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(57) Abrege/Abstract:
A multiple-field-of-view scannerless optical rangefinder operating In pulsed Time-Of-Flight operation for use In high ambient
background light is described. The rangefinder comprises an optical emitter having a LED light source and driver electronics,
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(57) Abrege(suite)/Abstract(continued):

emitting a train of light pulses having a broad field-of-illumination (FOI); a multi-channel optical receiver (MCOR) for detecting
optical return signals, an overall field-of-view (FOV) encompassing each channel instantaneous FOV, the FOIl encompassing the
overall FOV, the multi-channel optical receiver having analog front-end electronics; an Analog-to-Digital Converter (ADC) for
receiving and converting the waveforms into digital format; a control and processing unit (CPU) for generating a pulse trigger
sighal, sending a synchronization trigger signal to the MCOR for starting the detection of the optical return signals, and for

processing the waveforms in digital format; a data interface; wherein a peak present in any of waveforms is a signature of an object
detected within the instantaneous FOV.
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(57) Abstract: A multiple-field-of-view scannerless optic-
al rangefinder operating in pulsed Time-Of-Flight opera-
tion for use in high ambient background light 1s described.
The rangefinder comprises an optical emitter having a
LED light source and driver electronics, emitting a train of
light pulses having a broad field-ot-illumination (FOI); a
multi-channel optical receiver (MCOR) for detecting op-
tical return signals, an overall field-of-view (FOV) encom-
passing each channel mstantaneous FOV, the FOI encom-
passing the overall FOV, the multi-channel optical receiv-
er having analog front-end electronics; an Analog-to-Di-
gital Converter (ADC) for receiving and converting the
waveforms into digital format; a control and processing
unit (CPU) for generating a pulse trigger signal, sending a
synchronization trigger signal to the MCOR for starting
the detection of the optical return signals, and for pro-
cessing the waveforms in digital format; a data interface;
wherein a peak present in any of waveforms 1s a signature
of an object detected within the instantaneous FOV.
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MULTIPLE-FIELD-OF-VIEW SCANNERLESS OPTICAL
RANGEFINDER IN HIGH AMBIENT BACKGROUND LIGHT

TECHNICAL FIELD

The present invention relates to an optical rangefinder system and method for use
in various types of detection systems, and more particularly to a scannerless instrument for
angularly-resolved detection and ranging of nearby objects and obstacles over a wide field of

view which can operate in many light conditions including in full daylight.

BACKGROUND OF THE ART

Optical rangefinder instruments utilize either visible or invisible light for
measuring the distance to a remote object. Over the years, these instruments have found their
place in a host of applications, in particular in automotive and transportation applications
where, for example, they are integrated in various types of active systems intended to assist
vehicle drivers and to promote a higher safety on the road. Most optical rangefinders that
range objects located beyond a few meters away operate according to the time-ot-tlight (TOF)
principle, which relies on the finite propagation speed of light. The TOF principle comes 1n
various forms, including pulsed TOF, amplitude-modulation TOF, and frequency-modulation
TOF techniques. In the pulsed TOF technique, a light source enclosed within the rangefinder
emits a train of light pulses of very short duration. A part of the optical energy carried by each
pulse is reflected by the aimed object to return back to the collecting aperture of the optical
receiver of the rangefinder. Knowing the velocity of light in the air, the distance that separates
the aimed object from the rangefinder is inferred from the time taken by the light pulses to
propagate up to the aimed object and then back to the rangefinder. This time delay 1s usually

measured by an electronic counter combined with peak detection and threshold comparator

circuitry. The development of optical rangefinders benefited from on-going efforts fueled by a

strong demand for consumer-grade, compact products available at low cost and intended for
ranging objects distanced from up to a few hundreds meters. As a result, the basic design of
these rangefinder instruments now revolves around compact assemblies that typically

comprise a laser diode transmitter emitting laser pulses with a duration of 5 to 50 ns
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(nanoseconds) at a near-infrared wavelength, an optical receiver including either a photodiode
(typically an Avalanche PhotoDiode (APD)), amplifiers, automatic gain control (AGC) and
timing discriminators. Further details about laser ranging principles can be found in M-C.
Amann et al., “Laser ranging: a critical review of usual techniques for distance

measurement”, (Optical Engineering, Vol. 40, No. 1, pp. 10-19, 2001).

The light pulses emitted from typical laser rangefinders can propagate over long
distances while maintaining a very small transverse beam size typically in one Field Of View
(FOV). This high-directional character of laser beams is of great usefulness for performing
angularly-resolved detection and ranging of objects when combined with an angular scan of
the aiming direction of the rangefinder. The small beam size results from the distinctive nature
of laser light, in particular its high spatial and temporal coherences along with the availability
of laser sources capable of radiating single-longitudinal and single-transverse mode laser
beams. These factors combine to allow optical collimation of the laser light pulses in the form
of a beam of very low divergence (angular spread), the collimation being designed using
simple, off-the-shelf optics. The emission of highly-directional laser beams from optical
rangefinders finds its best use when the laser light reflected by the aimed objects is detected
with an optical receiver that senses over a narrow FOV. The FOV of an optical receiver 1s
given by the ratio of the size of the photosensitive surface of the photodetector integrated 1n
the receiver and the focal length of the objective lens, the photosensitive surface being placed

close to or exactly at the focal plane of the lens. In fact, optimum performances are generally
obtained when matching the FOV of the optical receiver with the divergence angle of the

emitted light pulses. In practice, the FOV of typical rangefinders does not exceed a few mrads
(milliradians), mainly because of the quite small surface areas (typically in the range ot 50 to
200 um diameter) of commonly-available APDs along with the need for compact designs that

command the use of objective lenses with focal lengths that do not exceed a tew centimeters.

The APDs have become increasingly popular for integration in the optical receiver
of laser rangefinders in such a way that rangefinders based on PIN photodiodes are now rarely
encountered. Both PIN and APD photodiodes have sufficient bandwidth to detect optical pulse

returns having durations in the ns range, and they can be made up of silicon for maximizing

—_ ) —
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their quantum efficiency at near-infrared wavelengths lower than 1 pum. As compared to their
PIN counterparts, APDs provide higher sensitivity and responsivity (up to 200X), owing to an
avalanche multiplication process that enables the generation of multiple electron-hole pairs
from the absorption of a single photon of light. In their analog (linear) regime of operation,
APDs are reversely biased with a voltage slightly below their breakdown voltage to give an
output photocurrent proportional to the light power that falls onto their photosensitive surface
and to the gain applied. APDs then incorporate a gain mechanism internal to their structure,
the gain factor being typically in the range of 50 to 200. However, one should note that the
signal-to-noise ratio (SNR) of an APD first increases with the gain until reaching a peak value
(optimum gain). The SNR then decreases with further gain due an excess noise factor intrinsic
to the avalanche multiplication process. Although the higher detection sensitivity of APDs 1s
fully exploited for optical detection in very low light level conditions, it 1s generally difficult
to fully benefit from the advantages of APDs in rangefinder instruments intended for outdoor
use in daytime conditions, for example in presence of bright sunlight. In these conditions, the
optical receiver captures a strong solar background signal which competes with the usetul
optical signal returned from the aimed object. As reported in U.S. Pat. No. 7,508,497,
background light is typically the largest source of noise during daylight operation of laser

rangefinders.

An effective approach to make laser rangefinders more immune to the presence of

intense background light is mentioned for example in U.S. Pat. Nos. 5,241,315 and 7,741,618.
The approach includes two basic steps. The first step is to keep the FOV of the optical

receiver as narrow as possible since the amount of background light collected by an optical
receiver 1s proportional to its FOV, as shown for example in Eq. (2.10) of R. W. Byren, Laser
Rangefinders, Chapter 2 of The infrared and electro-optical systems handbook Vol. 6, Active
electro-optical systems, (SPIE Press, Bellingham, WA, 1993). In turn, the second step consists
in inserting a narrowband optical filter in front of the objective lens of the optical receiver.
Interference optical filters having a bandpass of less than 10 nm are currently used in laser
instruments intended for outdoor use and, by themselves, these filters also call for severely

restricting the FOV of the optical receiver. This restriction comes from the fact that the center
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wavelength or the filter bandpass drifts significantly as the incoming light 1s captured at
incidence angles way off the receiver optical axis. In addition, undue blocking of the usetul
return optical signal is prevented by ensuring that the wavelength spectrum of the emitted
laser pulses remains narrower than the bandpass of the interference filter while 1ts center

wavelength coincides with that of the filter bandpass.

