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necessary to combine the distance information obtained E£rom the

ranging step with angular information to fix the remaining two

spatial coordinates. A camara comprising a pixel array and

suitably arranged optics can be used to provide the additional
5 angular information, by identifying the pixel in which the

refiection is detected.

Empbodiments of the present invention are based on the further
insight of the inventors that in order to bhe able to use spot
10 patterns generated by solid-state light sources in a LIDAR system

at the desired ranges, & way to circumvent the optical power

Ltimitations is needed. The inventors have found that by prolonging

the pulse duraticn and by integratin

the reflected energy of
multiple VCSEL-generated light pulses within at least two

1.5 semiconductor sensor walls or within at least two pizxels, followed
by a single read-cut of the integrated charge, a solid-state LIDAR
system can be obtained with a significantly greater operating
range than is currently possible with solid-state implementations.
Hereinafter, the term "storage" will be used to designate the well

20 or the pixel in which charge is accumulated in response to the

detectionn of photons.

It is an advantage of the present invention that the sclid-state
light source and the sgolid-state sensor (such as a CMOS gensor, a

25 CCD sensor, ESPAD array or the like) may be integrated on the same
semiconductor substrate. The sclid-state light source may comprise
a VCSEL array or a laser with a grating adapted to produce the

desired pattern.

30 Moreover, by assessing the reflected 1light energy detected in two
consecutive bime windows, and normalizing for the total
accunuilated charge in the two consecutive windows, the impact of
varying reflectivity of the object under study and the
contribution of ambient light can adequately be accounted for in

35 the distance calculation algorithm.
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The present invention is further based on the insight of the

inventors that the range of the system can be improved by

splitting up the sensing of the ful

range over multiple frames
{i.e., multiple secuences of pulses), each of which "sees" a

5 different range by virtue of operating with different timing
parameters (the first predetermined time window and the second
predetermined time window) .
A judicious choice of these operating parameters can ensure that

10 in each frame, the number of reflected photons expected to be
detected for the maximal distance of the desired range corresponds
to an amount of charge that can be reliably read out f£rom the
charge storage well. On the other hand, the nearest point at which
accurate measurements can be carried ocut is determined by the

15 numpber of photons that will saturate the capactity of the pizels.
The ratic between the minimal detectable number of photons and the
maximal number of photons that can be received without saturation

determines the distance range that can be spanned in a single

frame .
20
In an embodiment of the system according to the present invention,
each of the plurality of picture elements comprises at least two
sets of charge storage wells, the detecting of said first amount
of light and the detecting of the second amount of light occurring
25 at respective ones of the at least two sets of charge storage
wells; and each of the sets of charge storage wells is configured
as a cascade.
The term "charge storage wall® designates a storage provided in
30 the semiconductor substrate, e.g. a capacitor, that stores

electrical charges generated by the conversion of photons

impinging on the pixel.

in the picture elemsnts, charge representative of the impinging
35 Llight is accumulated at well level. An advantage of charge

accumulation at the well level is that read-out noise is

minimized, leading to a better signal-te-nocise ratio.
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It is an advantage of the cascade-based arrangement that the total
amount of charge to be accumulated is distributed over multiple
wells, which allows for a greater total charge storage capacity

5 while maintaining n accurate reading of the total charge level.

The increase in the toctal charge storage capacity is of particular
impertance at the end of the operating range where large number of
photons - and hence, large amounts of charge - are received by the
10 system; this is the case at short range (because the intensity of
the light in function of distance follows an inverse-square law)
or when surfaces with an unusually high reflectance are present in
the field of view of the sensor. In conditions where a single well
would tend to be saturated, a cascade-based arrangement allows the
15 excess charge to be stored in a subsequent storage well, without
losing the possibility of accurately determining the total amount
of charge.
The total number of capacities in the cascade can be selected in
20 function of the desired operating range and accuracy, and the
general reguirement to keep the Poisson noise as low as possible.
The latter condition is inherently linked to the application of
range gating, where Poisson noise is detrimental to the accuracy
of the distance determinaticn. A low level of Poisson ncise allows
25 a continucus photon-charge response, regardless of whether the

charge is stored in one or more capacities of the cascade.

In an embodiment of the system according to the present invention,
each of the sets of charge storage wells is configured as a

30 serially arranged cascade. In another embodiment of the system
according to the present invention, each of the sets of charge

storage wells is configured as a parallelly arrvangsd cascade,
it is an advantage of these embodiments that they provide easy to

35 implement arrangements to obtain the desired cascade effect of the

storage wells.
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In an embodiment of the system according to the present invention,

for each of said at least two consecubtive sequences of pulses said

e

first predetermined ¢
g

@ window and szaid second predetermined  time
window are of substantially equal duration and occur back-to-back,

5 and a total storage capacity of said picture elements configured
to detect saild first amount of light is larger than a total
storage capacity of said picture elements configured to detect

said second amount of light.

10 It is an advantage of this embodiment that it helps to avoid

rh

saturation of the charge storage elements due to an overlocad o
raflected photons. This problem is most prominent at nearby
distances. At short ranges, the total number of reflected photons
will be higher, due to the inverse sguare law, while wmest of the
15 reflected signal will arrive within the first time window and thus
be stored in the corresponding set of charge storage wells. Hence,
it is useful to dimension the set of charge storage wells
corresponding to the first time window so as to be able to deal

with a larger amount of charge.

According to an aspect of the present inventicn, there is provided
a vehicle, comprising: a system as described above arranged to
cperatively cover at least a part of an area surrounding said
vehicle .
The system according to the present invention is particularly
advantagecus in a vehicle with ADAS or autcnomcus driving control
unit suach as but not limited to ECU (electrical control unit} . Tha
vehicle may further comprise a vehicle control unit, adapted for

30 receiving measurement information £from the system and for using
the information for ADAS control or autonomous driving decision
taking. The part of an area surrounding the vehicle wmay include a
rcad surface shead c¢f, peside, or behind the wehicle. Accordingly,
the system may provide ryoad profile information cof the surface

35 ahead of the car, to be used for active suspension or semi-active

suspension .
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According to an aspect of the present invention, there is provided
& camera, the camera comprising a system as described above,
whereby the system ig adapted to add 3D information to the camera
image based on information obtained from the system, making it

5 possible te create a 3D image.

According to an aspect of the present invention, there is provided
a method for determining a distance to an object, the method
comprising: using a solid-state light source to project a pattern
10 of spots of laser light towards the object in a sequence of
pulses; using a detector comprising a plurality of picture
alements to detect light representing the pattern of spots as
reflected by the object in synchronization with the sequence of
pulses; and calculating the distance to the cobiject as a function
15 of exposure values generated by the pixels in response to the
detected light; wherein the picture elements generate the exposure
values by accumulating, for each pulse of the sequence, a first
amount of electrical charge representative of a first amount of
light reflected by the object during a first predetermined time
20 window and a second amount of electrical charge representative of
a second amount of light reflected by the object during a second
predetermined time window, the second predetermined time window
occurring after the first predetermined time window; and
wherein the projecting and the detecting are repeated for at least
25 two consecutive sequences of pulses, each of the seguences being
operated with a different duration of the first predetermined time

window and the second predetermined time window.

In an embodiment of the method according to the present invention,
30 for each of the at least two consecutive sequences of pulses the
first predetermined time window and the second predetermined time

window are of substantially equal duration and occur back-to-back.
in an embodiment of the method according te the present invention,

35 each of the plurality of picture elements comprises at least two

charge storage wells, and the detecting of the first amount of
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light and the detecting of the second awmount of light occurs at

respective ones of the at least two charge storage wealls.

According to an aspect of the present invention, there is provided
5 a computer program product comprising code means configured to

cause a processoy  to carry out the method as described above.

The technical effects and advanta ges of embodiments of the camera,
the vehicle, the method, and the computer program product

10 according to the present invention correspond, mutatis mutandig,
to those of the corresponding embodiments of the system according

to the presant invention.

Brief Description of the Figures

15
These and other aspects and advantages of the present invention
will now be described in more detail with reference to the
accompanying drawings , in which:

20 Figure 1 represents a flow chart of an embodiment of the method
according to the present invention;
Figure 2 schematically represents an embodiment of the system
according to the present invention;
Figure 3 represents a timing diagram for light projection and
detection in embodiments of the present invention;
Figure 4 provides diagramz of exemplary pixel output in function

30 of incident 1light power as obtained by logarithmic tone mapping
{top) and multilinear tone mapping (bottom) ;
Figure 5 provides a diagram of exemplary pixel outputs in function
of incident light power as obtained by a high dynamic range

35 multiple output pizel;

574



10

25

WO 2018/065429

14
Figure & schematically i1llustrates
range pixel Efor use in embodiments
Figure 7 schematically illustrates
architecture with two charge wells

tranafer gate for use

Figure B8 schematically illustrates
arrangement for use in embodiments
Figure 9 schematically illustrates

arrangement for use in embodiments

Figure 10 schematically illustrates
arrangement for use in embodiments
Figure 11 schematically illustrates

arrangement for use in embodiments

Figure 12 schematically illustrates
arrangement for use in embodiments
Figure 13 schematically illustrates

arrangement .

Detalled Description of Embodiments
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internaticnal patent
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relies on displacement detectiocn, in particular triangulation,
which was understood to be the only method practically available
in the context of the long ({(quasi-stationary) pulse durations that
were necessary in view of the power budget. To date, it had not

5 been possible to achieve the same power/performance

characteristics with a compact, semiconductor based time-of-f light

based system.

o]

The present invention overcomes this limitation by radically

10 changing the way the time-cf-f light based system operates. The
invention increases the total amount of light energy emitted for
sach time-of-f light measurement (and thus, the numbex c¢of photons
available for detection at the detector for sach time-of-f light
measurement} by increasing the duration of individual pulses and

15 by producing a wvirtual "composite pulsge", consisting of a seguence
of a large number o¢f individual pulses. This bundling of extended
pulses allowed the inventors to obtain the reguired amcunt of
1

light energy (photons) for the desired operational range with low-

power VCSELs.

20
Where an individual pulse cof pre-existing LIDAR systems may have a
duration of 1 ns, the systems according to the present invention
benefit from a substantially longer pulse duration to partially
compensate for the relatively low power level of semiconductor

25 lasers such as VCSELs; in embodiments of the present invention,

individual pulses within a sequence may have an exemplary duration
of 1 us (this is one possible value, chosen here to keep the
description clear and simple; more generally, in embodiments of
the present invention, the puise duration may for example be 500

30 ng or more, preferably 750 ns or more, most prefsrably 9800 ns or
more! . In an exsmplary system according to the present invention,
a sequence may consist of 1000 pulse c¢ycles, thus adding up to a
duration of 1 ms. Given the fact that light would nsed
approximately 0.65 us to travel to a target at a distance of 100 m

35 and back to the detector, it is possible to use composite pulses
of this duration for ranging at distance of this order of

magnitude; the skilled person will be able te adjust the required
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number of pulse cycles in function of the selected pulse width and
the desired range. The detection of the sequence preferably
comprises detecting the individual pulses in synchronization with
the VCSEL-based light source, and accumulating the charges

5 generated in response to the incoming photons at the pixel well
level for the entire sequence prior to read-out. The term
"exposure value" is used hereinafter to designate the wvalue
representative of the charge (and thus of the amount of light

received at the pixel} integrated over the seguence. The segquence

10 emission and detection may be repeated periocdically.

The present inventicn operates by using range gating. Range gated
imagers integrate the detected powsr of the reflection of the
emitted pulse for the duration o¢f the pulse. The amcunt of

15 temporal overlap between the pulse emission window and the arrival
of the reflected pulse depends on the return time of the light
pulse, and thus on the distance travelled by the pulse. Thus, the
integrated power iz correlated to the distance travellied by the
pulse. The present invention uses the principle of ranges gating,

20 as applied to the sequences of pulses described hereinabove. In
the following description, the integration of individual pulses of
a sequence at the level of a picture element to obtain a

measurement of the entire seguence iz implicitly understood.

25 Figure 1 represents a flow chart of an ewmbodiment of the mathod
according to the present invention. Without loss of generality,
the ranging method is described with reference te a range gating
algorithm. In a first time window 10, the method comprises
proiecting 110 a pattern of spots of laser light (e.g. a regular

30 or an irregular spatial pattern of spots} from a light source
comprising & solid-state light source 210 onto any objects in the
targeted area of the =scenery. The spatial pattern is repeatedly

projected in a seguence of pulses.
35 A=z indicated above, the solid-state light source may comprise a

VUSEL array or a laser with a grating adapted to produce the

desired pattern. In order for the system to operate optimally,
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even at long ranges and with high levels of ambient light (e.g.,
in daylight) , a VCSEL for use in embodiments of the present
invention is preferably arrvangsd to ewmit a maximum optical powar
per spot per unit of area. Thus, lasers with a good beam guality

5 {low M2-factor) are preferred. More preferably, the lasers should
have a minimal wavelength spread; a particularly low wavalength
spread can be achieved with monomode lasers. Thus, substantially
identical pulses can repreducibly be generated, with the necessary
spatial and temporal accuracy.

