pulse of the optical source, the same technique
can be used by switching the synchronisation of the signal
of the optical source and the signal to the sensor integration
time. The result becomes:

Distance=cx(INT/4)*(P1-P2)/(P2+P1),

where ¢ represents the velocity of light, INT represents the
integration time, P1 represents the integration value when
optical pulse 1s synchronized with the rising edge of inte-
gration and P2 represents the integration value when the
optical pulse 1s synchronized with the falling edge of 1inte-
gration.

When an illumination background from other lighting
sources 1s not negligible, the relationship 1s:

Distance=cx(INT/4)*((P1-B)-(P2-B))/(P2+P1-2B).

Values from the signal integration are memorized. In the
case ol an array of sensors, each “pixel” 1s memorized.
Several integrations can be performed and an averaging
process can be done to improve signal to noise ratio. In the
case of an array, we also can improve signal to noise ratio by
using a groups of pixel and combining them to form a larger
pixel (binming)

In summary, with reference to FIG. 17, the main steps of
the method for acquiring a detected light optical signal and
generating an accumulated digital trace are shown. The
method comprises providing a light source with an optical
detector for 1llumination of a field of view 1700; providing
an analog-to-digital converter (ADC) 1702; emitting one
pulse from the light source in the field of view 1704;
detecting a reflection signal of the pulse by the optical
detector 1706; acquiring 1 points for the detected reflection
signal by the ADC 1708; storing, in a bufler, the digital
signal wavetorm of 1 points 1710; introducing a phase shift
of 2m/P 1712; repeating, P times 1714, the steps of emitting
1704, detecting 1706, acquiring 1708, storing 1710 and
introducing 1712 to store 1710, 1n the bufler, an interleaved
wavelorm of Pxj points; accumulating 1716 M traces of
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interleaved Pxj points for a total of N=MxP acquisition sets,
N being a total number of pulses emitted; creating one
combined trace of the reflected signal of jxP points by
adding each point of the M traces 1718.

Additionally, the combined trace can be compared 1720 to
a detected reference reflection signal of the pulse to deter-
mine 1722 a distance traveled by the pulse.

Alternatively, a timer can be triggered to calculate a time
clapsed 1724 between the emission of the pulse and the
detection of the reflection signal to determine a distance
traveled 1722 by the pulse based on the time elapsed.

In summary, with reference to FIG. 18, the main steps of
the method for detecting a distance to an object are shown.
The method comprises providing a lighting system 1800
having at least one pulse width modulated visible-light
source for illumination of a field of view; emitting an
illumination signal 1802 for illuminating the field of view
for a duration of time vy using the visible-light source at a
time t; integrating a retlection energy for a first time period
from a time t-x to a time t+x 1808; determining a {first
integration value for the first time period 1810; integrating
the reflection energy for a second time period from a time
t+y—x to a time t+y+x 1812; determining a second integra-
tion value for the second time period 1814; calculating a
difference value between the first integration value and the
second integration value 1816; determining a propagation
delay value proportional to the difference value 1818; deter-
mimng the distance to the object from the propagation delay
value 1820.

While illustrated 1n the block diagrams as groups of
discrete components communicating with each other via
distinct data signal connections, 1t will be understood by
those skilled 1n the art that the 1llustrated embodiments may
be provided by a combination of hardware and software
components, with some components being implemented by
a given function or operation of a hardware or solftware
system, and many of the data paths 1llustrated being imple-
mented by data communication within a computer applica-
tion or operating system. The structure illustrated 1s thus
provided for efliciency of teaching the described embodi-
ment.

What 1s claimed 1s:

[1. A method for detecting a distance to an object,
comprising:

providing a lighting system having at least one pulse

width modulated visible-light source for i1llumination
of a field of view;

emitting an i1llumination signal for 1lluminating said field

of view for a duration of time y using said visible-light
source at a time t, said time t being a center of a
transition from a non-illuminated state to an 1llumi-
nated state of said field of view, for at least one pulse;
starting an optical sensor for integrating a reflection
energy captured by said visible-light source, of a reflec-
tion of said illumination signal, for a first time period
at a time t—x of a first one of said at least one pulse;
stopping said optical sensor for said first time period at a
time t+x for said first one of said at least one pulse and
determining a first integration value for said first time
period;