The basic configuration of optical rangefinder instruments has been subjected to
various adaptations for use in applications related to vehicle safety and transportations.
Nowadays, active optical sensing and rangefinder instruments are available for safety and
driver assistance systems intended for adaptive cruise control (ACC), collision avoidance, pre-
crash mitigation, blind spot detection, and parking assistance, just to name a few. Although
these applications have their own constraints and requirements, they all share some common
requirements. For example, these applications call for real-time, reliable detection and ranging
of remote objects having a varying reflectance and located at distances of a few meters up to
about 100 m. Furthermore, as discussed for example in U.S. Pat. No. 6,377,167, these
applications require instruments capable of operating under a wide range of ambient lighting
conditions, spanning from pitch-dark nighttime to bright sunlight when embarked 1n a vehicle.
The present car safety applications also require instruments capable of optically sensing over a
wide FOV, which can reach several tens of degrees along the horizontal direction. It is clear
that this latter requirement cannot be fulfilled by directly integrating, without major

modifications, the narrow-FOV optical rangefinders discussed in the preceding paragraphs.

A number of strategies have been envisioned for adapting optical rangefinder
instruments for use in the various car safety applications mentioned above. For example, a
wide FOV along the horizontal direction can be swept in a periodic fashion by mounting an
otherwise standard optical rangefinder (having a narrow FOV) on a mechanical single-axis
scanner device. This popular, yet simple approach provides large angular coverage while
making an efficient use of the laser light radiated by the instrument. Apparatuses and methods
relying on scanning devices and intended for various vehicle safety applications are taught for
example in U.S. Pat. Nos 5,249,157, 5,293,162, 5,604,580, 5,625,447, 5,754,099, 5,757,501,
6,317,202, 6,937,375 and 7,187,445. Unfortunately, this approach has some major pitfalls.

-4 —
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Indeed, it is based on mechanical hardware that is expensive and often too bulky for
widespread use in most car vehicles since it requires a rugged, long-life angular scanner
assembly capable of withstanding the shock and vibration levels encountered during normal
use of a car vehicle. Also, the narrow vertical FOV of typical scanner has poor performance

for example when some sections of the surface of object are specular.

As reported in U.S. Pat. No. 7,532,311, the problems related to the use of
mechanical scanner devices can be alleviated by developing non-mechanical scanning (NMS)
techniques. These techniques include micro-electro-mechanical system (MEMS) devices,
liquid crystals, and acousto-optical devices. Unfortunately, the development of NMS-based
devices affordable enough for integration in car vehicles is still at its infant stage and faces
serious difficulties related to the fact that both the emitted laser light and the optical axis of the

optical receiver must be scanned together in perfect synchronism.

In addition to the techniques based on mechanical scanning devices, some other
approaches allow for optical sensing with a wide angular coverage while not requiring any
scanning. A first approach consists in combining a light emitter designed for illuminating over
a large angular extent (also referred to as a Field Of Illumination (FOI)) with an optical
receiver having a wide FOV. Both the light emitter and the optical receiver point in a specific,
well chosen common direction (line of sight) determined by the nature of the intended

application. The center position of the field of illumination is for example made coincident

with the center position of the FOV of the optical receiver in such a manner that an object
located anywhere within the FOV can be illuminated by a part of the emitted light. In most
cases, the outer peripheries of the field of illumination and of the FOV would have their
longest extensions along the horizontal direction, while remaining relatively narrow along the
vertical. Although laser sources can certainly be used for flooding light over a wide field of
illumination, this choice may be found to be expensive since the spreading of the laser light
over a large angular extent calls for laser sources capable of emitting light pulses carrying
high optical energy or, equivalently, high peak power. Stacked laser diode arrays fabricated by

stacking a number of laser bars in a common substrate are for example well suited for
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providing high peak laser power over a wide field of illumination, but they still remain too

costly for widespread use in car vehicles.

The FOV of the optical receiver can be widened by placing a photodetector with a
larger photosensitive surface at the focal plane of an objective lens having a short effective
focal length. Photosensitive surfaces with an elongated, rectangular shape are preferred for
sensing over a FOV that extends along a given direction while remaining very narrow along
the orthogonal direction. Although the use of a single photodetector impacts favorably on the
costs of optical sensing instruments, it cannot really be envisioned in most applications
because no angular resolution is provided within the FOV. Indeed, in addition to ranging
objects present within the FOV, most applications call for determining, at least approximately,
the angular positions of the objects relative to a reference direction. Likewise, the ability to
evaluate the approximate projected size and shape of the ranged objects provides a further key
advantage for many applications by allowing classification of the detected objects, 1.e.,
determining if they are cars, sport utility vehicles, heavy trucks, motorcycles, bicycles,

pedestrians, masts, environmental particles, pavements, walls, etc.

A simple way of enabling angularly-resolved optical ranging of objects within a
full FOV of sizeable extent is to split the full FOV into a set of contiguous, smaller FOVs
through the use of multiple photodetectors disposed side-by-side in the focal plane of an

objective lens. Each individual photodetector then has its own FOV, which, in this case, 1s

generally referred to as the Instantancous FOV (shortened hereinafter as IFOV), with the
center angular position of any given IFOV determined by the transverse spacing between the
center position of the corresponding photosensitive surface and the optical axis of the
objective lens. The photodetectors just need to be disposed along a line to enable optical
sensing over a whole FOV that spreads along a single direction. Linear arrays of
photodetectors are then preferred as sensing devices in these scannerless, multiple-FOV

optical sensing configurations.

As an illustrative example, U.S. Pat. No. 4,634,272 teaches an exemplary

embodiment of such an optical sensing instrument for ranging objects in front of a vehicle. An
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array of three photodetectors is disclosed, with a mention that the number of photoelements
can be increased for determination of the sizes and shapes of the objects to be sensed. In
practice, an instrument based on the invention taught in the above-cited patent wbuld require
very sensitive photoelements because the objects within the FOV are ranged using the
standard, analog method wherein an electronic counter is stopped as soon as a first pulse
return is detected. As noted previously, highly-sensitive photoelements such as APDs are
difficult to operate in outdoor settings due to the intense parasitic background light that 1s
captured during daytime, for example when sensing over wide FOVs. Furthermore, this
analog method does not allow discrimination (separate detection) of more than a single object

that could be present within the IFOV of any given photoelement when these objects would be

at different ranges.

Another example is given by U.S. Pat. No. 6,404,506 to Cheng ef al., which
teaches a non-intrusive laser ranging instrument comprising a 25-element linear array of
APDs for detecting objects moving across a planar surface. The instrument is placed above a
portion of a road and it is intended for traffic monitoring applications by measuring the travel

time of vehicles that pass through the FOV of the instrument.

As compared to optical sensing instruments relying on scanning devices, the
scannerless multiple-FOV instruments briefly described herein lend themselves to highly-

integrated optical sensing solutions for automotive applications, owing to the use of very

compact and robust linear arrays of photodetectors. The full set of IFOVs can be sensed in
parallel, in a simultaneous fashion, by coupling the outputs of the photodetector linear array to
suitable multi-channel amplifying electronics and signal/data processing means. The
scannerless, multiple-FOV optical sensing instruments provide timely detection and ranging
of objects entering in the full FOV of the instrument while classification of the detected
objects is made possible by using a linear photodetector array made up of a large number of
photoelements with small photosensitive surfaces. Linear arrays comprising various numbers
of highly-sensitive APDs are currently available on the market, but these components get very
expensive for integration in car vehicles as the number of photoelements increases. Using a

linear array with a lower number of photoelements, each having a wider photosensitive

-] -
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surface, is more cost-efficient, but APDs with larger surfaces are still expensive. More
importantly, the operation of APDs of larger diameter is plagued by a stronger capture of
background light, and this often rules out their integration in systems intended for use In
widely-varying ambient lighting conditions. The optical suppression of a large part of the
extraneous background light with the help of a narrow bandpass interference filter does not

work in a satisfactory manner in systems that must sense over wide FOVs.

There is a need, in the industry, for a scannerless, multiple-field-of-view optical
rangefinder instrument adapted for low-cost integration and that can operate under a wide

range of ambient lighting conditions, and for example under bright sunlight.

SUMMARY

According to one broad aspect of the present invention, there 1s provided a
multiple-field-of-view scannerless optical rangefinder operating in pulsed Time-Of-Flight
operation for use in high ambient background light. The rangefinder comprises an optical
emitter having a LED light source and driver electronics, emitting a train of light pulses
having a broad field-of-illumination (FOI); a multi-channel optical receiver (MCOR) for
detecting optical return signals, an overall field-of-view (FOV) encompassing each channel
instantaneous FOV, the FOI encompassing the overall FOV, the multi-channel optical receiver
having analog front-end electronics; an Analog-to-Digital Converter (ADC) for receiving and
converting the waveforms into digital format; a control and processing unit (CPU) for
generating a pulse trigger signal, sending a synchronization trigger signal to the MCOR for
starting the detection of the optical return signals, and for processing the waveforms in digital
format; a data interface; wherein a peak present in any of waveforms is a signature of an

object detected within the instantaneous FOV.