10
During the same time window in which a pulse is emitted, or in a
substantially overlapping time window, a first amount of light
representing the pattern of spots as reflected by the cbject of
interest is detected 120 at a detector, which is preferably

15 arranged as near as possible to the light source. The
synchronicity or near synchronicity Dpetween the projecticn 110 of
the spot pattern and the first detection 120 of its reflection, is
illustrated in the flow chart by the side-by-side arrangeunent of
thase steps. In a subsequent second pradetermined time window 20,

20 a second amount of light representing the reflected light spot is
detected 130 at the detector. During this second window 20, the
solid-state light source is inactive. The distance to the object
can then be calculated 140 as a function of the first amount of
refiected light and the second amount of reflected light.
The first predstermined time window 10 and the second

predetermined time window 20 are preferably back-to-back windows

of substantially equal duration, to facilitate ncise and ambient

light cancellation by subtracting one of the detected amounts £rom
30 the other one. An exemplary timing scheme will be described in

more detail below in conjunction with Figure 3.

The detector comprises a plurality of picture elements, i.e. it

0

onsists of a picture element array with adsquate optics arranged

35 to project an image of the scenery (including the illuminated
spots) onto the picture element. The term Ypicture element" as

used herein may refer to an individual light-sensitive area or
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well of a pixel, or to an entire pixel (which may comprise
multiple wells, sees below) . For every given projected spot, the

detecting 120 of the £first amount of light and the detecting 130
of the second amount of light occurs at the same one or the same

5 group of the plurality of picture elements.

Without loss of generality, each of the picture elements may be a
pixel comprising at least two charge storage wells 221, 222, such
that the detecting 120 of the first amount of light and the

140 detecting 130 of the second amount of light can occur at the
respective charge storage wells 221, 222 of the same pixel or

pixel group.

Figure 2 schematically represents an embodiment cof the systen

15 according to the present inventien, in relation te an cbject 99 in
the scepery of interest. The system 200 comprises a solid-state
light source 210 for projecting a pattern of a sequence of spots,
which may be repeated periodically, onto the object 99. A detector

220 iz arranged near the light scurce and configured to detsct

20 light reflected by the object.
The light beam bouncing off the object 9% is illustrated as an
arrow in dashed lines, travelling £from the light source 210 to the

cbject 99 and back to the detector 220. It should be noted that
25 this representation is strictly schematic, and not intended to be

indicative of any actual relative distances or angles.

A synchronization means 230, which may include a conventional
clock circuit or egscillator, is configured tc operate the =solid-
30 state light source 210 so as to project the pattern of spots onto
the object during first predetermined time windows 10 and to
oparate the detector 220 so as to detect a first amount of light
representing the light spot(s) reflected by the object 99 at

substantially the same time. It further operates the detector 220

(V]
i

to detect a second amount of light representing the light spots
reflected by the cbject 99, during respective subsequent second

predetermined time windows 20. Appropriate processing means 240
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are configured to calculate the distance to the object as a
function of the first amount of reflected light and the second

amount of reflected Ilight.

Figure 3 represents a timing diagram for light projection and
detection in embodiments of the present invention. PFor clarity
reasons, only a single pulse of a single pulse sequence of Figure
1 is illustrated, which consists of a first time window 10 and a

second time window 20. Accerding to the present invention, at
least two sequences are transmitted consecutively, using different
durations of the first time window 10 and the second time window

20 in the

s

irst seguence than in the second seguence.

As can be seen in Fiqure 3a, during the first time window 10, the

solid-state light source 210 is in its ¥ON" state, emitting th

m

pattern of light spots onto the scenery. During the second time

window 20, the solid-state light source 210 is in its ¥"OFF" state.

The arrival of the reflected light at the detechor 220 is delaved
relative to the start of the projection by an amocunt of time that
is proportional to the distance travelled (approximately 3.3 ns/m
in free space) . Due to this delay, only a part of the reflected
light will be detected at the first well or cascaded set of wells
221 of the detecteor 220, which is only activated during the first
time window 10. Thus, the chargs accumulated in this £irst well
during its period of activation (the first time window 10)
consists of a part representing only the noise and the ambient
light impinging on the pizel prior to the arrival of the reflected
pulse, and a part representing the noise, the ambient light, and

tha leading edge of the reflected pulse.

The latter part of the reflected pulse will be detected at the
second well or cascaded set of wells 222 of the detector 220,
which 4is only activated during the second time window 20, which
preferably immadiately follows the first time window 10. Thus, the
charge accumulated in this second well during its period of

activation {the second time window 20} consists of a part
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representing the noise, the ambient 1light, and the trailing edge
of the reflected pulse, and a part representing only the noise and
the ambient light impinging on the pixel after the arrival of the

reflected pulse.

The greater the distance between the reflecting objsct 99 and the
system 200, the smaller the proportion of the pulse that will be
detected in the first well or cascaded set of wells 221 and the
larger the proportion of the pulse that will be detected in the

second well or cascaded set of wells 222.

If the leading edge of the reflected pulse arrives after the

s 221 (i.e.,

closing of the first well or cascaded set of wel!

after the end of the first time window I8} , the proportion of the
reflected pulse that can ke detected in the second well or

cascaded set of wells 222 will decrease again with increasing time

of flight delay.

The resulting amounts of charge 2, B in sach of thes respsctive
wells or cascaded sets of wells 221, 222 for wvarying distances of
the object 99 is shown in Figure 3b. To simplify the

representation, the effect of the attenuation of light with

distance, according to the inverse sguare law, has not been taken

into account in the diagram. It is clear that for time of flight

delays up to the combinsd duration of the first time window 10 and

the second time window 20, the time of flight delay can in

e

principie unambiguously be derived from the wvalues of A and B :

- For time of flight delays up to the duration of the first
time window 1f}, B is proportional to the distance of the
object 99. To easily arrive at a determination of the
absolute distance, the normalized wvalue B/ (B+a) may be used,
removing any impact of non-perfect reflectivity of the
detected object and of the inverse square law.

- For time of flight delays exceeding the duration of the first
time window 18, A consists of daylight and noise
contributions only (not illustrated) , and C¢-B is

substantially proportional {(after correcting for the inverse
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sguare law) to the distance of the object 9, where € an

offsset wvalue.

While Figures 3a and 3b illustrate the principle of the invention

5 in relation to a single pulse emitted in the time window 18, it

shall be understood that the illustrated pulse is part of a
sequence of pulses as defined above. Figure 3¢ schematically
illustrates exemplary timing characteristics of a single seqguence.

Asg illustrated, the illumination scheme 48 ceonsists of a repeated

w

140 emission of a seguence 38 of individual pulses 10. The width of
the individual pulses 10 is determined by the maximal operating
range. The entire sequence may be repeated at a frequency of, for
example, &0 Hz.

igure 3d schematically illustrates how the individual £rames in

—
o
o]

the sequence of Figure 3¢, which may fail to cover the entire
targeted range of distances [Zjd,, Z.,.] as a result of the
constraints imposed by N_ .. (maximal number of electronsg that c<an
be stored without saturating the pixel] and Nyj, {minimum number of
20 pixels reguired for accurate read-out) , can be brocken down into
seguences with different timing parameters, each covering a
porcion of the targeted range [zuf,{i), =, {i}] that can more

easily be covered within the same constraints on the number of

photons .
wWith reference to the symbols introduced above and used in Figure
3d, the corresponding electren amounts nin i} and B i) of the
subranges are defined by:
- The maximum allowable number of electrons (using "FPC" for
a0 the full pixel capacity, which corresponds to full well

capacity in case there are mno additional capacities) :

" x(i .
fmas * N X ( 2()) )< Fre, with =z{0} = v

min © \Z(i+1)
- The minimum required accuracy level : n, ; =N, ;.
¥ Zmgy (3) = Zmin {i-1)
35 Additionally, the pulse characteristics can ke determined as
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- the pulsewidth 1) = 2max®
T

- the total "cn" time is reduced proportionally to J‘;JUM to
Narin

respact the limits imposed by the full pixel capacity and thsa

accuracy level.

The above principles wmay be further clarified by the following

non-limiting numerical example.

A Lambertian reflecting surface with 10% reflectivity at a

distance of 150m must provide 1000 electrons to obtain an accuracy

=]

1,6%. At the same distance, a 100% refliecting surface will
generate 10000 electrons. With a full well capacity of 200000

electrons, the following muliti-frame solution is proposed:

Sub-range Pulse Width Total “on”
time
Frame 1 150m - 33m 1 ops 1 ms
Frame 2 7.4m - 33m 22 ns 50 us
Frame 3 1.65m —~ 7.4m 4.9 ns 2.5 fs
Frame 4 0:37m - 1l.65m 1.1 ns 0.125 ps

It should be noted that for robustness reasons, it may be

advantageous to provide an overlap in the subranges

For assuring the same 3D rescolution, it may be advantageocus to use
a faster camera: e.g., a camera operating at 180Hz with 3-frame
interleaving gives the same data speed as a 60Hz with single frame

operation

As indicated in the text above, the charge storage elements 221,
222 may each consist of a cascade of charge storage wells. A
judicious design of the cascades ensures a smooth transition
between the capacities to assure extremely high accuracy levels.
The storage capacities are preferably designed around each pixel,
to ensure that there is sufficient space for the cascade while to

optimizing the charge transfer from the area where the impinging
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photons are converted to electrical charges . The capacities are

preferably dimensioned so as to provide an accurate read-out of

the lowest level of light that must be detectable {(e.g. 1000

photons}, for the specific subrange applicable to each seqguence of

5 pulses and the corresponding timing parameters.

Reflections of light by cbjects at a short distances are more
likely to cause pixel saturation, Dbecause the attenuation of such
a reflection will be much less than that of a reflection

19 criginating from a more distant obiject (due to the inverse-square
law of light attenuation over distance} . As certain applications,
such as auvtomotive applications, require accurate system operation
up to relatively long distances, a large photon span must be
covered between the nearest distances of operation and the

15 farthest distances of operaticn. With these constraints, pixel
saturation at short range is a very real risk, in particular at
the first set of wells ({(which receives the bulk of the reflection
at short range) . The inventors have found that for given total
pixel space, the saturation problem can be mitigated by using an

20 asymmetric well arrangement, in which the phcton capacity
represented by the first set of wells is increased, and the photon
capacity represented by the second set of wells is decreased. If
the increase and decrease are balanced, an increase of the dynamic
range can be obtained at no additicnal pixel surface cost.
Blooming i1s a phenomenon that happens when the charge in a pixel
exceeds the sasturation level of that specific pixel. Conseguently,
the charge starts to overflow and causes nuisance in adijacent
pixels. This creates inaccurate data in the neighboring pixels.

30 Preferably, the pixels of the system acceording to the present
invention are provided with anti-bleooming electronics, to blesd
off the excess charge before it saturates the relevant set of

wells and spills over to the wells of adiacent pixels. 1In

particular when the information £from neighboring spots is used for
35 the elimination of background light, it is of great importance to

have an accurate estimation of the background light which is
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obtained independently (and without contamination £rom}

neighboring pixels.

Embodiments of the present invention may employ correlated double
5 sampling to correct the samples £for the thermal noise related to
the capacity of the wells ({alsc designated as "kTC noise") . To

this end, the electronics of the pixel may be designed to carr

out a differential wmeasurement between the reset weoltage

ec
rel !

and the signal wvoltage (v i« , for example by measuring V, get at

10 the beginning of the frame and measuring Vgi,e: at the end of the

frame. As an alternative teo an electronic {in-pixel)
implementation, correlated double sampling way also be implemented
by digitally subtracting the read-out signals ® i i - V e in a

processor .

15
To increase the amount of light that reaches the photosensitive
elements ({in particular dicdes) in the pixel structure,
embodiments of the present invention may use backside
illumination; in that case, the pixel circuitry is behind the

20 photosensitive layer, thus reducing the number of layers that must
be traversed by the impinging photons to read the photosensitive
elements .
The ranging system according to the present invention may be

25 integrated with a triangulation-based system in accordance with
WO 2015/004213 Al. If miniaturization is azimed fox, the
triangulaticn-pased system will end up having a relatively small
distance between its projector and its detecteor, thus leaving it
with a reduced operating range. However, it is precisely at short

30 range that the cowmbination presents its benefit, because the

triangulation-basaed system can cover the distances at which the
time-of -flight based system cannot operate sufficiently

accurately .
35 The entire ranging process may be repeated itevatively, s8¢ as to

monitor the distance to the detected object or objects over time.