starting said optical sensor for mtegrating said reflection

energy captured by said visible-light source, of said
reflection of said 1llumination signal, for a second time
period at a time t+y—x for a second one of said at least
one pulse, said second one being one of said {first one
and another one of said at least one pulse, v being
greater than X;
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stopping said optical sensor for said second time period at
a time t+y+x for said second one of said at least one
pulse and determining a second integration value for
said second time period;

measuring a background integration value for non-negli-
gible illumination background from other lighting
sources during an integration time 2x when said vis-
ible-light source 1s not emitting;

subtracting from each said first integration value and said
second integration value said background integration
value to obtain background compensated first integra-
tion value and second integration value;

calculating a difference value between said background
compensated first integration value and said back-
ground compensated second integration value;

determining a propagation delay value proportional to
said difference value;

determining said distance to said object from said propa-
gation delay value.]

[2. A method as claimed in claim 1, further comprising:

providing a threshold distance to a pre-identified object;

comparing said distance to said object with said threshold
distance;

determining said object to be said pre-identified object 1f
said comparison is positive.]

[3. A method as claimed in claim 1, further comprising,
when said x 1s greater than said y, said integrating being
larger than a width of the pulse;

switching a synchronisation of said illumination signal
with said starting said optical sensor.]

4. A ranging system, cOmprising:

a) a driver circuit configured to produce a driving signal
for causing a light source to emit pulsed light toward a
scene containing an object;

b) an optical detector configured to collect pulsed light
emitted from the light source and back-scattered from
the object and to produce an output signal conveying
acquisitions of light pulses;

c) a signal processing system coupled to the optical
detector, configured for:

I. sampling the output signal to obtain sampled acqui-
sitions of light pulses;

ii. performing an accumulation of a number of the
sampled acquisitions of light pulses to define an
accumulated digital signal;

iii. obtaining a distance measuvement from the accu-
mulated digital signal;

Iv. detecting in the output signal a pattern comprising
low frequency signals and spikes;

v. outputting an indication of a weather condition
correlated to the pattern of low frequency signals
and spikes; and

Vi. causing the driver circuit to vary an intensity of the
light source based on the detected weather condi-
tions.

5. The ranging system of claim 4, wherein the pulsed light
is non-visible light.

6. The ranging system of claim 4, further comprising a
lens through which light from the light source passes
towards the scene, wherein the signal processing system is

further configured for monitoring reflection from the lens
from the light source, determining the condition of the lens

based on the monitoring and further adjusting the intensity
of the light source based on the determined condition of the
lens.



US RE49,950 E

15

7. The ranging system of claim 4, whevein processing the
sampled acquisitions to detect the patterns comprises digital
correlation.

8. The ranging system of claim 4, further comprising a
database, wherein the patterns arve predetermined patterns
storved in the database.

9. The ranging system of claim 4, wherein the signal
processing system further comprises an analog-to-digital

converter (ADC).

10. The ranging system of claim 4, wherein the optical
detector comprises at least one of an avalanche photodiode
(APD), a photomultiplier (PMT) and a complementary
metal-oxide semi-conductor (CMOS) and charged-coupled
device (CCD) array sensor.

11. The ranging system of claim 4, wherein the signal
processing system is further configured for varying the
number of accumulated sampled acquisitions based on a
parameter of the object.

12. The ranging system of claim 11, wherein the param-
eter of the object includes a distance to the object, the
processing of the output signal comprises increasing the
number of the accumulated sample acquisitions to obtain a
distance measurement with an increasing distance to the
object.

13. The ranging system of claim 11, wherein the param-
eter of the object includes a distance to the object, the
processing of the output signal comprises decreasing the
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number of the accumulated sample acquisitions to obtain a
distance measurement with a decreasing distance to the
object.

14. The ranging system of claim 4, wherein the optical
detector comprises an array of pixels, each pixel associated
with a respective output signal produced based on light
detected at that pixel.

15. The ranging system of claim 14, wherein the array is
a 1D array.

16. The ranging system of claim 14, wherein the array is
a 2D array.

17. A signal processing method, comprising:

sampling an output signal from an optical detector to

obtain sampled acguisitions of light pulses emitted
from a light source and back-scatteved from omne or
movre objects in a scene;

performing an accumulation of a number of the sampled

acquisitions of light pulses to define an accumulated
digital signal;

obtaining a distance measurement from the accumulated

digital signal;

detecting in the output signal a pattern comprising low

frequency signals and spikes;

outputting an indication of a weather condition correlated

to the pattern of low frequency signals and spikes; and
varyving an intensity of the light source based on the
detected weather conditions.
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