According to another broad aspect of the present invention, there is provided a
multiple-field-of-view scannerless optical rangefinder operating in pulsed Time-Of-Flight
operation for use in high ambient background light. The rangetinder comprises an optical
emitter for emitting a train of very brief light pulses, the train of light pulses having a broad

field-of-illumination (FOI), the optical emitter having a LED light source and driver

- 8 —
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electronics; a multi-channel optical receiver (MCOR) for detecting optical return signals, each
detection channel of the multi-channel optical receiver having a photodetector with a
photosensitive surface, an instantaneous field of view of each the detection channel having a
horizontal and a vertical extent determined by dimensions of each respective the
photosensitive surface and being adapted to output a channel return signal waveform, an
overall field-of-view (FOV) of the multi-channel optical receiver encompassing each the
instantaneous field of view, the field-of-illumination encompassing the overall field-of-view,
the multi-channel optical receiver having analog front-end electronics for conditioning the
channel return signal waveforms, the MCOR outputting conditioned channel return signal
waveforms; an Analog-to-Digital Converter (ADC) for receiving and converting the
conditioned channel return signal waveforms from the MCOR into digital format; a control
and processing unit (CPU) operatively connected to the optical emitter, the MCOR and the
ADC, for generating a pulse trigger signal to trigger the optical emitter into emitting the train
of pulses, for sending a synchronization trigger signal to the MCOR for starting the detection
of the optical return signals, and for processing the conditioned channel return signal
waveforms in digital format; a data interface for receiving processed channel return signal
waveforms from the CPU and preparing output data; wherein a peak present in any of the

optical return signal waveforms is a signature of an object detected within the instantaneous

field of view.

In one embodiment, the pulses have a duration below 50 ns and a detection
bandwidth of the MCOR 1s higher than 10 MHz.

In one embodiment, the LED light source includes a plurality of LED sources.

In one embodiment, the light pulses are in one of a near-infrared region and a

visible region of electromagnetic spectrum.

In one embodiment, the optical emitter further comprises at least one of a
collimating lens assembly, a lenticular lens sheet, a LED reflector and an optical diffuser to

condition the light pulses emitted by the LED light source.
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In one embodiment, the MCOR includes an array of PIN photodiodes.

In one embodiment, the photosensitive surface of said photodetector of each said

detection channel of said multi-channel optical receiver has an area of at least 0.5 mm-”.

In one embodiment, the photosensitive surface of said photodetector of each said
detection channel of said multi-channel optical receiver has a maximum reverse current

greater than 1 mA.

In one embodiment, the MCOR further comprises an objective having at least one
of at least one lens element, at least one mirror and at least one correcting plate, the objective

for focusing the optical return signal onto the photosensitive surfaces of the photodetectors.

In one embodiment, the analog front-end electronics being at least one of parallel

multi-channel and multi-channel time-multiplexed.

In one embodiment, Analog-to-Digital Converter (ADC) includes more than one
converter units adapted to work together to receive and convert the conditioned channel return

signal waveforms into digital format.

In one embodiment, the MCOR is composed of one of a linear arrangement of N
detection channels extending along a first direction and a two-dimensional arrangement of M

X N detection channels extending along both the first direction and an orthogonal direction,

the orthogonal direction being orthogonal to the first direction.
In one embodiment, the detection channels are AC coupled.

In one embodiment, the range finder further comprises an optical filter for
blocking at least a portion of parasitic background light having a wavelength spectrum outside

of a wavelength band of the optical emitter.

In one embodiment, the LED emitter, the multi-channel optical receiver, the
analog-to-digital converter and the control and processing unit are provided in an enclosure

with a light transmission window for the LED emitter and the multi-channel optical receiver.

- 10 —



10

15

20

25

CA 02833435 2013-10-17

272666-77

In one embodiment, the rangefinder further comprising an optical filter provided
on the window for blocking at least a portion of parasitic background light having a

wavelength spectrum outside of a wavelength band of the optical emitter.

In one embodiment, the optical filter is one of an optical protection window
having one face coated with an optical film and a protection window made from a materal

allowing wavelength-selective optical transmission;
In one embodiment, the MCOR is provided on an integrated circuit.

In one embodiment, a solar irradiance of the high ambient background light 1s

higher than 50 W/m®.

In one embodiment, the object is one of a vehicle, a person, an animal, a gas, a

liquid, a particle, a pavement, a wall, a post, a sidewalk, a ground surface and a tree.

According to another broad aspect of the present invention, there 1s provided a
multiple-field-of-view scannerless optical rangefinder operating in pulsed Time-Of-Flight
operation for use in high ambient background light with a solar irradiance higher than 50
W/m®. The rangefinder comprises an optical emitter for emitting a train of very brief light
pulses each having a duration below 50 ns, the train of light pulses having a broad field-of-
illumination (FOI) with a minimum overall extent of 15° by 2.5°, the optical emitter having a
LED light source and driver electronics; a multi-channel optical receiver (MCOR) for
detecting optical return signals, the optical return signals being detected from a moment when
the emitting begins for a first pulse of the train over a length of time continuing after the
emitting has ended for the first pulse and ending before emission of a next one of the very
brief light pulses of the train, the multi-channel optical receiver (MCOR) having an array ot
photodetectors, each photodetector of the array forming a detection channel of the multi-
channel optical receiver, each photodetector having a photosensitive surface with an area of at
least 0.5 mm” and a maximum reverse current greater than 1 mA, an instantaneous field of
view of each the detection channel having a horizontal and a vertical extent determined by

dimensions of each respective the photosensitive surface and being adapted to output a
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channel return signal waveform, an overall field-of-view (FOV) of the multi-channel optical
receiver encompassing each the instantaneous field of view, the field-of-1llumination
encompassing the overall field-of-view, the multi-channel optical receiver having analog
front-end electronics for storing multiple time-spaced sampling points for each detection
channel to acquire and store individual complete temporal waveform traces; conditioning the
channel return signal waveforms, the MCOR outputting conditioned channel return signal
waveforms; an Analog-to-Digital Converter (ADC) for receiving and converting the
conditioned channel return signal waveforms from the MCOR into digital format; a control
and processing unit (CPU) operatively connected to the optical emitter, the MCOR and the
ADC, for generating a pulse trigger signal to trigger the optical emitter into emitting the train
of pulses, for sending a synchronization trigger signal to the MCOR for starting the detection
of the optical return signals, and for processing the conditioned channel return signal
waveforms in digital format; a data interface for receiving processed channel return signal
waveforms from the CPU and preparing output data; wherein a peak present in any of the

optical return signal waveforms is a signature of an object detected within the instantaneous

field of view.

Throughout this specification, the term “non-visible” is intended to be a synonym
of the terms “invisible” and “nonvisible” and to be an antonym to the word “visible”. It should
be understood that “visible light” refers to light emitted at wavelengths which are visible to
the human eye. Similarly, “invisible light” refers to light emitted at wavelengths which are not

visible to the human eye.

Throughout this specification, the term “vehicle” is intended to include any
movable means of transportation for cargo, humans and animals, not necessarily restricted to

ground transportation, including wheeled and unwheeled vehicles, such as, for example, a
truck, a bus, a boat, a subway car, a train wagon, an aerial tramway car, a ski lift, a plane, a

car, a motorcycle, a tricycle, a bicycle, a Segway™, a carriage, a wheelbarrow, a stroller, etc.

Throughout this specification, the term “environmental particle” 1s intended to

include any particle detectable in the air or on the ground and which is typically caused by an
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environmental, chemical or natural phenomenon. It includes fog, rain, snow, smoke, gas,

smog, black ice, hail, etc.

Throughout this specification, the term “object” is intended to include a moving
object and a stationary object. For example, it can be a vehicle, an environmental particle, a
person, a passenger, an animal, a gas, a liquid, a particle such as dust, a pavement, a wall, a

post, a sidewalk, a ground surface, a tree, etc.

Throughout this specification, the term “wide” is intended to be the opposite of
“narrow”. The terms “narrow” and “wide” refer to sizes of the field-of-illumination, field-ot-
view, band, channel and environment. They are intended to describe a measurement in any 3D
direction, namely in width, height or length, depending on the orientation of the LED light

source and of the optical detector.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are included to provide a better understanding
of the main aspects of the invention and are incorporated in and constitute a part of this
specification, illustrate embodiments of the invention and together with the description serve
to explain the principles of the invention. The accompanying drawings are not intended to be

drawn to scale. In the drawings:

FIG.1 is a schematic diagram illustrating the general layout and the key
components that form part of an optical rangefinder instrument according to an example

embodiment of the present invention;

FIG.2 depicts schematically an exemplary arrangement of 16 contiguous

instantaneous fields of view (IFOVs) of an example multi-channel optical receiver;

FIG.3 is a graph that illustrates the drift of the center wavelength of the

transmission bandpass of a typical optical interference filter as the incidence angle of the light

impinging on the filter changes from 0° (normal incidence) to 30°;
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FIG. 4A, FIG. 4B, FIG. 4C and FIG. 4D show four different configurations of the

multi-channel analog front end and digital acquisition.

DETAILED DESCRIPTION

Reference will now be made in detail to the example embodiments of the
invention. This invention may, however, be embodied in many different forms and should not

be construed as limited to the embodiments set forth in the following description.