Thus, the result of this methed can be used in processes that
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reguire information about the distance to detected objects on a
continucus basis, such as advanced driver assistance systems,

vehicles with an active sguspension, or autonomous wvehicles,

5 In order for all elements of the system as described to operate
optimally, the system has to be thermally s=stable. Thermal
stability avoids, among other things, undesired wavelength shifts
of the optical elements (thermal drift) , which would otherwise
impair the proper functioning of the optical filters and other

190 elements of the optical chain. Embodiments of the system according
to the present invention achieves thermal stability by their
design, or by active regulation by means of a temperature control

loop with a PID-type controller.

15 WO 2015/004213 Al discloses warious techniques to minimize the
amount of ambient light that reaches the pixels during the
detection intervals, thus improving the accuracy of the detection
of the patterned laser spots. While these technigques have not been
dizsclosed in the context of a LIDAR system, the inventors of the

20 present invention have found that several such techniques vyield
excellent results when combined with embodiments of the present
invention. This is particularly true for ths use of narrow
bandpass filters at the detector, and the use of adequate optical
arrangements to ensure nearly perpendicular incidence cf the

25 reflected light onto the filters. The details of these
arrangements as they appear in WO 2015/004213 21 are hereby
incorporated by reference. Further features and details are

provided hereinafter.

30 While wvarious techniques known from WO 2015/004213 Al may be
applied to embodiments of the present invention to winimize the
amountt of ambient light that reaches the pixels during the
detection intervals, & certain amount of ambient light cannot be

avoided. In a multi-pixel system, only some of the pixels will be

(V]
i

illuminated by reflected spots, while others will be illuminated
by residual ambient light only. The signal levels of the latter

group of pixels can be used to estimate the contribution of the
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ambient light to the signals in the pixels of interest, and to
subtract that contribution accordingly. Additiconally or
alternatively, background light or ambient light may be subtracted
from the detected signal at pixel level. This requires two
5 exposures, one during the arrival of the laser pulse and one in

the absence of a pulse.

in some embodiments, the detector may be a high dynamic range

detector, i.e. & detector having a dynamic range of at least 3¢
10 de, preferably at least 120 dB. The presence of a high dynamic

range sensor, i.e. & sensor capable of acquiring a large amount of

photons without saturation whila maintaining sufficient

discrimination of intensity levels in the darkest part of the
gscene, is an advantage of the use of such a sensor; it allows for

15 a sensor that has a very long range and yet remains capable of
detection objects at short distance (where the reflected light is
relatively intense} without undergoing saturation. The inventors
have found that the use of a true high dynamic rangs senscr is
more advantageous than the use of a sensor that applies tone

20 mapping. In tone mapping, the sensor linear range is compressed
towards the higher resclution. In literature, several compression
methods are documented, such as logarithmic compression or
miltilinear compressiocn {see Figure 4} . However, this non-linear
compression necessitates relinearisation of the signals before

25 performing legical or arithmetic operations on the captured scene
to extract the relief information. The solution according to the
invention therefore increases detectien accuracy without
increasing tha computational reguirements. It is a further
advantage of sowme embodiments to use a fully linear high dynamic

30 range senscr ag presented in Figure 5. A pixel architecture and an
optical detector that ares capabls of providing the desired dynamic
range characteristics are disclesed in U8 patent applicaticn
publication mno. US 2014/353472 Al, in particular paragraphs 65-73
and 8s, the content of which is incorporated by reference f£for the

35 purpose of allowing the skilled person to practice this aspect of

the present invention.
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Embodiments of the present invention use a high dynamic range
pixel. This can be obtained by a sizeable E£ull-well capacity of
the charge reservoir or by designg limiting the electronic noise
per pixel or by usage of CCD gates that do not add noise at charge

5 transfer, or through a design with a large detectiom guantum
efficiency (DOE) {e.g., in the ranges of 50% for front illumination
or 50% in case of back illumination, also known asg back thinning) ,
or by a special design such as shown in Figure 6 {see below) , or
by any combination of the listed improvements. Furthermore, the

10 dynamic range can be further enlarged by adding an overflow
capacity to the pixel in overlay at its front side (this

implementation reguires back thinning} . Preferably, the pixel

design implements an anti-bplooming mechanism.

15 Figure 6 presents & s=chematic illustration of an advantageous
implementation of a pizxel with high dynamic range. The example in
this figure makes use of two storage gates 9, &, connected bto the
ficating diffusio n. After exposur e, the elactryron generated by the
scene AND the laser pulse, 1s transferred on the floating

20 diffusion using the transfer gate 11. Both Vgatel and Vgate2 gate
voltages are set high . The charge s are then spread over both
capacitors, realilzing a significa nt Full Well. Once thisz high
full-well data is read via connec tion to the amplifier, the
voltage Vgate2 1is set low. The electrons reflow towards capacitor

25 +, increasing the total pixel gain. The data can be read through
the amplifier. It is further poss ible to achieve an even higher

gain by applying later a low voltage on Vgatel. The electrons

reflow towards the floating diffusion 2.

30 Figure 7 represents a possible dual-well or dual-bin
implementation of an envisaged pixel toe be used in CMOS
technology. The impinging signal is distributed over two charges
storages. Each reservoir has a separate transfer gate controlled
by an external pulse which is synchronized with the pulse of the

35 laser sources.
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The charge storage elements shown in the designs of Figure 6 and
Figure 7 may be replicated to obtain a cascade of charge storage

in embodiments of the present invention.

5 Figures 8-10 illustrate cameras that may be used in embodiments of
the invention, where the light radiation source emits
monochromatic light and the at least one detector is equipped with
a corresponding narrow bandpass filter and coptics arranged so as
to modify an angle of incidence onte said narrow bandpass filter,

10 to confine said angle of incidence to a predetermined range arocund

a normal of a main surface of said narrow bandpass filter, said

-l

optics comprising an image-space telecentric lens. The term

=

tcamera" is used herein as a combination of a sensor and

associated optics (lenses, lens arrays, filter) . In particular, in
15 Figure s, the optics further comprise a minilens array arranged

between the image-space telscentric lens and the at least one

detector, such that individual minilenses of the minilens arrvay

focus incident light on respective light-sensitive areas o

=

individual pixels of the at least one detector. It is an advantage

20 of this one-minilens-per-pixel arrangement that the loss due to
the £ill factor of the underlying sensor can be reduced, by
optically guiding all incident light to the light-sensitive
portion of the pixels.

25 These examples all result in radiation travelling a substantiall
agqual length through the filter medium or in other words in that
the incident radiation is substantially orthogonal te the filter
surface, i.e. it is confined to an angle of incidence within a
predetermined range around the normal of the filter surface, thus

30 allowing in accurate filtering within a narrow bandwidth to e.qg.
filter the daylight, the sunlight and in order to for the spots to

surpass the daylight.
The correction of the angle of incidence is of particular

35 importance in embodiments of the present invention where the

entire space around a vehicle is to be monitored with a limited
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numper of sensors, for instance 8 sensers, such that the incident
rays may extend over a solid angle of for examplie 1 x 1 rad.
Figure 8 schematically illustrates a first coptical arrangement of
this type. It comprises & first lens 1030 and a second lens 1040,
with approximately the same fccal length £, in an image space
telecentric configuration. That means that all chief rays (rays
passing through the center of the aperture stop) are normal te the
image plane. An exemplary numerical aperture of 0.16 corresponds
to a cone angle of 9.3° (half cone angle} . The maximum incidence
angle on the narrow bandpass filter 1060, arranged between the
lens system 1030-1040 and the sensor 102, would thus be 3.3°.

As illustrated in Figure 3, the preferred design consists of a
tandem of two lenses 1130, 1140 with approximately the same focal
length r. in an image-space telecentric configuration {the
configuration is optionally also object-space telecentric), a
planar stack of mini-lens array 1150, a spectral filter 1160 and a
CMOS detector 102. Since the center 0 of the first lens 1130 is in
the focus of the sscond lens 1140, every ray that crosses 0 will
be refracted by the second lens 1140 in a direction parallel to
the optical axis. Consider now a particular laser spot £ 1110
located at a very large distance as compared to the focal length
of the first lens 1130. Thus the image of this spot 1110 by the
first lens 1130 iz a point P located close to the focal plane of
this lens, thus exactly in the middle plane of the second lens
1140. The light rays that are emitted from the spot 8§ 1110 and
captured by the first lens 1130 form a light cone that converges
toewards the point P in the second lens 1140. The central axis of
this light cone crosses the point 0 and is refracted parallel the

optical axis and thus perpendicular to the spectral filter 1160 so

as to achisve opti spectral sensitivity. Hsancoe, the second lens
1140 acts as a correcting lens for ths angle of the incident light
beam. The other rays of the cone can also be bent in a bundle of
rays parallel to the optical axis by using a small convex wmini-
lens 1150 behind the second lens 1140 in such a way that the peint

P is located in the focal point of the mini-lens 1150. In this way

all the imaging rays of the spet 8 1110 are bent in a direction
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nearly perpendicular to the spectral filter. This can now be done
in front of every pixel of the CMOS detector separately by using
an array of mini-lenses positioned in fromt of every pixel. In
this configuration, the minilenses have an image-telecentric
function. The main advantage is that the pupil of the first lens
103¢ can be enlarged, or the aperture can be eliminated while
compensating for the increase in spherical aberration by a local
correction optics in the mini-lens 1150. In this way the
sensitivity of the sensor assembly can be improved. A second mini-
lens array {not shown in Figure 11) may be added between the
spectral filter 1160 and the CMOS pixels 102, to focus the
parallel rays back to the pbotodicdes of the pixels sco as to

maximize the fill factor.

For the first and second lenses 1130, 1140, commercially availaple
lenses may be used. The skilled person will appreciate that lenses
typically used in other smart phone cameras or wepcams of
comparable guality can alse be used. The aforementioned iSight
camera has a 6 x 3 mm CMOS sensor with 8 megapixels, 1.5 pm pixel
size, a very large aperture of £/2.2, an cbjective feccal length of
about £ = 7 mm, and a pupil diameter about 3.2 mm. The viewing
angle is of the order of 1 rad x 1 rad. If we assume that the
resclution of the camera is roughly the pixel size (1.5 micron),
we can conclude (from 2Abbe’'s law} that the aberrations of the lens
are corrected for all the rays of the viewing angle =zelected by

the aperture.

Figure 110 illustrates a variation of the arrangement of Figure 11,
optimized for manufacturing in a single lithographic process. The
first lens 1230 is similar to the first lens 1130 of the previous
embodiment, but the angle-cerrecting second lens 1140 is replaced
by a Fresnel lens 1240 with the same focal length f and the mini-
lens arrays 1150 by Fresnel lens arrays 1250. The advantage 1is
that they are completely flat and can be produced by nano-
electronics technology (with discrete phase zones) . A second mini-
lens arrav 1270 may be added between the spectral filter 1260 and

the CMOS pixsls 102, to focus the parallel rays back to the
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photodicdes of the pixels so as to maximize the fill faector. Thus
the camera is essentially a standard camera as the i1iSight but in
which the CMOS sensor is replaced by a specially designed multi-
layer sensor in which all the components are produced in one

5 integrated block within the same lithographic process. This
multilayer sensorxr is cheap in mass production, compact, robust and
it need not be aligned. EBach of these five layers 1240, 1250,
1260, 1270, 102 has its own function to meet the requirements
imposed by the present invention.

10
As the minimal angle of a cone generated by a lens of diameter d
is of the ovder of A/d, with X the wavelangth o¢f the light, the
minimal cone angle is 1/10 radian for a mini-lens diameter d = §.5
um and A = B850 nm. With a good guality spectral interference

15 filter this corresponds to a spectral window of about 3 nm.

In the arrangements of Figures 8-10, the characteristics of the
optics will result in a non-planar focal plane. To compensate this
effect, the picture elements of the detector may be arranged on a

20 substrate having a curvature that follows the focal plane of the
optics. As a result, the reflected and filtered spots will be in
focus, regardless of where they reach the detector. The desired
curvature of the substrate of the detector can be obtained by
using flex-chip technology, or by composing the substrate by

25 combining differently oriented tiles. This soluticn is
schematically illustrated in Figure 11, which shows telecentric
optics 1330, followed by a narrow band-pass filter 1360, and a
curved pixel layer 102, the curvature of which is adapted to
follow the shape of the focal plane of the telecentric optics

30 1330.

When it is not possible (or not desirablel to arrange the optics
in such a way asg to ensure that light rays following different
paths all pass through the narrow bandpass filter undsr the same
35 {perpendicular) angle, the problem of having different £ilter
characteristics with different angles of incidence wmay be resolved

at the source. In particular, the VCSEL array may be configured
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such that different spots have different respective wavelengths.
This configuration may pe obtained by using a tiled laser array,
or by providing means for modulating the wavelength of individual
VCSELs in the VCSEL array. This sclution is schematically
illustrated in Figure 12, which shows a narrow band-pass filter
1460 arranged before the optics 1430 and the sensor array 102. For
clarity purposes and without loss of generality, two different
angles of incidence with different respective wavelengths G, 12)
have been indicated on the Figure. The different wavelengths (t,
Az) of the light sources are chosen to correspond to the maximum of
the passband of thes narrow bandpass filter under their respective

angles of incidence.