OVERVIEW OF THE OPTICAL RANGEFINDER CONFIGURATION

The general layout and key components/subsystems of a multiple-FOV
scannerless optical rangefinder 10 according to an example embodiment of the present
invention can be better appreciated by referring to the schematic diagram of FIG. 1. The
optical rangefinder 10, which operates according to the pulsed TOF principle, comprises an
optical emitter 20 that emits trains of optical pulses having predetermined temporal and spatial
characteristics. It also includes a multi-channel optical receiver (shortened as MCOR) 40 for
detection of the optical return signals and their subsequent conversion into electrical
waveforms. Each detection channel of the MCOR 40 outputs return signal wavetorms that
could contain at least one peak that stands out from noise. A return signal waveform is
obtained after the emission of each light pulse by the optical emitter 20, but it may happen that
the waveform carries no useful information at a given moment. On the other hand, each peak
present in a return signal waveform is a signature of an object currently located within the
instantaneous field of view (IFOV) associated to the corresponding detection channel. Several
consecutive channels may generate waveforms containing exactly the same signature (also
referred to as a pulse echo) when, for example, a large object is ranged (ex.: wall) or when an
object gets in close proximity of the instrument. According to the pulsed TOF principle, the
exact position (timing) of a signature in a return signal waveform 1s indicative of the range to
the object, while its relative amplitude depends on both range and optical reflectance of the
object at the emission wavelength of the optical emitter 20. FIG. 1 also shows that the output
of the MCOR 40 connects to a control and processing unit (CPU) 60 that performs further
processing of the return signal waveforms (after they have been converted into digital format

by the Analog-to-Digital Converter (ADC) 80) and transmission of the output data to the data
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interface 70. The CPU 60 stores a full waveform trace of the echo-back signal during and after
illumination of the field of view by the optical pulse. The length of time during which the
acquisition of the trace takes place is longer than the pulse width in order to allow capture of a
full waveform trace of a reflection on an object multiple meters away from the detector with a
pulse width less than 50 ns and a low duty cycle. Therefore the acquisition allows capturing
and storing individual complete temporal waveform traces from a moment when the emission
of the pulse begins over a length of time continuing after the emission of the pulse has ended
and ending before emission of the next short light pulse. Furthermore, multiple sampling
points must be acquired for the trace to allow the comparison with the emitted wavetorm. The
CPU 60 performs some other functions such as generating a pulse trigger signal that 1s
forwarded to the optical emitter 20 for firing each light pulse. Synchronization trigger signal
(in phase or shifted) is also sent to the MCOR 40 for starting the acquisition of the return
signal waveforms. The CPU controls the acquisition by starting and stopping the waveform

acquisition. The acquisition time is determined by the maximum range to be covered by the

optical rangefinder 10.

The optical rangefinder 10 also includes means for supplying electrical power to
the various subsystems depicted in FIG. 1. For clarity, these power supplies have not been

shown in FIG. 1. Both optical emitter 20 and MCOR 40 will be described in further details 1n

the next two sections.

THE OPTICAL EMITTER

The optical emitter 20 radiates very brief light pulses, each having for example a
duration of a few ns, and this duration sets a lower bound for the width (duration) of the

signatures that could be present in the return signal waveforms generated at the output of the

MCOR 40. When reliable discrimination between a pair of closely-spaced signatures in the
signal waveforms is to be performed, the optical ranging should be carried out using light
pulses of a duration which is as short as possible. Such pairs of signatures can be produced,
for example, when two distinct objects are present within a given IFOV at the same moment,
the objects being at slightly different distances from the rangefinder. Stated otherwise, using

shorter light pulses enhances the range resolution of an optical ranging instrument based on
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the pulsed TOF principle. In practice, the shortest duration that can be achieved for the light
pulses is limited by the impulse responses of both the driver electronics and the light source
integrated in the optical emitter 20. The signatures in the return signal waveforms will be
faithful replicas of the emitted light pulses provided that the overall detection bandwidth ot
the MCOR 40 is high enough, generally in the range of a few tens to a few hundreds MHz.

On the spectral side, the spectrum of the emitted light pulses lies for example 1n
the near-infrared region of the electromagnetic spectrum. Some factors favor the use of near-
infrared light such as the availability of affordable, compact optical sources and high-
sensitivity photodetectors, the weaker response of the unaided human eye to near-infrared
light, which makes the radiated light pulses non distracting, and the weaker solar irradiance
background level in this spectral region as compared to the corresponding level in the visible
wavelength region. Visible light can also be used for example when the need to illuminate the
environment is required (global illumination or signaling information using light). The visible
light could be a white light or could be emitted at a wavelength, for example to generate a red

light.

Operating an optical rangefinder at a light wavelength that coincides with a lower
solar irradiance level promotes higher signal-to-noise ratios (SNR) for the signatures present
in the return signal waveforms. In an example embodiment of the present invention, at least

one high-power light-emitting diode (LED) unit is used to form the LED source 22 of the

optical emitter 20. LED sources share several desirable features of semiconductor laser diodes
emitting in the same spectral region since they are very compact, rugged, solid-state devices
that can be driven at high repetition rate with electrical current pulses of a few ns duration. As
noted earlier, this latter feature is useful for suitable range resolution to any optical ranging
instrument based on the pulsed TOF principle. High-power LEDs are currently available for
emission at various center wavelengths in the near-infrared spectral region. Longer near-
infrared wavelengths, such as 940 nm for example, may be useful because of the steady
decrease exhibited by the solar irradiance spectrum in this region. As compared to their laser
diode counterparts, LEDs emit over a much wider wavelength band, which typically attains 10

to 50 nm depending on the selected LED material and its drive level.
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The light emitted by LEDs has much lower temporal and spatial coherences than
the light emitted by laser diode sources. Among other things, this means that the LED lLight
impinging on an unprotected human eye and transmitted up to the eye retina will spread over a
much larger spot on the retina. As a result, the light emitted from LEDs is much less
hazardous than laser radiation of similar optical power level and wavelength in case of
inadvertent ocular exposure events. In fact, the potential eye hazards that could result from
exposure to the light emitted by LEDs are best assessed by performing hazard analyses based
on the rules and guidelines given in safety standards intended for lamp devices. Thus, the
safety standard now recommended when dealing with LED light is the International Standard
IEC 62471 Photobiological safety of lamps and lamp systems, First Edition, (2006-07),
published by the International Electrotechnical Commission. As compared to laser radiation 1n
the near-infrared, the lower eye safety constraints of using LED light allows for illumination
with pulses of higher optical energy, thus increasing the detection performance of a
rangefinder instrument without requiring any change to its optical receiver. In particular, light
pulses of higher optical energy result in optical return signals that better compete with any

parasitic background light level captured by the MCOR 40.

The light emitted by the LED source 22 can be optically conditioned to be spread
over a desired field of illumination (FOI) by using for example a collimating lens assembly 24
followed by an optical diffuser 26, as depicted in FIG. 1. The collimating lens assembly 24
could have a high input numerical aperture to promote better capture of the highly-diverging
raw output light beam 28 emitted from the LED source 22. The lens assembly 24 redirects the
captured light to form in its exit aperture plane a light irradiance distribution 30 having a
transverse cross-section suited to the dimensions of the optical diffuser 26. Likewise, the lens
assembly 24 reduces the divergence angle of the emitted light beam 28 to a few degrees to
ensure that the specified optical diffusing characteristics of the diffuser 26 will be met. Upon
its transmission through the optical diffuser 26, the light beam 1s converted into an asymmetric
light cone 32 having an opening (divergence) angle that defines the FOI of the optical emaitter
20. In addition to providing a FOI with a smooth, uniform light irradiance distribution, the use

of an optical diffuser 26 facilitates the mounting of the LED source 22. The spatial
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characteristics of the light beam 32 exiting from the diffuser 26 are nearly insensitive to the

exact disposition and alignment of the individual LED units integrated in the LED source 22.
As a result, various FOIs can be obtained from the same LED source 22 simply by using
optical diffusers 26 with different light diffusing characteristics. Holographic optical ditfusers
have peak optical transmissions which can reach 90% and even higher at the desired
wavelength. Moreover, holographic light-shaping diffusers can be designed to spread the
incoming light over a prescribed (asymmetric) FOI, which can have divergence angles that
differ appreciably along both horizontal and vertical directions for best use in optical
rangefinders intended for various applications. This type of optical diffuser is also appreciated

for its nearly Gaussian-shaped, smooth output light irradiance distribution.

Other ways for optically conditioning the light beam 28 emitted from the LED
source 22 can be envisioned without departing from the scope of the present invention. For
example, a LED source 22 can be integrated in the optical emitter 20 without any collimating
lens assembly 24 or optical diffuser 26 when the intended application requires tflooding light
32 over very wide FOIs (for example 120° or wider) that are symmetrical along both
orthogonal transverse directions. This cost-efficient approach is made possible due to the
highly-diverging nature and smoothness of the raw output light emitted from LEDs.
Furthermore, this approach allows for some tailoring of the resulting FOI by individually
tuning the orientation of the center emission axis of each LED unit that forms part of the LED

source 22. Alternatively, a lenticular lens sheet can substitute for the optical diftuser 26.

Lenticular lens sheets generally consist of an extruded plastic sheet having one surface
embossed with a set of linear tiny corrugations (called lenticules) running parallel to each
other and acting as an array of magnifying lenses. Lenticular lenses are used for spreading
light along a single transverse direction (perpendicular to the orientation of the lenticules), and
can generate specific FOIs required by the intended applications. A LED retlector 1s also

another possibility to shape the light at a very low cost.

Finally, the optical emitter 20 also includes electronics 34 for driving the LED
source 22 with current pulses having peak amplitude and duration suitable for effective

implementation of the pulsed TOF principle. As mentioned previously, a pulsed voltage
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trigger signal generated by the CPU 60 commands the generation of each current pulse by the
LED driver electronics 34. For example, the optical pulses can be emitted with durations
typically below 50 ns. Depending on the repetition rate at which the pulses are emitted, the
duty cycle (relative ON time) of the optical emission can be as low as 0.1%. Driving the LED
source 22 at low duty cycle allows for raising the peak current drive level at values that
largely exceed the nominal current rating of the LED source 22 without compromising 1ts
lifetime. In order to get the desired peak optical output power for the radiated light pulses, any
reduction of the peak drive level of the LEDs can be compensated for by mounting additional

LED sources 22 in the optical emitter 20 and appropriately duplicating their drive electronics

34.

If the pulse width is smaller than 50 ns with a duty cycle of less than 0.1%, 1t will
be possible to obtain an amplitude several times the nominal value. An example embodiment
would have a 20 ns pulse width with a 02 % duty cycle. Since
Duty Cycle = Pulse Width X Frame Rate, the Frame Rate for that example would be 100 kHz.
In another example embodiment, at a duty cycle of 0.5 % and a pulse width of 50 ns, the
system attains a frame rate of 100 kHz, namely 100,000 pulses are emitted per second. There
is therefore a period of time of 10pus between each pulse. Because
Range = Acquisition time X Speed of Light / 2, if the required range 1s 90 m, the acquisition
of the full waveform will last 600 ns, much longer than the pulse width, it will begin when the

pulse is emitted and will continue until the next pulse is emitted. In another example

embodiment, at a duty cycle of 0.1 % and a pulse width of 20 ns, the system attains a frame
rate of 50 kHz. These high frame rates are made possible by the use of LEDs with an

appropriate Pulse/Modulation driver.

The optical emitter 20 may further benefit from the use of several LED sources 22
by performing individual alignment (optical boresighting) of each LED source 22 along a
specific direction in such a way that the collective overlap of the radiated light beams results
in a better filling (uniformity) of the FOI. This approach may provide a uniform FOI having

the desired overall dimensions without the use of an optical diffuser 26.
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THE MULTI-CHANNEL OPTICAL RECEIVER (MCOR)

The multi-channel optical receiver (MCOR) has an array of detectors. The array

can be one-dimensional or two-dimensional.

In one embodiment, the optical detection and ranging of objects located within an
overall FOV composed of a 1xN linear arrangement of N smaller IFOVs extending along the
horizontal direction is made possible with an optical receiver configuration 40 as shown in the
schematic diagram of FIG. 1. In FIG. 1, the horizontal plane is set parallel to the plane of the
page. The reference X axis, also shown in FIG. 1, is set horizontally along the direction
perpendicular to the reference Z axis, the latter being parallel to the direction along which the
optical axes of both optical emitter 20 and MCOR 40 point (i.e., parallel to the line of sight of
the instrument 10). The Y axis, orthogonal to both X and Z axes, then points along the vertical
direction. Referring temporarily to FIG. 2, a front view of an exemplary linear arrangement of
16 separate IFOVs is schematically illustrated. The set of IFOVs is disposed along the
horizontal X direction. The whole field of view is enclosed within a field of illumination
(FOI) generated by the optical emitter of the optical rangefinder instrument. In general, each
individual IFOV has different extents along the X and Y axes since these extents are
determined by the dimensions of the photosensitive surface of each photodetector. FIG. 2

shows a FOI having an elliptically-shaped outer contour (dashed line in FIG. 2) of sizeable
eccentricity, namely with FOIx >> FOly, although various shapes can be envisioned for the

FOI. The FOI is for example set wide enough to enclose the FOV of the MCOR 40 along both

X and Y directions.

FIG. 2 illustrates an example embodiment that allows sensing over a FOV having
a wide extent (FOVy) along the horizontal direction, the sensing being realized without the

need for any mechanical scanning means. The required horizontal extent FOV varies with the
intended application. For example, in automotive applications, it can attain around 15° in
systems for pre-crash mitigation, 40° for blind-spot detection, and 85° in systems for parking

assistance. In transportation applications like stop bar detection, wider FOV 1is preferred for

shorter intersection with several lanes, narrower FOV for longer intersection. In all cases,
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objects having low surface reflectance at the emission wavelength of the instrument 10 should

be reliably detected and ranged over relatively short distances.

In an example embodiment, the overall field-of-view has a minimum overall

extent of 15° by 2.5°. In another example embodiment, the overall field-of-view has an overall

extent of 85° by 13°.

The linear 1xN arrangement of smaller IFOVs extending along the horizontal

direction, as depicted in FIG. 2, should not be construed as limiting the scope of the invention
since some specific applications may need a set of small IFOVs disposed along both
horizontal and vertical directions to provide some type of two-dimensional (2D) angularly-
resolved optical sensing. In fact, the expression “three-dimensional (3D) optical sensing”
would be more appropriate in this situation due the ranging capability of the instrument that
provides information about the location of any detected object along the third direction,
parallel to the 7Z axis defined in the preceding paragraph. The arrangement of the IFOVs
reflects the disposition of the set of photodetectors in the focal plane of the MCOR 40.

Referring back to FIG. 1, the optical return signal incident on the collecting
aperture of the MCOR 40 first passes through an optical filter 42 (optional) that blocks the
portion of the parasitic background light having its wavelength spectrum out of a limited
wavelength band determined by the emission spectrum of the optical emitter 20. Optical

interference filters are useful due to their spectral bandpasses having steep edges and high

optical transmission. By contrast with the common practice when designing laser rangefinders
operating with a narrow FOV, the bandpass of the optical filter 42 should be selected
relatively wide, and in some circumstances it can be advisable to operate the MCOR 40
without any optical filter 42. The rationale for such a practice 1s twotold. As mentioned
previously, the filter bandpass should be a bit wider than the emission spectrum of the optical
emitter 20 to reduce the occurrence of rejection of the useful optical return signal incident on
the collecting aperture. The second reason pertains to the well-known drift of the center
wavelength of narrowband interference optical filters as the incidence angle ot the incoming

light increases. This phenomenon 1s especially troublesome for optical instruments that sense
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over wide FOVs that, in extreme situations, can cover up to 80° on either side of the normal

incidence direction.

For the sake of better illustrating this phenomenon, FIG.3 is a graph that
illustrates the shift towards shorter wavelengths of the transmission bandpass of an exemplary

optical interference filter 42 having a relatively wide bandwidth of about 80 nm FWHM. It 1s

apparent that the center wavelength of the bandpass drifts from about 960 nm for a 0°

incidence angle (curve 110 depicted in thick solid line) to about 930 nm for a 30° incidence

angle, as shown by the curve 120 depicted in dashed line. The drift observed as the incidence

angle opens up to 30° then means that an increasing part of the spectrum of the optical return
signal will be blocked by the optical filter 42 as this signal comes from objects located away
from the center position of the FOV. The graph also shows the typical emission spectrum 130
of a 940-nm LED source depicted in thin solid line. In this example, the filter was chosen so
that its bandpass for normal incidence is well matched to the LED emission spectrum. FIG. 3
also plots the curve 140 of the solar irradiance spectrum at sea level. A comparison of both
solar irradiance and LED emission spectra illustrates an advantage of operating at an emission
wavelength close to 940 nm since this wavelength region coincides with a sizeable dip in the
solar irradiance spectrum. It is then necessary to widen the bandpass of the optical filter 42 to
reduce the occurrence of any undesirable blocking of the optical return signal sensed over a
wide FOV, with the unfortunate consequence of capturing more parasitic background light.

This situation can impact on the selection of suitable photodetectors for integration in the

MCOR 40.

In addition to the shift of their center wavelength with the incidence angle of the
incoming light, the center wavelength of optical interference filters also shows some

sensitivity to the ambient temperature.

For greater convenience, the optical filtering action can also be realized through
the use of a commercially-available optical protection window having one of its faces coated
with suitable optical films to block some parts of the optical wavelength spectrum.

Alternatively, highly-resistant protection windows made from a material formulated to allow
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wavelength-selective optical transmission can be obtained from manufacturers such as Bayer

AG Plastics Business Group (Leverkusen, Germany). For example, their lightweight
Makrolon® polycarbonate material model 2405 with color formulation 450601 features high

impact strength while effectively blocking light (nearly 0% transmittance) of wavelength

lower than 700 nm.