Figure 13 illustrates an alternative optical arrangement,
comprigsing a dome 1510 (e.g., a bent glass plate) with the narrow
bandpass filter 1520 disposed on its inside (as illustrated} ozr
cutside (not illustrated} . The advantage of disposing the filter
1520 con the inside of the dome 1510, is that the dome 1510
protects the filter 1520 from outside forces. Tha dome 1510 and
the filter 1520 optically cooperate to ensure that incident light
passes through the filter 1520 along a direction that is
substantially normal to the dome's surface. Fish-eye optics 1530
are provided between the dome-filter assembly and the sensor 102,
which may ke a CMOS or a CCD senscr or SPAD array. The f{ish-eve
optics 1530 are arranged to guide the light that has passed
through the dome-filter assembly towards the sensitive area of the

SEnsor .

Optionally, further fish-eye optics are provided at ths projector.
In a specific embodiment, a&a plurality of VCSELs are mounted in a 1
x n or a m x n configuration, whereby an exit angle of the laser
beam can be realized over a spatial angle of m x 1 rad in height

and n x 1 rad in width.
In some embodiments of the present invention, the intensity of the

spots can be kept substantially constant over the full depth

range, by applving a stepped or variable attenuation filter at the
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detector. Alternatively or in additicon, also a non-symuetrical

lens pupil can be provided for weakening the intensity cof spots

closer to the detector, while the intensity of the spots further

away from the detector are received at full intensity. In this way
5 clipping of the detector is aveoided and the average intensity can

be made substantially the same for all spots.

in some embodiments, the radiation source can be a VCSEL that can
be split in different =zones, wherseby the laser ON time 1is

10 controlled for the different zones. The images of the spots can
thus be controlled to have a constant intensity, e.g. 2/379 of the
A/D range. Alternatively the driving voltage can be driven over
the array of spots as function of the height, again to obtain a
constant intensity. Such controlling can be referred to as a

15 saturation avoidance servoing loop. The different VCSELs within
the array can be controlled individually for inktensity, varying
the intensity of the individual VCSELs in the pattern while

projected simultaneously.

20 In some other embodiments of the present invention, a micro prism
matrix can be used in front of the narrow bandwidth filter, such
that the radiation is incident within an angle of incidence
between +9° and -9%° on the filter. This allows to obtain narrow
bandwidth filtering. The prism matrix can for example be made by

-

25 plastic mcoculding.

In embodiments of the present Iinvention, e.g. where active
suspension vehicle applications are envisaged, the projection of
the spot pattern is advantageously directed downwards, i.e.

30 towards the road.

A system according te ths invention may include an implementation
of steps of the methods described above in dedicated hardware
{e.g., ASIC), configurable hardware (e.g., FPGA) , programmabls
35 components {e.g., a DSP or general purpcse processcr with
appropriate software), or any combination therecf. The same

component (s} may alsc inciude other functions. The present
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invention alsoc pertains to a computer program product comprising
cede means implementing the steps of the methods described above,
which preduck may be providad on a computer-readable medium such
ag an optical, magnetic, or solid-state carrier.

The present invention alsc pertains to a vehicle comprising the

system described above.

Embodiments of the present invention may be used advantageously in
10 a wide wvariety of applicaticns, including without limitation
automotive applications, industrial applications, gaming
applications, and tha like, and this both indoor and outdoor, at
short or long range. In some applications, different sensors
according to embodiments of the present invention may be combined
15 {e.g., daisy-chained) to produce panoramic coverage, preferably

over a full circle (360° field of view)

While the invention has been described hereinabove with raferanca
to separate system and method embodiments, this was done for

20 clarifying purposes only. The skilled person will appreciate that
features descriped in connection with the system or the method
alone, can also be applied to the method or the system,
respectively, with the same technical effects and advantages.

Furthermore, the scope of the invention is not limited to these

25 empodiments, but is defined by the accompanying claims.
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Claims

1. A sgystem (zoc¢) for determining a distance to an object
comprising
-~ @& solid-state light source (210) arranged £or projecting a
pattern of discrete spots of laser light tewards said cbhject
in a seguence of pulses;
- a detector (220) comprising a plurality of picture elements,

5

aaid detactor (220) being configured for detecting light

representing said pattern of discrete spots as reflected by

said object in synchronization with said seguence of pulses;

- processing means (240) configured to calculate said distance
to sald object as a function of exposure values generated by
said picture elements in response to said detected light;

wherein said picture elements (220) are configured to generate
said exposure wvalues by accumulating, for all of the pulses of
said sequence, a first amount of electrical charge reprssentative
of a first amount of light reflected by said object during a first
predetermined time window (10) and a second electrical charge
representative of a seccnd amount of light reflected by said
object during a second predetermined time window (20), said second
predetermined time window (20} occurring after said first
predetermined time window {10);

wherein said system is configured to perform =aid projecting and
said detecting for at least two consecutive seguences of pulses,
each of said sequences being operated with a different duration of
said first predstermined time window and said second predetermined

time window.

2. The system according te claim 1, wherein each of said plurality
of picture elements comprises at least two sets of charge storage
wells, said detecting of said first amount of light and said
detecting of said second amount of light occurring at respectiva
ones of said at least two sets of charge storage wells; and
wherein each of said sets of charge storage wells is configured as

a cascade.
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3 . The system according to claim 2, wherein each of said sets of

charge storage wells is configured as a serially arranged cascade.

5 4. The system according to claim 2, wherein each of said sets of
charge storage wells is configured as a parallelly arranged

cascade .

s . The system according te any of the preceding claims, wharein
10 for each of said at lesst two consecutive sequences of pulses said
first predetcermined time window and said second predetermined time

window are of substantially egual duration and occur back-to-back,

cture

and wherein a total storage capacity of said p:
configuraed to detect said first amount of light is larger than a
15 total storage capacity of said picture elements configured to

detect =aid second amount of light.

6. A vehicle comprising a system (100) according to any of the
previous claims arranged to operatively cover at least a part of

0 an area surrounding said wvehicle.

fo }

7. A camera, the camera comprising a system {100} according to any
of claims 1 to 5, whereby the system {100) is adapted to add 3D
information to the camera image based on information obtained £rom

25 the system, making it possible to create a 3D image.

& . A method Ffor determining a distance to an object, the method
comprising :
- using & solid-state light source (210} to project ({110} a
Q pattern of spots of laser light towards said object in a
sequence of pulses;
- using a detector ({220) comprising a plurality of picture
elements to detect {120; 130) light representing said pattexn
of spots as reflected by said object in synchronization with

35 said seguence of pulsas; and
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- galeculating (140} =said distance to said object as a function
of exposure values generated by said pixels in response to
said detected 1light;

wherein saild picture elements (220) wgenerate said exposure values
by accumulating, for each pulse of said seguence, a first amount
of electrical charge representative of a first amount of light
reflected by sgaid object during a first predetermined time window
{10} and a second amount of electrical charge representative of a
zsecond amount of light reflected by saild cbject during a second
predetermined time window (20}, said second predetermined time
window (20} occourring after said first predetermined time window
{10); and

wherein =saild projecting {110) and said detecting (120; 120) are
repeated for at least two consecutive seguences of pulses, each of
zaid seguences bkeing operated with a different duraticn of said
first predetermined time window and said second predetermined time

window .

¢ . The methed according to claim 8, wherein for each of said at
least two consecutive sgequences of pulses said first predetermined
time window and said second predetermined time window are of

substantiall equal duration and cccur back-to-back.

10. The method according to claim 8 or claim ¢, wherein each of
said plurality of picture elements comprises at least two charge
storage wells, and wherein said detecting of said first amount of
Light and said detecting of said second amount of light occurs at

respective cnesz of said at least twe charge storags wells.
11. A computer pregram product comprising cods means configured to

cause a processcr to carry out the method according to any of

claims 8-10
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PCT/EP2017/075094
1

an obiject

Field of the Invention

5 The present

determining a distance

flight based eensing systems to be used for the characterizaticn
of a scene or a part thereof.

10 Background
In the field of remote sensing techneclegy, mainiy in the usage of
making high-resolution maps of the surroundings, to be used in
many contrcl and navigation applications such as but not limited

15 te the automotive and industrial envircenment, gaming applications,
and mapping applications, it is known to use time-of-f light based
sensing to determine the distance of objects from a sensor. Time-
of-flight based tachnigques include the use of RF medulated
sources, range gated imagers, and direct time-of-f light (DToF)

20 imagers. For the use of RF modulated sources and range gated
imagers, it is necessary to illuminate the entire scene of
interest with a modulated or pulsed scurce. Direct time-of-f light
systems, such as most LIDARs, mechanically scan the area of
interest with a pulsed bkeam, the reflection of which is sensed

25 with a pulse detector.

In crxder to be able to correlate an emitted RF modulated signal
with tha detected reflectad signal, the emittad signal mnust meet a
number of constraints. In practice, these constraints turn out to

30 make the RF modulated systems highly impractical for use in
vaehicular systems: the attainable range of detection is very
limited for signal intensities that are within conventional safety
limits and within the power budget of regular vehicles.

35 2 direct TOF (DTeF) imager, as used in most LIDAR systems,
comprises a powerful pulsed laser {(operating in a nanosecond pulse
regime) , a mechanical scanning system to acguire from the ID point

invention pertains

to an object,

to the field cf systems for

in particular to time-of-
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measurement a 3D map, and a pulse detector. Systems of this type
are presently available from vendors including Velodyne Lidar of
Morgan Hill, California. The Velcdyne BEDL-64E, as an example of
state-cf-the-art systems, uses 64 high-power lasers and &4
detectors (avalanche diodes) in a mechanically rotating structure
at 5 to 15 rotations per second. The optical power rvequired by
these DToF LIDAR systems is too high to be cobtained with
semiconducter lasers, whose power ig in the range cof five to six
orders of magnitude leower. In addition, the use of mechanically
rotating elements for scamning purposes limits the prospects for
miniaturization, reliability, and cest reduction of this type of

system.

United States Patent application publication no. 2015/0062387 in
the name of Trilumina discloses a VCSEL delivering a total energy
of 5¢ wW in a pulse having a pulse width of 20 ns. The
commercially available Optek OPV310 VCSEL delivers a total energy
of 60 mW in a pulse having a duraticn of 10 ns and it can be
estimated by extrapolation to have a maximum optical output power
of 100 mWw. This value is only realized under wvery stringent
operating conditicns, meaning optimal duty cycle and short pulse
width sec as to aveid instability due te thermal problems. Both the
Trilumina disclosure and the COptek system illustrate that
ceontinuous-wave VCSEL systems are reaching their physical limits
with respect to optical peak power output, due to thermal
constraints inherently linked to the VCSEL design. At these pulse
energy levels, and using ns pulses as presently used in DToF
applications, the mere number of phcetens that can be expected to
be usefully reflected by an object at a distance of 120 m is so
low that it defeats detection by means of conventional
semiconductor sensors such as CMOS or CCD or SPAD array. Thus,
increasing the VCSEL powsr outputs by & or 6 orders of magnitude,
as would be reguired to extend the range of the known DToF

systems, is physically impossible.

Even the use of avalanche dicdes (AD or SPAD) , which are

theoretically sufficiently sensitive to capture the few returning
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photons, cannot be usefully deployed in the known LIDAR system

architactures. A solid state implementation of an array of SPADs

must be read out serially. A high number of SPADs is required to

achieve the desired accuracy. The serial read-out constraints of
the seclid state implementation limit the bandwidth of the system
turning it inappropriate for the desired accuracy. For accuracies
such asg that of the Velodyne system (0.02 m to 0.04 =, independent
of distance) , the reguired read-ocut data rate exceeds the
practically achievable bandwidth in case of today' s IC
implementation. For operation at 120 m, a SPAD array of 500x500

pixels is reguired, which, in an 1C-based implementation, must be

read-out serially. For the same precision as the aforementionad
Velodyne system, it would require 1000 pulses per millisecond and
hence 1000 frames per millisecond, transiating intc a readout rate
of 250 Gigapixels per second. This is pelisved to be technically

unfeasible in the context of current SPAD IC technology.

The paper by Neil & . Newman et al., "High Peak Pcwer VCSELs in
Short Range LIDAR Applicaticns', Journal of Undergraduate Research
in Physics, 2013, http://www.jurp.org/2 013/12 017EXR.pdf, describes
a VCSEL-based LIDAR application. The paper states that the maximum
output power of the described protobype system was not great
enough to do wide-field LIDAR at a range greater than 0.75 m. With
a relatively focused beam (0.02 m spot size at 1 m distance), the
authors were able to range a target object at a distance of up to

1 m.

The above examples clearly indicate that the optical powsr emitted
by present semiconductor lasers cannot meet the power requirements
necessary for operations in the known LIDAR systems to be of
practical use in automotive applications {e.g. for ranges up to

120 m .

United States patent no. 7,544,945 in the name of Avago

Technologies Genexal IP (Singapore} Pte . Ltd., discloses vehicle-
based LIDER systems and methods using multiple lasers to provide

more compact and cost-effective LIDAR functionality. Each laser in
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an array of lasers can be seguentially activated so that a
corresponding optical element mounted with raspect to the array of
lasers produces respective interrogation beams in substantially
different directions. Light from these beams is reflected by
objects in a vehicle's environment, and detected so as to provide
information about the objects to vehicle operators and/or
passengers. The patent provides a solid state projector in which
the individual lasers are consecutively activated in order to
replace the known mechanical scanning in the known DToF LIDAR

systems.

A high-accuracy medium-range surround sensing system for vehicles
that does not use time-of -flight detection, is known from
international patent application publication WC 2015/004212 A1l in
the name of the present applicant. In that publication, the
localization of objects is based on the projection of pulsed
radiaticon spots and the analysis of the displacement of detected
spots with reference to predetermined reference spot positions.
More in particular, the system of the cited publication uses
triangulation . However, the accuracy that can be achisved

correlates with the triangulation bkase, which l1imits the further

miniaturization that can be achisved.

US patent application publication no. US 2012/00389%03 Al discloses

methods and systems for adaptively cont ing the iliuvmination of
& scene. In particular, a scene is illuminated, and light
reflected from the scene is detected. Information regarding levels
of light intensity received by different pixels of a multiple
pixel detector, corresponding to different areas within a scene,
and/or information regarding a range to an area within a scene, is
received. That information is then used as & feedback signal to
contrel levels of illumination within the scens. More
particularly, different areas of the scene can be provided with
different levels of illumination in response tc ths feedback

zignal.
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Burcpean patent application publication neo. EP 2 322 953 Al
digcloges a distance image senscor capable of enlarging the
distance measuramant rangs without reducing the distance
resolution. A radiation source provides first to f£ifth pulse
trains which are irradiated to the cbject as radiation pulses in
the first to fifth frames arrvanged in order on a time axis. In
each of the frames, imaging times are prescribed at points of
predetermined time from the start point of =ach frame, also the
pulses are shifted respectively by shift awounts different Irom
each other from the start point of the first te fifth frames. A

pixel array generates element image signals each of which has

distance information of an obiect in distance ranges differant

rn

from each other using imaging windows A and B in each of five
frames. A processing unit generates an image signal by combining
the element image signals. Since five btimes-of-f light measurement
re used, the width of the radiation pulse does not have to be

increased to obtain distance information of the object in a wide

distance range, and the distance resoluticn is not reduced.

Burcpean patent application publication no. EP 2 23%0 402 A1
disclogses a range image sensor which is provided on a
semiconductor substrate with an imaging regicn composed of a
plurality of two-dimensionally arranged units, thereby obtaining a
range image on the kasis of charge quantities output £rom the
units. One of the units is provided with a charge generating
region (region outside & transfer electrode} where charges are
generated in response to incident light, at least twe
semiconductor regicns which are arvanged spatially apart to
colliect charges from the charge generating region, and a transfer
electrode which 1is installed at each periphery of the
semiconductor region, given a charge transfer signal different in

phase, and surrounding the semiconductor reagion.

The article by Shoji Kawahito et al., "A CMOS Time-of-Flight Range

H1SOrS

[¢13

Image Sensor With Gates-on- Field-Oxide Structure”, IEEE &
Journal, Vol. 7, no. 12, p. 1578-1586, discloses type of CMCS

a
time-of-flight (TOS) range image sensor using single-layer gates
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on field oxide structure £for photo conversion and charge transfer.
This structure allows thes realization of a dense TOF range imaging
array with 15 , 15 um? pixels in a standard CMOS procass. OCnly an
additional process step to create an n-type buried layer which is
necessary for high-speed charge transfer is added to the

erey

fabrication process. he sensor operates based on time-delay
dependent modulation of photocharge induced by back reflected
infrared light pulses from an active illumination light zource. To
reduce the influence of background 1light, a small duty cycle light
pulse isg used and charge draining structures are inciuded in the
pixel. The TOF sensor chip fabricated measures a range resolution
of 2.3% cm at 30 frames per second an improvement to 0.74 cm at

three frames per second with a pulse width of 100 ns.

European patent application ne. EPL5191288.8 in ths name of the
present applicant, which has not been published at the filing date
of the present application, describes some aspects of a system and

method for determining a distance to an object.

There is a continuing need to obtain extreme miniaturization
and/or longer-range in complex wvehicular surround sensing
applications, such as ADAS ({(autonomous driving assistance system)
spplications and autonomous driving applicaticns, and this at a
reasonable cost and in a compact, semiconductor-integrated form

factox .
Summary of the Invention

It is an cbiective of embodiments of the present invention to
provide a further miniaturized and longer-range alternative for
displacement-based vehicular surround sensing systems.
Furthermore, it is an objective of embodiments of the present
invention to provide a full solid-state alternative for the known

LIDAR systems.

According to an aspect of the present invention, there is provided

a system for determining a distance te an object comprising: a
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solid-state light source arranged for projecting a pattern of
discrate spots of laser light towards the object in a seguence of
pulses; a detector comprising a plurality of picture elements, the
detector being configured for detecting light representing the
pattern of discrete spots as reflected by the object in
synchronization with the sequence of pulses; and processing means

configured te calculate the distance to the object as a function

of exposure wvalues generated by the picture elements in response
to the detected light; wherein the picture elements are configured
to generate the exposure values by accumulating, for all of the
pulses of the sequence, a first amount of electrical charge
representative of a first amcunt of light reflected by the object
during a first predetermined time window and a second electrical

charge representative
objsct during a

predetermined time window

time windcw; wherein

=

comprises at least two sets of

of said first amount of light and

amount of light cccurring at respective ones of the at

cf a second amount of light
second pradetermined
accurring after the
each of the pluraliity
charge

the detecting of the

reflected by the

time window, the second

first adetermined

“1

D
of picture elements
storage wells, the detecting
second

least two

sets of charge storage wells; and wherein each of the sets of
charge storage wells is configured as a cascade.

The term "charge storage well" designates a storage provided in
the semiconductor substrate, e.g. a capacitor, that stores
electrical charges generated by the conversion of photons
impinging on the pixel,

The present invention relies on the same physical principles as
direct time-of-f light based ranging systems, viz. the fact that
light always takes a certain amount of time to travel a given

distance. However, the present

determine the distance
transmitted and subsequantliy

present invention is inter

inventors that by combining

e

simultaneous

624

invention
travelled by
reflected by a targest
alia based
range gating,

spot pattern projecticn

uses range gating to
a light pulse that has been
object. The
on the insight of the

an at least partially
(based

on & novel
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iliumination scheme} and a low-power semiconductor light source, a
substantially miniaturized, £ull solid state and energv-efficient
long-range distance detection method can be obtained. The term
“sattern" as used herein refers to a spatial distribution of
simultanecusiy projected spots. In order to determine the position
of the datected spot reflection in three-dimensional apace, it is
necessary to combine the distance information obtained from the
ranging step with angular information to fix the remaining Etwo
spatial coordinates. A camera comprising a pixel array and
suitably arranged optics can be used to provide the additional
angular information, by identifying the pixel in which the

reflection is detected.

Embodiments of the present invention are based on the further
insight of the invenbors that in crder toc be able to use spet
patterns generated by solid-state light sources in a LIDAR system
at the desired ranges, a way to circumvent the cptical power
limitations is needad. The inventors have found that by prolonging
the pulse duration and by integrating the reflected energy of
multiple VCSEL-generated light pulses within at least twe sets of
semiconducter sensor wells, followed by a single read-out cf the
integrated charge, a solid-state LIDAR system can be obtained with
a significantly greater operating range than is currently possible
with solid-state implementations. Hereinafter, the term "storage"
will be used to designate the well or the pixel in which charge is

accumulated in response to the detection of photons.

It is an advantage of thes present invention that the sclid-state
light scurce and the scolid-state sensor (such as a CMOS sensor, a
CCD sensor, SPAD array or the like)! may be integrated on the same
semiconductor substrate. The sclid-state light source may comprise
a VUSEL array or a laser with a grating adapted to produce the

desired pattern.
Moreover, by assessing the reflected light ensrgy detected in two

consecutive time windows, and normalizing for the total

accumulated charge in the twe consecutive windows, the impact of
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varving reflectivity of the object wunder study and the
contribution of ambient light can adeguately be accounted £for in

the distance calculation algorithm.

The transmission and detection of the sequence of pulses may be

repeated periodically.

In the picture elements, charge representative of the impinging
light is accumulated at well level. An advantage of charge
accumulation at the well level is that read-out ncise is

minimized, leading to a better signal-to-nocise ratio.

It i1s an advantage of the cascade-based arrangement that the total
amount of charge to be accumulated is distributed over multiple
wells, which allows for a greater total charge storags capacity

while maintaining an accurate reading of the tetal charge level.

The increase in the total charge storage capacity is of particular
importance at the end of the operating range where large number of
photons - and hence, large amounts of charge - are received »ky the
system; this is the case at shert range (because the intensity of

&=

the light in function of distance follows an inverse-square law)

or when surfaces with an unusually high reflectance are present in
the field of view cf the sensor. In conditions where a single well
would tend to be saturated, a cascade-based arrangement allows the
excess charge to be stored in a subsequent storage well, without

losing the possibility of accurately determining the total amount

of charge.

The total number of capacities in the cascade can be selected in
function of the desired operating range and accuracy, and the
general requirement to keep the Poisson noise as low as possible.
The latter conditien is inherently 1linked to the application of
rangs gating, where Poisson ncise is detrimental te the accuracy
of the distance determination. A low lewvel of Poisson nocise allows
a continuous photon-charge response, regardless of whether the

charge is stored in one or more capacities of the cascade.
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In an embodiment of the system according to the present invention,
each of the sets of charge storage wells is configured as a
serially arranged cascade. In another embodiment of the system
according to the present inventicn, each of the sets of charge

storage walls 1is configured as a parallislly arranged cascads.

It is an advantage of these embodiments that they provide easy to
implement arrangements to obtain the desired cascade effect of the

storage wells.

In an embodiment of the system according to the present invention,
the first predetermined time window and the second predetermined
time window are cof substantially equal duration and occur back-to-
back, and a btotal storage capacity of the set of charge storage
wells configured to detect the first amcount of light is larger
than a total storage capacity of the set of charge storage wells

configured to detect the second amount of light.

It is an advantage of this embodiment that it helps to avoid

saturation of the charge storage elements due to an overload of

raflected photons. This problem is most prominent at nearby

distances. At short ranges, the total number of reflected photons

will be higher, due to the inverse sguare law, while wmest of the

and thus

reflected signal will arrive within
be stored in the corresponding set of charge storage wells. Hence,
it is useful to dimension the set of charge storsge wells
corresponding to the first time window so as to be able to deal

with a larger amount of charge.

According to an aspect of the present inventicn, there is provided
a vehicle, comprising: a system as described above arranged to
operatively cover at least a part of an area surrounding said

vehicle .

The system according to the present invention is particularly

advantageous in a vehicle with ADAS or autcnomous driving control
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unit such as but not limited to ECU ({electrical control unit} . The
vehicle may further coumprise a vehicle control unit, adapted for
receiving measurement information £rom the system and for using
the information for ADAS control or autonomous driving decision
taking. The part of an area surrounding the wvehicle may include a
read surface ahead of, Dbeside, or behind thes wvehicle. Accordingly,
the system may provide road profile information of the surface
ahead of the car, to be used for active suspension or semi-aciive

suspension

According to an aspect of the present inventicon, there is provided

a camera, the camera comprising a system as described above,

whereby the system iz adapted to add 3D information to the camera

image based on information obtained from the system, making it

possible to create a 3D image.