Referring back to FIG. 1, the part of the optical return signal passing through the
optical filter 42 is then transmitted through an objective 44 that focuses it onto the
photosensitive surfaces of a series of photodetectors 46 disposed horizontally side-by-side 1n
(or in close proximity of) the focal plane of the objective 44. The objective 44 may comprise a
single lens element, as depicted schematically in FIG. 1, or it may be embodied as an optical
assembly comprising several lens elements. Alternatively, the objective 44 can be built with
mirrors or from a combination of mirrors and correcting lenses/plates, as it 1s found in
catadioptric objective assemblies. Several factors may impact the design of the objective 44
such as the required f-number, its clear aperture diameter (which defines the collecting
aperture of the MCOR 40), the level of correction required for the dominant optical

aberrations, its compactness, ruggedness, and fabrication cost.

The array of photodetectors 46 comprises a plurality of individual photodetectors
having for example identical characteristics. As stated previously, the photosensitive surface

area of each photodetector determines its corresponding IFOV. By way of example, the

commercially-available 16-clement linear array of silicon (S1) PIN photodiodes model S8558
from Hamamatsu Photonics (Hamamatsu City, Japan) features photosensitive surface areas of
0.7 mm (horizontal) by 2.0 mm (vertical) when the array is set horizontally (with an element

pitch at 0.8 mm). The IFOV associated to each individual photodetector has dimensions of

0.8° (H) x 2.3° (V) when the linear array is coupled to an objective of 50-mm focal length.
Accordingly, the 16-element linear array (including the gap) provides a full FOV of 14.5° (H)

x 2.3° (V), which is then mostly elongated along the horizontal direction. Other manufacturers
offer arrays. For example, Advanced Photonix (Camarillo, California) supplies the PDB-C216

which is a 16-element linear array in which the dimension of each element 1s 1.22 mm (H) x
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1.84 mm (V) and also supplies the PDB-C232 which is a 32-element linear array in which the
dimension of each element is 0.89 mm (H) by 1.65 mm (V).

A two-dimensional photodetector array could also be used, for example when
some angular resolution along the vertical direction is desired. For example, the 5 x 5 element
SI PIN photodiode array number S7585 from Hamamatsu with an active area per element of
1.3mm x 1.3 mm (with an element pitch at 1.5 mm) can be used. When the application
requires few FOVs, component S4204 from Hamamatsu is a dual-element photodiode, each
element having an active area of 1 mm x 2 mm. From Optek Technology, component

OPR2101 is a 6-element photodiode array, each element having an active area of 0.72 mm x

1.23 mm. Its configuration is 2 x 2 elements in the middle, one additional element on each

side of the 2 x 2 matrix.

The example embodiment uses an array of PIN photodiodes in place of the more
widely used APDs. Several reasons dictate this choice. The need for sensing over a wide FOV
combined with the use of a LED-based optical emitter 20 prevents the use of a narrowband
optical interference filter in the MCOR 40 for optical suppression of the parasitic background
light. When operating the instrument during daytime, for example in bright sunlight
conditions, an important solar background signal reaches the photddetectors 46 and competes
with the useful optical return signal. In fact, the solar irradiance under bright sunlight can
reach 1000 W/m®. With an overcast sky, it can fall to approximately 100 W/m*. Outdoors, the
solar irradiance of the high ambient background light is typically higher than 50 W/m*.These

outdoor conditions are very different from artificially-illuminated indoor space where the

irradiance 1s typically 5-30 W/m®.

An example can be worked out to gain better insight about the solar background
signal. Let us consider an optical receiver configuration comprising an objective of 20-mm
clear aperture and having a focal length of 19.7 mm placed behind an optical filter having an
80-nm bandpass centered at the 940-nm wavelength, as suggested for sensing over wide

FOVs. The optical power of the solar background signal within the optical filter bandwidth

that 1s received on the photosensitive surface (here 0.7 x 2.0 mm?) of a photodiode placed in
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the focal plane of the objective is estimated to range from about 80 nW to 800 nW as the angle
between the line of sight of the optical receiver and the sun is reduced from 75° to 15° during
clear-sky daytime conditions. In an extreme case, the estimated solar background signal would
rise up to about 5 mW when direct sunlight is captured, i.e., when the line of sight of the
instrument points right on the sun or when direct sunlight is deviated towards the instrument

by a highly-reflecting flat surface.

The estimates given above were based on solar irradiance and clear-sky
background radiance data at 940-nm wavelength retrieved from graphs and tables presented in
D. Kryskowski and G. H. Suits, Natural Sources, Chapt. 3 of The infrared and electro-optical
systems handbook Vol. 1, Sources of Radiation, (SPIE Press, Bellingham, WA, 1993).
Another way to evaluate the optical power of the solar background is explained by S. Donati
in chapt. 3 of Electro-Optical Instrumentation: Sensing and Measuring with Lasers (Prentice
Hall, 2004). By using the law of photography, and taking a worst case for the scene
diffusivity, the result is much higher and reaches approximately 15 uW for the same sensor
configuration (80-nm bandpass and a surface of 0.7 x 2.0 mm?). If an optical filter or window
made from a material formulated to allow wavelength-selective optical transmission above
700 nm is used (instead of using an 80-nm bandpass filter), the level of the background can be
increased by a factor 10 (up to 8 uW to 150 pW). If there is no optical filter, the level of the
background can increase by a factor 16 (up to 13 pW to 240 uW). These intense solar/daylight

background contributions would command significant reductions of the internal gain value set

to an array of APDs, whereas they can be handled by PIN photodiodes.

Typically, a PIN photodiode with a relatively large active area has a maximum
reverse current (Irmax) high enough to avoid saturation from this background illumination. A
large active area for the PIN photodiode can be greater than or equal to 0.5 mm?®, such as
1 mm” for example. The Irmax parameter of the PIN photodiode can be 10 to 40 times higher
than that of the APD in continuous operation. For example, a PIN photodiode can have an
Irmax parameter of 10mA while an APD can have an Irmax parameter of 250pA. This large

maximum reverse current Irmax for the PIN photodiode increases the linearity range and
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permits to detect very weak pulse signals in a very high ambient light. It will be readily

understood that the larger the active area, the higher the Irmax value and the better the

linearity.

A maximum reverse current Irmax greater than about 1 mA for the photosensitive
surface would yield expected results for a typical high ambient light environment. In the

extreme case of direct sunlight detailed above, the maximum reverse current Irmax greater

than about 4 mA.

Tests have shown that, in most circumstances, the internal gain of APDs
integrated in devices for outdoor use cannot be set higher than about 20 during daytime to
avoid overload of the photodiodes or saturation of the detection electronics, even with the use
of an optical filter with the LED source. In these conditions, operating APDs at low internal
gain setting means that their unique performance characteristics are far from being fully

exploited. APDs have typical maximum continuous operation of a few microwatts with a gain

of 20.

By contrast with PIN photodiodes, APDs operate under high bias voltages
(varying typically between 100 V and' 5.00 V) aﬁd their seamless stable operation in adverse
outdoor conditions calls for means for stabilizing their junction temperature, which then
impacts negatively on the cost of an instrument integrating this type of photodetectors. In

addition, the circuit that generates the bias voltage should be temperature stabilized due to the
fact that APDs operated in linear regime are biased very close to their breakdown voltage,
thus adding further to the cost of APD assemblies. The temperature dependence ot APDs and
of their related circuitry is discussed for example in U.S. Pat. No. 6,894,266. When fabricated
in the form of arrays, the high bias voltage of APDs also means that a spacing (gap) should be

created between consecutive photodiodes in the array. By way of example, each photodiode of

the 16-element linear APD array model AA16-9 DIL18 available from Silicon Sensor GmbH
(Berlin, Germany) features a photosensitive surface area of about 0.21 mm (H) x 0.65 mm

(V), with a non sensitive gap of 0.11 mm (H) that separates consecutive photodetectors.

Operating such an APD array in the focal plane of a 50-mm objective then results in the
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presence of a blind zone covering 0.13° (along the horizontal) between each adjacent pair of

IFOVs. This horizontal extent of the blind zones may seem rather low at first sight, but 1t
should be noted that each IFOV for this specific design covers a horizontal extent ot 0.24°.
Stated otherwise, in this example about 35% of the horizontal extent of the whole FOV

consists of blind zones in which objects would remain undetected.

Another problem encountered with arrays of APDs is the lack of uniformity of the
optical detection performance parameters from photoelement to photoelement in the array. For
example, the optical responsivity of each individual photodetector often varies within the
array, and it is generally not possible or feasible to compensate for these variations since a
single voltage source serves to collectively bias all of the photodetectors. Finally, the
operation of APDs and of their related electronics is sensitive to external perturbations of

various natures, so that these devices need more aggressive protection and shielding.