The technical effects and advantages of embodiments of the camera
th

and e wvahicle according to the present invention correspond,

mutatis mutandis, to those of the corresponding embodiments of the

system according to the present invention.
Brief Description of the Figures
These and other aspects and advantages of the present invention

will now be described in more detail with reference to the

accompanying drawings , in which:

Figure 1 represents a Flow chart of an ambodi
g P

according to the present invention;

Figure 2 schematically represents an embodiment cof the system

according to the present invention;

Figure 3 represents a timing diagram for light projection and

detection in embodiments of the present invention;
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Figure 4 provides diagrams of exemplary pixel output in function

of incident light power as cbtained by logarithmic tone mapping

{top) and multilinear tone mappin (bottom) ;
i34 pping

Figure 5 provides a diagram of exemplary pixel outputs in function
of incident light power as obtained by a high dynamic range
multiple output pixel;

Figure 6 =schematically illustrates the structure of a high-dynamic

range pixel £for use in embodiments of the present invention;
igure 7 schematically illustrates an embodiment of a pizel
architecture with two charge wells (bins) with each a =zeparate

transfer gate for use in embodiments of the present invention;

Figure 8 schematically illustrates a first exemplary optical

L]

[y

arrangement for use in embodiments of the present invention;

Figure 9 schematically

arrangement for use in

Figure 10 schematically

arrangement for use in

Figure 11 schematically

arrangement for use in

Figure 12 schematically

arrangement for use in

Figure 13 schematically

arrangement

illustrates

embodiments

illustrates

embodiments

illustrates

embodiments

illustrates

embodiments

illustrates

a second exemplary optical

of the present invention;

a third axemplary optical

of the present invention;

a fourth exemplary optical

of the present invention;

a fifth exemplary optical

of the present invention;

a sixth exemplary optical

Detailed Description of Embodiments

The surround sensing systems of the type disclesed in

international patent application publication WO 2015/004213 Aal, in

-

629



1

[y

)
4

0

L]

WO 2018/065427 PCT/EP2017/075094

ey
V%]

the name of the present applicant, have the advantage of observing
an extensive scene while illuminating that scene simultaneously or
partially simultaneously only in a number of discrete and well-
defined spots, in particular a predefined spot pattern. By using
VCSEL lasers with an outstanding bundle guality and a very narrow
cutput spectrum, it is pessible to obtain a detection range with a
limited amount of ocutput power, even in the presence of daylight.
The actual ranging performed in the system of WO 2015/004213 Al
raliss on displacement detecticn, in particular triangulaticn,
which was understood to be the only method practically available
in the context of the long {(guasi-stationary) pulse durations that
were necessary in view of the power pudget. To date, it had not
been possible to achieve the same power/performance

characteristics with a compact, semiconductor based time-of-f light

based system.

The present invention overcomes this limitation by radically
changing the way the time-cf-f light based system operatss. The
invention increases the total amcunt of light energy emitted for
each time-of-f light measurement (and thus, the number of photons
availlable for detection at the detector for each time-cf-f light
measuremant} by increasing the duration of individual pulses and
by producing a wvirtual "composite pulse", consisting of a seguence
of a large number of individual pulses. This bundling of extended
pulses allowed the inventors to obtain the reguired amount of
light energy (photons} for the desired operational range with low-

power VCSELs.

Where an individual pulse of pre-existing LIDAR systems may have a
duration c¢f 1 ns, the systems according to the present invention
benefit from a substantially longer pulse duration to partially
compensate for the relatively low power level of semiconductor
lasers such as VCSELs; in embodiments of the present invention,
individual pulses within a sequence may have an exemplary duraticn
of 1 3 (this is one possible wvalue, chosen here to keep the
description clear and simple; more generally, in embodiments of

the present invention, the pulse duration may for example be 500
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ns or more, preferably 750 ns or more, most preferably 9060 ns or
more} . In an exemplary system according to the present invention,
a seguence may consist of 1000 pulse cyeles, thus adding up te a
duration of 1 ms. Given the fact that light would need
spproximately 0.66 us to travel to a target at & distance of 100 m
and back toc the detector, it is possible to use composite pulses
of this duration for ranging at distance of this order of
magnitude; the skilled person will be able to adjust the required

b |

number of pulse cycles in function of the selected pulse width and

the desired range. The detection of the sequence preferably
comprises detecting the individual pulses in synchronization with
the VCSEL-based light source, and accumulating the charges

generated in response to the incoming photons at the pixel well

level for the entire seguence prior to read-out. The term

"exposure wvalue’ is used hereinafter to designate the value

[

epresentative of the charge (and thus of the amount of light
received at the pixel} integrated over the seguence. The seguance

emission and detection may be repeated periodically.

The present invention operates by using range gating. Range gated
imagers integrate the detected powsr of the reflection of the
emitted pulse for the duration of the pulse. The amount of

temporal overlap between the pulse emission window and the arrival
of the reflected pulse depends on the return time of the light
pulse, and thus on the distance travelled by the pulse. Thus, the
integrated power is correlated to the distance travelled by the
pulse. The present invention uses the principle of rangs gating,
as applied te the segquences of pulses described hersinabove. 1In
the following description, the integration of individual pulses of

& seguence at the level of a picture element to obtain a

measurement of the entire sequence is implicitly understood.

Figure 1 represents a flow chart of an swbodiment of the method
according to the present invention. Without loss of generality,

the ranging method is described with reference to a range gating
algorithm. In a first time window 10, the method comprises

proiecting 110 a pattern of spots of laser light (e.g. a regular
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or an irregular spatial pattern of spots) from a light source
comprising a solid-state light source 210 onto any ocbjects in the
targatad area of the scensry. The spatial gpattern is repeatedly

projected in a seguence cf pulses.

3
s indicated above, the solid-state light scurce may compriss a
VCSEL array or a laser with a grating adapted to produce the
desired pattern. In order for the system te operate optimally,
even at long ranges and with high levels of ambient light (e.g.,
10 in daylight) , a VCSEL for use in embodiments of the present

invention is preferably arranged to emit a maximum optical power
per spobt per unit o¢f area. Thus, lasers with a good beam guality
{low M2-factor) are preferred. Mcre preferably, the lasers should
have a minimal wavelength spread; a particularly low wavelength

15 spread can be achiesved with monomode lasers. Thus, substantially
identical pulses can reproducibly be generated, with the necessary

spatial and temporal accuracy.

During the same time window in which a pulse is emitted, oxr in a
20 substantially overlapping time window, a first amocunt of light
representing the pattern of spots as reflected by the cbject of
interest is debtected 120 at a detector, which is preferably
arranged as near as possible to the light source. The
synchronicity or near synchronicity between the projection 110 of
25 the spot pattern and the first detection 120 of its reflection, is
iliustrated in the flow chart »py the side-by-side arrangement of
these steps. In a subsequent second predetermined time window 20,
a second amount of light representing the reflected light spot is
detected 130 at the detector. During this second window 20, the
30 solid-state light source is inactive. The distance to the object
can then be calculated 140 as a function of the first amount of

reflected light and the sscond amount of reflected light.

The first predetermined time window 10 and the second
39 predetermined time window 20 are preferaply back-to-back windows
of substantially equal duration, to facilitate neoise and ambient

light cancellation by subtracting one of the detected amounts £rom
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the other one. An exemplary timing scheme will be described in

more detail below in conjunction with Figure 3.

The detector comprises a plurality of picture elements, i.e. it

consists of a picture element array with adequate optics arranged

te projsct an image of the scensry (including the illuminated

spots) onto the picture element. The term "picture element" as

-

used hersein may refer to an individual lIight-sensitive area or
well of a pixel, or to an entire pixel (which may comprise
multiple wells, see below) . For every given projected spot, the
detecting 120 of the first amount of light and the detecting 130
of the seccond amount of light occurs at the same one or the same

ght
group of the plurality of picture elements.

Without loss of generality, each of the picture =zlements may be a
pixel comprising at least two charge storags wells 221, 222, such
that the detecting 120 of the first amount of light and the
detecting 130 cf the second amount of light can cgccur at the
respective charge storage wells 221, 222 of the same pixel or
pixel group.

Figure 2 schematically represents an embodiment £ the system

o]

according to the present invention, in relation to an cbject 89 in
the scenery of interest. The system 200 comprises a solid-state
light source 210 for projecting a pattern of a seguence cof spots,
which may ke repeated pericdically, onto the object 9%. A detector
220 is arranged near the light source and confiqured to detect
light reflected by the obiject.

The light bkeam bouncing ocff the ocbiject 99 is illustrated as an
arrow in dashed lines, travelling £rom the light source 210 to the
cbject 9% and back to the detector 220. It should be noted that

this representation is strictly schematic, and not intended to be

indicative of any actual relative distances or angles.

A synchronization means 230, which may include a conventional

clock circuit or oscillator, is configured to operate the solid-
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state light source 210 so as to project the pattern of spots onto
the object during first predetermined time windows 10 and to
operate the detector 220 so as to detect a first amount of light
reprasenting the light spoti{z} reflected by the ocbjsct %9 at
substantially the same time. It further operates the detector 220
to destect a second amount of light representing the light =spots
reflected by the cbject 93, during respective subsegquent second
predetermined time windows 20. Appropriate processing wmeans 240
re configqured to calculate the distance to the object as a
function of the first amount of reflected 1light and the second

amount of reflected Ilight.

Figure 3 represents a timing diagram for light projection and
detection in embodiments of the present invention. For clarity
raazons, only a single pulss of the pulse sequence which is
repaated periodically of Figure 1 is illustrated, which consists

of a first time window 10 and a second time window 20.

As can be seen in Figqure 3a, during the first time window 10, the

solid-state light source 210 1s in its “ON" state, emitting the

]

pattern of light spots onto the scenery. During the second time

window 20, the solid-state light source 210 is in its “OFF" s=state.

The arrival of the reflected 1light at the detector 220 is delayed
relative to the start of the projection by an amount of time that
i proportional to the distance travelled (approximately 3.3 ns/m
in free space) . Due to this delay, only a part of the reflected
light will be detected at the first set of wells 221 of the
detector 220, which 1is only activated during the first time window
10. Thus, the charge accumulated in this first well during its
period of activation (the first time window 18) consists of a part
representing only the noise and the ambient light impinging on the
pixel prior to the arrival of the reflected pulse, and a part
reprasanting the noise, the ambient light, and the leading edge of

the reflected pulse.
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The latter part of the reflected pulse will be detected at the
second =set of wells 222 of the detector 220, which is only
activated during the second time windew 20, which preferably
immadiately follows the first time window 10. Thus, the chargs

5 accumulated in this second well during its period of activation
{the second time window 20) consists of a part representing the
noise, the ambient light, and the trailing edge of the reflected
puilse, and a part representing oniy the noise and the ambient
light impinging on the pixel after the arrival of the reflected

10 pulse.
The greater the distance between the reflecting ckbject 99 and the
system 200, the smaller the proportion of the pulse that will be
detected in the first set of wells 221 and the larger the

15 proportion of the pulse that will bs detected in the second set of

wells 222.

If the leading edge of the reflected pulse arrives after the

closing of the first set of wells 221 (i.e., after the end of the
20 first time window 10} , the proportion of the reflected pulse that

can be dstected in the second set of wells 222 will decrease again

with increasing time of flight dalay.

The resulting amcunts of charge &, B in esach of the respective

25 sets of wells 221, 222 for varying distances of the object 89 is
shown in Figure 3b. To simplify the representation, the effect of
the attenuation of light with distance, according to the inverse

5

P

sgquare law, has not been taken into account in the diagram. It
clesar that for time of flight delays up to the combinsd duration
30 of the first time window 10 and the second time window 20, the
time of f£light delay can in principle unambiguously be derived
from the values of A and B:
- PFor time of flight delays up to the duration of the first
time window 10, B is proportiomal to the distance of the
35 object 89. To easily arrive at a determination of the

apsolute distance, the normalized wvalue B/ (B+h) may be used,
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removing any impact of non-perfect reflectivity of the
detected object and of the inverse sqguare law.

- For time of flight delays exceeding the duraticn of the first
time window 10, A consists of daylight and ncise
contributions only (not illustrated) , and C-B is
substantially proporticnal {after correcting for the inverse

-

sguare law) to the distance of the object 9%, where ¢ is an

hile Figures 3a and 3b illustrate the principle of the invention
in relarion to & single pulse emitted in the time window 10, it
shall be understood that the illustrated pulse 1is part of a
sequence of pulses asg defined above. Figure 3¢ schematically
illustrates exemplary timing characteristics of such a sequence.
As illustrated, the illumination scheme 40 consists of a repeated
emission of a seguence 30 of individual pulses 10. The width of
the individual pulses 10 is determined by the maximal operating
range. The entire sequence may be repeated at a frequency of, for

example, &0 Hz.

The sets of wells 221, 222 each consist of a cascade of charge

storage wells. A judicicus design of the cascades ensures a smococth

transition between the capacities to assure axtreamaly high

accuracy lavels.

The stcorage capacities are preferabl designed around each pixel
T +

to ansure that there is sufficient space for the cascade while

o]

optimizing the charge transfer from the area where the impinging

chotens are converted to electrical charges .

The capacities are preferably dJdimensioned so as to provide an
accurate read-cut c¢f the lowest level of light that must be

detectable {e.g. 1000 photon

w

} . It is advantageous to design the
cascade in such a way that the maximum amount of charge n,,, that
can ke stored in any given stage cof the cascade equals the minimum
amount o©f charge n. i, that can be reliably read ocut from the next

stage .
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Reflections of light by cbjects at a short distances are more

-

Likaly te cause pixel saturation, Dbecause the attenuaticn c¢f suc

-

a reflecticn will be much less than that of a reflection
originating from a more distant object (due to the inverse-square
law of light attenuatiocn over distance) . As certain applicaticns,
such as automotive applications, require accurate system operation
up ko relatively long distances, a large photon span must be
covered between the nearest distances of coperation and the
farthest distances of operation. With these constraints, pixel
saturation at short range is a very real risk, in particular at
the first set of wells (which receives the bulk of the reflection
at short range) . The inventors have found that for given total
pixel space, the saturation problem can be mitigated Dby using an
asymmetric well arrangement, in which ithe pheten capacity
represented by the first set of wells is increased, and the photon
capacity represented by the second set of wells is decreased. If
the increase and decrease arve balanced, an increase of the dynamic

range can be obtained at no additional pixel surface cost.

Blooming is a phenomenon that happens when the charge in a pizel
exceeds the saturation level of that specific pixel. Consequently,
the charge starts to overflow and causes nuisance in adjacent
pixels. This creates inaccurate data in the neighboring pixels.
Preferably, the pixels of the system according to the present
inventiocn are provided with anti-blooming electronics, to bleed
off the excess charge before it saturates the relevant set of
wells and spills over to the wells of adjacent pixels. In
particular when the information £rom neighboring spots is used for
the elimination of background light, it is of great importance to
have an accurate estimation of the background light which is
cotained independently {and without contamination from)

neighboring pixels.
Embodiments of the present invention may employ correlated double

sampling to correct the samples for the thermal neoise related to

the capacity of the wells ({(also designated as "kTC noise"} . To
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this end, the electronics of the pixzel may be designed to carry
out a differential measurement bpetween the raset voltage (V et)
and the signal wvoltage (Vig i), for example by measuring V et at

the beginning of the frame and measuring WVgi,,i at the end of the
frame. As an slternative to an electronic (in-pixel)
implementation, correlated double sampling may alsc be implemented
by digitally subtracting the read-out signals (Vsignai - Vget) in a

pProcessor

Te increase the amcunt of light that reaches the photosensitive
elements ({in particular diodes} in the pixel structure,

embodiments of the present invention may use backside

illumination; din that case, the pixel circuitry is behind the
photosensitive layer, thus reducing the number of layers that must
be traversed by the impinging pheotons to read the photosensitive

alements .

The ranging system according to the present invention may be
integrated with a triangulation-based system in accordance with
WO 2015/004213 Al. If miniaturization is aimed for, the
triangulation-based system will end up having a relatively small
distance between its projector and its detsctor, thus leaving it
with a reduced operating range. However, it is precisely at short

range that the combination presents its benefit, bkecause the
triangulation-based system can cover the distances at which the
time-of -filight based system cannot operate sufficiently

accurately .

The entire ranging process may be repeated iteratively, so as to
monitor the distance to the detected object or objects over time.
Thus, the result of this msthod can be used in processes that
require information about the distance to detected objects on a
continuous kasis, such as advanced driver assistance systems,

vehicles with an active suspension, or autonomous vehicles.

In order for all elements of the system as described to operate

cptimally, the system has to be thermally stable. Thermal
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stability avoids, among other things, undesired wavelength shifts
of the optical elements (thermal drift} , which would otherwise
impair the proper functioning of the optical filters and other
elements of the optical chain. Embodiments of the system according
tc the present invention achieves thermal stability by their
design, or by active regulation by means of a tewperature control

loop with a PID-type controller.

WO 2015/004213 Al discloses various techniques to minimize the
amount of ambient 1ight that reaches the pixels during the
detection intervals, thus improving the accuracy of the detection

techniques have not been

ot
o
1]
i
i

of the patterned laser spots. While
disclosed in the context of a LIDAR system, the inventors of the
present invention have found that several such technigues yield
excellent results when combined with embodiments of the present
invention. This is particularly true for the use of narrow
bandpass filters at the detector, and the use of adequate optical
arrangements tc ensure nearly perpendicular incidence of the
reflected light onto the filters. The details of thesa
arrangements as they appear in WO 2015/004213 Al are hereby

incorperated by reference. Further features and details are

provided hereinafter.

While wvarious techniques known from WO 2015/004213 Al may be
applied to embodiments of the present invention to minimize the
amount of ambient light that reaches the pixels during the
detection intervals, a certain amount of ambisnt light cannot be
avoided. In a multi-pixel asystem, only some of the pixels will ke
illuminated by reflected spots, while others will be illuminated
by residual ambient light only. The signal levels of the latter
group of pixels can be used to estimate the contribution of the
ambient light to the signals in the pixels of interest, and to
subtract that contribution accordingly. Additionally or
alternatively, background light or awbient light may be subtracted
from the detected signal at pixel level. This reguires two
exposures, one during the arrival of the laser pulse and one in

the absence of a pulse.
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In some embodiments, the detector may be a high dynamic range
detector, id.e. a detector having a dynamic range of at least 50
dB, preferably at least 120 4B. The presence of a high dynamic

range sensor, i.e. a sensor capable of acquiring a large amount of

photons without saturation while maintaining sufficient
discrimination of intensity levels in the darkest part of the
scene, is an advantage of the use of such a sensor; it allows for
a sensor that has a very long range and yet remains capable of
detecticn objects at short distance (where the reflected 1light is
relatively intense} without undergeing saturation. The inventocrs
have found that the use of a trua high dynamic range sensor is
more advantageous than the use of a sensor that applies tone
mapping. In tone mapping, the sensor linear range is compressed
towards the higher resolution. In literature, several compressicn
metheds are documented, such as leogarithmic compression or
multilinear compression ({see PFigure 4 . However, this non-linear
compression nacessitates relinearisation of the signals before
performing logical or arithmetic operations on the captured scene

to extract the relief information. The solution according to the

[

nvention therefore increases detection accuracy without
increasing the computational requirements. It is a further

advantage of some embodiments to use a fully linear high dynamic

range sensor as presented in Figure 5. A pixel architecture and an

cptical detector that are capable of providing the desired dynamic
range characteristics are disclosed in US patent application

publication no. US 2014/353472 Al, in particular paragraphs 65-73
and 88, the content cof which is incorporated by refarence £for the
purpose of allowing the skilled person to practice this aspect of

the present invention.

Embodiments of the present invention use a high dynamic range
pixel. This can be obtained by a sizeable £full-well capacity of
the charge reservoir or by designs limiting the alectronic noise
per pixel or by usage of CCD gates that do not add noise at charge
transfer, or through a design with a large detection guantum

efficiency {DQE) {e.g., in the range of 50% for front illumination
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or 80% in case of back illumination, also known as back thinning) ,
or by a special design such as shown in Figure 6 ({z=e below) , or
by any combination of the listed improvements. Furthermore, the
dynamic range can be further enlarged by adding an overflow
capacity to the pixel in overlay at its front side (this
implementation raguires back thinning) . Preferably, the pixel

design implements n anti-blooming mechanism.

Figure 6 presents a schematic illustratiocn of an advantageous
implementation of a pixel with high dynamic range. The example in
this figure makes use of two storage gates 7, &, cocnnected to the
filoating diffusion. After exposure, the electron generated by the
scene AND the laser pulse, is transferred on the fleoating
diffusion using the transfer gate 11. Both Vgatel and Vgate2 gate

tages are gsat high . The charge s are then spread over both

]

O
capacitors, realizing a significant Full Well. Once this high
full-well data is read wvia connection to the amplifier, the
voltage Vgate2 1s set low. The electrons reflow tewards capaciter
7, increasing the total pizel gains . The data can be read through
the amplifier. It is further possible to achieve an even higher

gain by applying later a low veoltage con Vgatel. The electrons

b

a=flow towards the fleating diffusion 2.

Figure 7 repr

(¥
w0
(]
=
=
w

a possible dual-well or dual-kin
implementation of an envisaged pixel to e used in CMOS
technology. The impinging signal is distributed over two charge
storages. Each reserveir has a separate transfer gate contrelled
by an external pulse which is synchronized with thes pulse of the

lasar sources.

The charge storage elements shown in the designs of Figure & and
Figure 7 may be replicated to obtain a cascade of charge storage
wells as reguired by the present invention.

Figures 8-10 illustrate cameras that may be used in embodiments of
the invention, where the light radiation source emits

monochromatic light and the at least one detector is eguipped with

641



10

WO 2018/065427 PCT/EP2017/075094

25

a corresponding narrow bandpass £ilter and optics arranged sc as
to modify an angle of incidence onto saild narrow bandpass filter,
to confine said angle of incidence to a predstarmined range around
a normal of a main surface of said narrow bandpass £filter, said

optics comprising an image-space telecentric lens. The term

o2

"camera" is usad herein as a combination of a senscr an
asscciated optics (lenses, lens arrays, filter) . In particular, in
Figure s, the optics further comprise a minilens array arranged
between the image-space telecentric lens and the at least one
detector, such that individual minilenses of the minilens array
focus incident light on respective light-sensitive areas of
individual pixels of the at lesast one detector. It is an advantage
of this one-minilens-per-pixel  arrangement that the loss due to

the £ill factor of the underlying sensor can be reduced, by

guiding all incident light te the light-sensitive

portion of the pixels.

These examples all result in radiation travelling a substantially
equal length through the filter medium or in other words in that

the incident radiation is substantially orthogonal to the filter

3

surface, i.e. it is confined to an angle of incidence within a

b

predetermined range arcund the normal of the filter surface, thus

h

allowing in accurate filtering within a narrow bandwidth to e.q.

filter the daylight, the sunlight and in order to for the spots to

surpass the daylight.

The correction of the angle of incidence is of particular
importance in embodiments of the present invention where the
eantire space arcund a vehicle is to be monitored with a
numpber of sensors, for instance 8 sensors, such that the incident
rays may exbtend over a solid angle of for example 1 x 1 rad.
Figure 8 schematically illustrates a first cptical arrangement of

this type. It comprises & first lens 1030 and a second lens 1040,

with approximately the same focal length £, in an image space
telecentric configuration. That means that all chief rays {(rays
passing through the center of the aperture stop) are normal to the

image plane. An exemplary numerical aperture of 0.16 corresponds
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to a cone angle of 9.3° (half cone angle) . The maximum incidence

angle on ths narrow bandpass filter 1060, arranged between the

lens system 1030-1040 and the sensor 102, would thus be 5.3°.

As illustrated in Figure 9o, the preferred design consists of a

tandem of two lenses 1130, 1140 with approximately the same foc
length £, in an image-space telecentric configuration (the
configuration is optionally alsc cobjeckt-space Gtelecentric), a

al

planar stack of mini-lens array 1150, a spectral filter 1160 and a

CMOS dstactor 102. Since the center € of the first lens 11380 is

in

the focus of the sscond lens 1140, every ray that crosses 0 will

be refracted by the second lens 1140 in a direction parallel to

the optical axis. Ceonsider now a particular laser spot S5 1110

located at a very large distance as compared tc the focal length

of the first lens 1130. Thus the image of this spot 1110 by the

first lens 1130 is a peint P located close to the focal plane of

this lens, thus exactly in the middle plane c©f the second lens

1140. The 1light rays that are emitted from the spot & 1110 and

captured by the first lens 1130 form a light cone that converges

towards the point P in the second lens 1140. The central axis of

this light ccne crosses the point € and is refracted parallel the

optical axis an “hus perpendicular to & spectral filter
ptical d thus perpendicular to thas spectral F£ilt 1160

50

as to achieve optimal spectral sensitivity. Hence, the second lens

1140 acts as a correcting lens £for the angle of the incident light

beam. The other rays of the cone can also be bent in a bundle of

rays parallel to the optical axis by using a small convex mini-
lens 1150 behind the second lens 1140 in such a way that the po
P is located in the focal point of the mini-lens 1150. In this

all the imaging rays of the spot £ 1110 are bent 1in a direction

int

way

nearly perpendicular to the spectral filter. This can now be done

in front of every pixel of the CMOS detector separately by using

an array of mini-lenses positioned in front of every pixel. In
this configuration, the minilenses have an image-telecentric
function. The main advantage is that the pupil of the first len

1030 can be enlarged, or the aperture can pbe eliminated while

=

compensating for the increase in sphericsl akerration by a local

correction optics in the mini-lens 1150. In this way the
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gengitivity of the senscor assembly c¢an be improved. A second mini-
lena array ({not shown in Figure 11) may be added bkatwsen the
gpectral filter 1160 and the CMOS pixels 102, to focus the
paralliel rays back toc the photcdicdes of the pixels so as to

3

5 maximize the fill factor.