As compared to their APD counterparts, arrays of PINs are still far less expensive,
thus favoring their integration in low-cost optical instruments intended for widespread use for
several applications notably in mid or low-priced car vehicles. In addition, PIN photodiodes
can be integrated with other technologies, as reported in U.S. Pat. No. 7,830,442. This means
that arrays of PIN photodiodes can be mounted with other semiconductor devices on a single
die fabricated using various technologies, thus leading to highly-integrated, very compact,
low-noise and economical multi-channel optical detection subassemblies. A Silicon-On-
Insulator (SOI) CMOS process can be used to produce PIN photodiodes. Hybrid technology
can also be used to integrate the PIN photodiode with a Read Out Integrated Circuit (ROIC).
Typically, in that case, a Si-PIN array will be integrated with the ROIC die 1n a standard IC
packaging. The ROIC converts the photocurrents from the PIN array into voltages tor the
digitization and for the processing. The ROIC can integrate several Analog-to-Digital

Converters (ADC) for parallel acquisition.

Arrays of PIN photodiodes are available with photosensitive surface areas much
larger than what can be obtained with arrays of APDs of comparable cost. For optical ranging

over wide FOVs, using photodetectors of a larger format is highly desirable since a given
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FOV can be covered by placing an objective 44 of longer focal length in front of the
photodetectors. Since the need for keeping the optical aberrations manageable sets a lower
limit to the f-number of the objective, the possibility of selecting a longer focal length for the
objective 44 then implies a higher clear aperture diameter for this component. As a result,
selecting PIN photodiodes of a larger format (for example, having an active area greater than
or equal to 0.5 mm®) allows for capturing more optical return energy incident on the collecting
aperture of the MCOR 40 for fixed values of the FOV and of the objective f-number. PIN
photodiodes then favor higher optical collection efficiency for the MCOR 40, which can
balance, at least partially, their lower sensitivity as compared to APD photodiodes. In other
words, the lack of an internal gain mechanism in PIN photodiodes can be balanced by an

optical gain resulting from the use of a wider collecting aperture.

Also, the stability of the photo sensitivity of the PIN array is usetul when a
reflection on the window of the enclosure of the emitter is used as a reference signal. This
signal will be more stable independently of the background level and can be usetul to indicate

the position of the window (reference distance) and the level of dust/dirt on the window

(amplitude of this reflection).

Referring back to FIG. 1, the MCOR 40 of an example embodiment of the optical
ranging instrument 10 also includes multi-channel analog front end electronics 48 for
conditioning of the raw electrical current waveforms at the outputs of the array 46 of PIN
photodiodes. As it will be apparent to those skilled in the art, exemplary analog front end
electronics 48 may consist of low-noise trans-impedance amplifiers, high-bandwidth amplifier
stages, and low-voltage circuitry for biasing the array 46 of PIN photodiodes. Typically, the
reverse voltage for biasing the PIN photodiode is less than 50 V. Using a photodiode array
with a relatively large active area element generally requires to set the reverse voltage (Vr)
close to the maximum rating value. In fact, using a photodiode with a large active area
increases the junction capacitance (Cj) and has an impact in terms of bandwidth (the
photodiode response time is slower). Using a high Vr improves the cut-off frequency. These
components are replicated in a parallel arrangement to provide multi-channel detection

electronics 48 in which each individual channel connects to a corresponding PIN photodiode
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of the array 46. As discussed previously, the PIN array 46 and the multi-channel analog front
end electronics 48 can share the same printed-circuit board, and they can be integrated for

example in the form of an application-specific integrated circuit (ASIC).

As shown in FIG. 1, the analog outputs of the front end electronics 48 are
forwarded to a multi-channel analog-to-digital converter (ADC) board 80 that digitizes the
analog voltage waveforms. Digitization at rates of several tens to hundreds of megasamples
per second for each detection channel provides adequate distance resolution to help reduce the
occurrence of wash out of the signatures that could be present in the return signal wavetorms.
It can be noted that the duration of the signatures remains nearly the same since the instrument
10 senses objects present within the FOV. This means that the sampling frequency of the
ADC board 80 can be selected high enough to sample each signature with a convenient
number of sampling points. The length of time during which the acquisition of the trace takes
place is longer than the pulse width in order to allow capture of a full waveform trace of a
reflection on an object multiple meters away from the detector with a pulse width less than
50 ns and a low duty cycle. Furthermore, multiple sampling points must be acquired for the
trace to allow the comparison with the emitted waveform. The acquisition process can also use
shifting techniques to decrease the sampling frequency of the ADC 80. Some of these shifting
techniques are described in U.S. patent application publication No. 2010/277,713.

Signatures with very low peak amplitudes can be detected with a PIN-based
optical detection configuration as described in the preceding paragraph. For example, the
noise floor of a PIN photodiode connected to suitable analog detection electronics can be
evaluated by first assuming return signal waveforms that contain signatures of about 20-ns
duration FWHM, and that are amplified with analog electronics having a matched bandwidth
of 50 MHz. PIN photodiodes are available with typical peak sensitivity of about 0.7 A/W and
their noise contribution is negligible with respect to that of the front end analog electronics.
For example, the MAX3806 high-gain linear preamplifier developed for optical ranging
applications and manufactured by Maxim Integrated Products (Sunnyvale, CA) features a

V2

typical noise floor density of 1.5 pA/Hz”. When expressed in units of optical power, the noise

floor of this analog electronics 1s about 15 nW over the 50-MHz detection bandwidth. This
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noise floor contribution on the return signal waveforms can be reduced down to about 0.5 nW
by averaging a set of 1024 successive return signal waveforms. This example then shows that
useful signatures that carry peak optical powers of only a few nW could be detected with
suitable SNRs. These peak optical powers for the useful signatures are found to be much
lower than the typical background light contribution captured during daytime, (several tens to
hundreds of uW as shown previously), but this background DC contribution can be eliminated
from the return signal waveforms by operating the front end analog electronics in AC

coupling mode.

Although the use of multi-channel analog front end electronics 48 and ADC board
80 provides better performance and data transmission efficiency, the conditioning and
transmission of the return signal waveforms from the PIN array 46 up to the CPU 60 can also
be realized through single-channel electronics and digital conversion without departing from
the scope of the present invention. In this alternative embodiment, the N outputs of the PIN
array 46 would be interrogated in sequence (time multiplexing) and then amplified by a
single-channel analog amplifier chain prior to transmitting serially the set of return signal
waveforms to a single-channel ADC 80 for conversion into digital format. This single-channel
embodiment for the analog front end electronics 48 and ADC 80 is more economical than its
multi-channel counterpart, but generates the emission of N successive light pulses from the
optical emitter 20 for each complete interrogation cycle of the PIN array 46. The optical

emitter 20 can be designed for firing light pulses at repetition rates of several tens to hundreds

of kHz. The duration of the interrogation cycles can then be kept short enough for enabling

optical sensing in real-time.

FIG. 4 shows four different embodiments of the multi-channel analog front end

and digital acquisition. FIG. 4A shows a Photodiode Array (N elements) with a reverse bias
voltage Vr 100. Typically, Photodiode Array 46 has a common pin (anode or cathode)
supplied by the Vr 100. Each element (channel) of the Photodiode Array 46 1s conditioned by
the Analog Front-end 48 and digitalized by the ADC 80 in parallel. Signals trom each element

of the Photodiode Array 46 can be AC coupled (all the DC level from the background
illumination is rejected) or DC coupled. FIG. 4B inserts a multiplexer, Mux 102, controlled by
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the Control and processing unit (not shown) to minimize the number of ADC channels (at
least one channel). FIG. 4C shows a configuration using a MUX 102 between the Photodiode
Array 46 and the Analog Front end 48. The number of Analog Front-end channels can be
decreased to one thus reducing the number of components in the Analog front-end. The Mux
102 is placed in a very sensitive area and the “ON” resistance and channel mput and output
capacitance should be low. Parasitic capacitance can limit the bandwidth. FIG. 4D shows a
configuration with a Mux 102 placed between the reverse bias voltage Vr 100 and the
Photodiode Array 46. This configuration is less sensitive to capacitance of the multiplexer but

should operate with the level of the reverse bias voltage.

THE CONTROL AND PROCESSING UNIT (CPU)

The set of time-series numerical data streams at the output of the ADC board 80,
i.e., the set of digitized return signal waveforms, is forwarded to the CPU 60 for further
processing. The heart of the CPU 60 is for example a microprocessor assembly suited for
embarked applications and capable of performing parallel processing with the required
number of channels. CPU 60 can also revolve around other types of processing means such as
a FPGA (Field-Programmable Gate Array), a DSP (Digital Signal Processor) or other
programmable logics. The nature and extent of the numerical processing depend on the
intended application. The CPU 60 can then communicate the output data to a higher-level
system in which the optical rangefinder 10 can be integrated via a data interface 70 that

operates under exemplary data communication interfaces such as Ethernet, USB or CANbus.

NUMERICAL PROCESSING OF THE RECORDED SIGNAL WAVEFORMS

The optical rangefinder instrument 10 can be considered to be a full waveform
LIDAR (LIght Detection And Ranging) instrument since it can output a set of digitized return
signal waveforms acquired during a suitable time interval dictated by the maximum range at
which objects are to be detected and ranged. As compared to classical analog-type optical
rangefinders which range objects by stopping an electronic counter as soon as a detected peak
exceeds a predetermined threshold, full-waveform instruments provide greater tlexibility by

allowing a host of numerical processing tasks to be done on the recorded digital waveforms.

- 31 -



10

15

20

25

CA 02833435 2013-10-17

272666-77

For example, the signal-to-noise ratio (SNR) of the signatures possibly present 1n
the return signal waveforms associated to any given detection channel can be enhanced by
averaging a number of successive waveforms acquired by the channel. The better SNRs
obtained by standard signal averaging (accumulation) are possible provided that the noise
contributions present in the successive waveforms are independent from each other and fully
uncorrelated. When this condition is satisfied, which is often the case after proper elimination
of the fixed pattern noise contributions, the SNR of the wavetforms can be increased by a
factor of (ny)”, where ny is the number of averaged waveforms. Another condition that limits
the number of waveforms to be averaged is the need for stationarity of the processes that
generate the signatures. Stated otherwise, the properties (peak amplitude, shape, time/distance
location) of the signatures present in the waveforms should remain unchanged during the time
period required to record a complete set of waveforms that will be averaged. This condition
may be difficult to respect when attempting to detect objects that move rapidly with respect to
the optical rangefinder 10. The signatures associated to moving objects drift more or less
appreciably from waveform to waveform. Although this situation frequently occurs in the
applications to which to optical rangefinder 10 described herein is intended, its detrimental
impacts can be alleviated by selecting the pulse repetition rate of the optical emitter 20 high
enough, for example in the kHz range. Operating at high repetition rates enables the capture of
numerous return signal waveforms during a time interval short enough to prevent noticeable
drifts of the signatures associated to a given moving object. Another way of dealing with
moving objects is to implement sophisticated numerical processing of the return signal
waveforms specifically aimed at enhancing the SNR of signatures from moving objects. Such

methods of numerical processing are taught for example in U.S. Pat. No. 7,640,122.

The waveform averaging can be implemented in the form of mobile averaging,
wherein the current average waveform is continuously updated by summing it with a newly-
acquired waveform while subtracting from the average the wavetorm that was first acquired.
Using mobile averages does not impact on the rate at which the output detection data 1s
generated by the CPU. Moreover, a timely detection of any object appearing suddenly in the

FOV of the optical ranging instrument 10 can be enabled by resetting the mobile average
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when a newly-acquired waveform presents at least one feature that differs appreciably from

the current average waveform.

While the example embodiments of the invention in their various aspects have
been described above, such descriptions are to be taken as illustrative of embodiments of the
invention rather than descriptions of the intended scope of the invention. Accordingly, the
scope of the invention should not be construed as being limited to driver assistance/safety
systems embarked 1n vehicles. The optical rangefinder instrument of the present invention can
thus be integrated in fixed systems dedicated to traffic monitoring, for example at road
intersections where various types of objects (vehicles, bicycles, pedestrians, pavement) should
be reliably detected over wide fields of view in various weather conditions and under widely-
varying lighting conditions occurring from both natural and artificial sources. It can also be
integrated in a mobile application such as in driver assistance applications in the automotive

field of industry.

- 33 -



CA 02833435 2015-10-20

272666-77

CLAIMS

The embodiments of the invention for which protection is sought are as follows.

1. A multiple-field-of-view scannerless optical rangefinder aperating i pulsed Time-
Of-Flight operation for use in high ambient background light, the rangefinder
comprising:

an optical emitter for emitting a train of light pulses, said train of light pulses having a
broad field-of-illumination (FOI}, said optical emitter having a LED light source
and driver electronics:

a multi-channel optical receiver (MCOR) for detecting aptical return signals, sawd
MCOR including an array of PIN photodiodes, each of said PIN photodiodes
being a photodetector with a photosensitive surface, each detection channel of
said multi-channel optical receiver being assigned to one of said PIN
photodiodes, an instantaneous field of view of each said detection channel
having a horizontal and a vertical extent determined by dimensions of each
respective said photosensitive surface and being adapted to output a channel
return signal waveform, an overall field-of-view (FOV) of said multi-channel
optical receiver encompassing each said instantaneous field of view, said field-
of-llumination encompassing said overall field-of-view, said multi-channel
optical receiver having analog front-end electronics for conditioning said
channel return signal waveforms, said MCOR outputting conditioned channel
return signal waveforms;

an Analog-to-Digital Converter (ADC) for receiving and converting said conditioned
channel return signal waveforms from said MCOR into digital format;

a control and processing unit (CPU) operatively c¢onnected to said optical emitter,
said MCOR and said ADC, for generating a pulse frigger signal to trigger said
optical emitter into emitting said train of pulses, for sending a synchronization
trigger signal to said MCOR for starting said detection of said optical return
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signals, and for processing said conditioned channel return signal waveforms
n digital format;
a data interface for receiving processed channel return signal waveforms from said

CPU and preparing output data,

wherein a peak present in any of said optical return signal waveforms is a signature

of an abject located within said instantaneous field of view.

2. The rangefinder as claimed in claim 1, wherein said pulses have a duration below
20 ns and a detection bandwidth of said MCOR is higher than 10 MHz.

3. The rangefinder as claimed in any one of ¢laims 1 and 2, wherein said LED light

source includes a plurality of LED sources.

4. The rangetinder as claimed in any one of claims 1 to 3, wherein said light pulses

are 1n one of a near-infrared region and a visible region of electromagnetic spectrum.

5. The rangefinder as claimed in any one of claims 1 to 4, wherein said optical emitter
further comprises at least one of a collimating lens assembly, a lenticular lens sheet,
a LED reflector and an optical diffuser to condition said light pulses emitted by said

LE-D light source.

6. The rangefinder as claimed in any one of claims 1 to 5 wherein said

photosensitive surface has an area of at least 0.5 mm=.

7. The rangefinder as claimed in any one of claims 1 to 6, wherein said

photosensitive surface has a reverse saturation current greater than 1 mA.

8. The rangefinder as claimed in any one of claims 1 to 7, wherein said MCOR further
comprises an objective having at least one of at least one lens element, at least one
mirror and at least one correcting plate, said objective for focusing said optical return

signal onto said photosensitive surfaces of said photodetectors.
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9. The rangefinder as c¢laimed in any one of claims 1 to 8, wherein said analog front-

end electronics being at least one of parallel multi-channel and multi-channel time-

multiplexed.

10. The rangefinder as claimed in any one of claims 1 to €, wherein said Analog-to-
Digital Converter (ADC) includes more than one converter units adapted to work

together to receive and convert said conditioned channel return signal waveforms into

digital format.

11. The rangefinder as claimed in any one of claims 1 to 10, wherein said MCOR is
composed of one of a linear arrangement of N detection channels extending along a
first direction and a two-dimensional arrangement of M X N detection channels

extending along both said first direction and an orthogonal direction, said orthogonal

direction being orthogonal to said first direction.

12. The rangefinder as c¢laimed in any one of claims 1 to 11, wherein said detection

channels are AC coupled.

13. The rangefinder as claimed in any one of claims 1 to 12, further comprising an
optical filter for blocking at least a portion of parasitic background light having a

wavelength spectrum outside of a wavelength band of said optical emitter.

14. The rangefinder as claimed in any one of claims 1 to 12, wherein said optical
emitter, said multi-channel optical receiver, said analog-to-digital converter and said
control and processing unit are provided in an enclosure with a light transmission

window for said optical emitter and said multi-channel optical receiver.

15. The rangefinder as claimed in claim 14, wherein said rangefinder further
comprising an optical filter provided on said light transmission window for blocking at
least a portion of parasitic background light having a wavelength spectrum outside of

a wavelength band of said optical emitter.
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16. The rangefinder as claimed in claim 15, wherein said optical filter is one of an

optical protection window having one face coated with an optical film and a protection

window made from a material allowing wavelength-selective optical transmission.

17. The rangefinder as claimed in any one of claims 1 fo 16, wherein said MCOR 15

provided on an integrated circuit.

18. The rangefinder as claimed in any one of claims 1 to 17, wherein a scene spectral

irradiance of said high ambient background light is higher than 50 W/m?.

19. The rangefinder as claimed in any one of claims 1 to 18, wherein said overall

field-of-view has a minirmum overall extent of 10° by 1°.

20, The rangefinder as claimed in any one of claims 1 to 19, further comprising a
distance calculator for calculating a distance between said rangefinder and said
object, said distance calculator obtaining at least one of temporal and spatial

characteristics of said hght puises and using said characteristics and said conditioned

channel return signal waveforms in digital format to calculate said distance.

21. The rangefinder as claimed in claim 20, wherein said distance calculator is a

component of said control and processing unit and wherein said output data includes

said distance.

22. The rangefinder as claimed in any one of claims 1 to 21, wherein said object is
one of a vehicle, a person, an animal, a gas, a liquid, a particle, a pavement, a wall, a
post, a sidewalk, a ground surface and a tree.
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