For the {first and second lenses 1130, 13140, commercially available
lenges may be used. The skilled person will appreciate that lenses
typically used in other smart phone cameras or webcams of

10 comparable quality can also be used. The aforementiocned iSight
camera has a 6 x 3 mm CMOS sensor with 8 megapixels, 1.5 pm pixel
size, a very large aperture of £/2.2, an objective focal length of
about £ = 7 mm, and a pupil diameter about 3.2 mm. The viewing
angle is of the order of 1 rad x 1 rad. If we assume that the

15 rasolution of the camara is roughly the pixel size (1.5 wmicren},
we can conclude (from Abbe's law} that the aberrations of the lens
are corrected for all the rays of the viewing angle selected by

the aperture.

i
=

Figure 10 illustrates a variation of the arrangement of Figure i1,

ocptimized for manufacturing in a single lithographic process. The

first lens 1230 is similar to the first lens 1130 of the previous

embodiment, but the angle-correcting gsecond lanz 1140 is replaced

by a Fresnel lens 1240 with the same focal length f and the mini-

25 lens arrays 1150 by Frasnel lens arrays 1250. The advantage is
that they are completely £lat and can be produced by nano-
electronice technolegy (with discrete phase zones) . A second mini-
lens array 1270 may be added between the spectral filter 1260 and
the CMOS pixels 102, to focus the parallel rays back to the

30 photodicdes of the pixels so as to maximize the £ill £factor. Thus
the camera is essentially & standard camera as the i1Sight but in
which the (MOS sensor is replaced by a specially designed multi-
layer senscr in which all the components are produced in one
integrated bleock within the same lithographic process. This

35 multilayer sensor is cheap in mass production, compact, robust and

it need mnot be aligned. Each of these five layers 1240, 1250,
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1260, 1270, 102 has its own function to meet the reguirements

imposed by the present invention.

As the minimal angle of a cone generated by a lens of diameter d
is of the order of i/d, with i the wavelength of the light, the
minimal cone angle is 1/10 radian for a mini-lens diameter d = 8.5
um and A = 850 nm. With a good guality spectral interference

filter this corresponds to a spectral window of about 3 nm.

In the arrangements of Figures 8-10, the characteristics of the
optics will result in & non-planar focal plane. To compensate this
effect, the picture elements cof the detector may bs arranged on a
substrate having a curvature that follows the focal plane of the
optics. As a result, the reflected and filtered spots will be in
focus, regardless of where they reach the detector. The desired
curvature of the substrate of the detector can be obtained by
using flex-chip technology., or by composing the substrate by

combining differently oriented tiles. This solution is

fus

schematically illustrated in Figure 11, which shows telecentric
optics 1330, followed by a narrow band-pass filter 1360, and a
curved pixel layer 102, the curvature of which is adapted to
follow the shape of the focal plane of the telecentric optics

1330.

When it is not possible {or not desirable) to arrange the optics
in such a way as to ensure that light rays following different
paths all pass through the narrow bandpass filter under the same
(perpendicular) angle, the problem of having different filter
characteristics with different angles of incidence way be resolved
at the source. In particular, the VCSEL array may be configured
such that different spots have different respective wavelengths.
This configuration may be obtained by using a tiled laser array,
or by providing means for modulating the wavelength of individual
VCSELs in the VOSEL array. This solution is schematically
illustrated in Figure 12, which shows a narrow band-pass filter
1460 arranged before the optics 1430 and the sensor array 102. For

clarity purposes and without loss of generality, two different
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angles of incidence with different respective wavelengths {Qi, 2:2)

have been indicated on the Figure. The different wavelengths fa,
is) of the light sources are chosen to correspond to the maximum of
the passband of the narrow bandpass filter under their respective

angles of incidence.

Figure 13 illustrates an alternative optical arrangement,
comprising a dome 1510 (e.g., & bent glass plate) with the narrow
bandpass filter 1520 disposed on its inside (as illustrated) or
cutside (not illustrated) . The advantage of disposing the filter
1520 on the inside of the dome 1510, is that the dome 1510
protects the filter 1520 from outside forces. The dome 1510 and
the filter 1520 optically cooperate to ensure that incident light
passes through the filter 1520 along a direction that is
substantially mnormal to the dome's surface. Fish-eye optics 1530
are provided between the dome-filter assesmbly and the sensor 102,
which may be a CMCS cxr a CCD sensor or SPAD array. The fish-eye
optics 1530 are arranged to guide the light that has passed
through the dome-filter assembly towards the sensitive area of the

Senscr.

Opticnally, further fish-eye optics are provided at the projector.
In a specific embodiment, a plurality of VCSELs are mounted in a 1
x n or a m x n configuration, whereby an exit angle of the laser
beam can be realized over a spatial angle of m x 1 rad in height

and n x 1 rad in width.

In some embodiments of the present invention, the intensity of the

7]

pots can be kept substantially constant over the full depth
range, by applying a stepped or variable attenuation £ilter at the
detector. Alternatively or in addition, alsc a non-symmetrical

lens pupil can be provided for weakening the intensity of spots
closer to the detector, while the intensity of the spots further
away from the detector are received at full intensity. 1In this way
clipping of the detector is avoided and the average intensity can

w

be made substantially the same for all spot
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In some embodiments, the radiation source can be a VCSEL that can
be split in different =zones, whereby the laser ON time is
controlled for the different zones. The images of the spots can
thus be contreolled toc have a constant intensity, e.g. 2/3* of the
A/D range. Alternatively the driving voltage can be driven over
the array of spots as function of the height, again to obtain a
constant intensity. Such controlling can be referred to as a
saturation avoidance servoing loop. The different VCSELs within
the array can be controlled individually for intemsity, wvarying
the intensity of the indiwvidual VCSELs in the pattern while

projected simultaneously.

In some other embodiments of the present invention, & micro prism
matrix can be used in front of the narrow bandwidth filter, such

that ths radiation is incident within an angle of incidence

el
between +9° and -9° on the filter. This allows to cbtain narrow
bandwidth £filtering. The prism matrix can for example be made by

plastic moulding.

In embodiments of the present invention, e.g. where active
suspension vehicle applications are envisaged, the proiection of
the spot pattern is advantageou sly directed downwards, i.e.

towards the road.

A system accerding to the invention may include an implementation
of steps of the methods described above in dedicated hardware
{e.g., ASIC), configurable hardware (e.g., FPGA) , programmarcle
component {e.g., a DSP cr general purposs processor with
appropriate software), or any combination thereof. The same
component (s; may alsce include other functions. The present
invention also pertains to a computer program product comprising

code means implementing the steps of the methods described above,

o4

which product may be provided on a computer-readable medium such

as an optical, magnetic, or solid-state carrier.

The present invention alsc pertains to a vehicle comprising the

system described above.
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Embodiments of the present invention may be used advantageously in
a wide wvariety of applications, including without limitation
automotive applicaticns, industrial applications, gaming

applications, and the like, and this both indoor and outdoor, at

short or long range. In some applications, different sensors
according to embodiments of the present invention may be combined
{e.g., daisy-chained) to prcoduce pancramic coverage, preferably

over a full circle {260° field of wview)

while the invention has been described hereinabove with reference
to separate system and method embodiments, this was done for
clarifying purposes only. The skilled person will appreciate that
features described in connection with the system or the method
alone, can alsc be applied to the methed or tha system,
regpactively, with the same technical effects and advantages.
Furthermore, the scope of the invention is not limited to these

empodiments, but is defined by the accompanying claims.
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Claims

1. A system (200) for determining a distance to an object

comprising -

wn

a solid-state light source (210) arranged for projecting a

pattern of discrete gpots of laser light towards said object

in a seguence of pulses;

- a detecter (22¢) comprising a plurality of picture elements,
said detector (220} being configured for detecting light

10 representing said pattern of discrete spots as reflected by

said object in synchronization with said sequence of pulses;

and

processing means {240¢) configured to calculate gaid distance

to said object as a function of exposura values genarated by

15 zaid picture elements in response to said detected light;

wherein saild picture elements (2200 are configured to generate

said exposure values by accumulating, for all of the pulses of

said sequence, a first amount of electrical charge representative

of a first amount of light reflected by said object during a first

20 predetermined time window (10} and a second electrical charge
representative of a second amount of light reflected by said
ocbject during a second predetermined time window {20}, said second
predetermined time window (20} occurring after said first
predeterminad time window (10);

25 wherein each of said plurality of picture elements comprises at
least two sets of charge storage wells, each set of charge storage

3

walls being configured as a cascade so0o as to form a greater total

charge storage capacity, salid detecting of said first amount of
light and said detecting of said second amount of light ocecurring

30 at respective ones of =2aid cascades.

2 . The system according to claim 1, wherein each of =zaid sets of

charge storage wells is configured as a serially arranged cascade.

n

3. The sgystem according to claim 1, wherein each of said sets of
charge storage wells is configured as a parallelly arranged

cascade
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4. The system according to any of the preceding claims, wherein
zaid first predetermined time window and said second predetermined
time window are of substantially equal duration and occur back-to-
back, and wherein & total storage capacity of said set of charge
storage wells configured to detect said first amount of light is
larger than a total storage capacity of said set of charge storage

wells configured to detect said second amount £ light.

5 . A vehicle comprising a system (186} according to any of the
previous claims arranged to cperatively cover at least a part of

an area surrounding =aid wvehicle.

6. A camera, the camera comprising a system (180} according to any
of claims 1 bto s, whereby the system {3100} iz adapted to add 3D
information to the camera image bpaszed on information obtained £rom

the system, making it possible Eto create a 3D image.
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FURTHER INFORMATION CONTINUED FROM  PCTASA/ 210

This Internati  onal Searchi ng Authori ty found muitiple {(groups of)
inventi ons in thi s internati onal applicalli on, as fol lows:

1. claims: 1-3, 11-13

An opti cal wavelength division multiplex system illuminati ng
different  spots by individual Iy difierent respecti ve

wavel engths , which are selecti vely recei ved by the detector.
Solved techni cal probl em underlyi ng the c¢laimed inventi on
(see page 11, lines 9-18) : Projecti ng spois as monochromati ¢
light, and filteri ng the lighi {o be detected 10 a narow
band around the wavelength of the projected spols | thus
reduci ng the amount of sunlight to be dealt with to the

light present in the rel evant band.

2. claims: 4, 5

Means to adapt the emission wavelength of individual VCSELs
withi n the a vCSeL amray light source for an opli cal

di stance determi ning system.

Solved techni cal probl em underlyi ng the claimed inventi on

(see page 10, lines 1-7) : The emission wavelength is tuned

to the detector such that is at the maximum of the passband
of the detectors narrow bandpass filter under different

angl es of inci dence.

3. ciaims: 6-8

The impl emeniati on of an image-space tel ecentii ¢ opti ¢s and
an angle of incident changing opti cs for an opti cal disiance
determi ning system.

Solved techni cal probl em underlyi ng the claimed inventi on
{see page 12, lines 29- page 12, line 5): To allow the
narrowband filler to obtai n sali sfactory resul 1s over a
wider field of view.

4, claims: 8, 10

A minilens array opli cs for an opti cal distance determi ning
system.

Solved techni cal probl em underlyi ng the claimed inventi on
(see page 29, lines 3-4) : To improve the sensitivity of the
Sensor assembly.
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INSTALLING SAME

{57)  The invention pertains to a system (100), in a
vehicle (200) having a windshield (250}, for measuring &
distance to anobject outside said vehicle (200}, The sys-
temn comprises: a light source {110) for projacting a light
pattern in a first direction onto said object; a detector
{120} for detecting al least a partial reflection of said light
pattern, arriving from said object in a second direction;
and processing means (130} configurad to delermine a
position and/or a distance of said object on the basis of
said detected reflection. it further comprises a transpar-
ent prism {140), shaped in such a way thal it can be
placed with afirst side in contact with the windshield {250}
and a second side direcled to the lighl source (110} and
ihe detector {120}, whereby the second side presents a
smaller angle of incidence towards the first and second
direction than the windshisld (250).

VEHICULAR SYSTEM FOR MEASURING A DISTANCE TO AN OBJECT AND METHOD OF

200

Figure 1

Prinled by Jouve, 7500 PARS {FR)
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Description
Field of the Invention

[0081] The gresent invention pertains lo the field ol ve-
hicular systems for determining a distance 1o an object
in the vicinity or the path of a vehicle, including time-oi-
fight based sensing systems and triangulation-based
sensing systems. The present invention alsc pertains fo
a method for installing such a system in a vehicle.

Background

[0602] Vehicular distance measurement systems are
known and used in applications such as park assist, ac-
five suspension systems, advanced driver assistance
systems, and self-driving cars.

[0003] A specific type of detection system is disclosed
in detail in international patent application publication no.
WO 2015/004213 A1 in the name of the present appli-
cant.

[0DB4] Anocther specific type of detection system is de-
scribed for example in the unpublished international pat-
ent application no. PCT/EP2016/075589 in the name of
the present applicant.

[o0e5] liis clear from both cited applications, that itis
extremely important to detect the largest possible pro-
portion of the reflected light at the deleclor of such a
sysiem, to obtain the desired operating range and accu-
racy. The known systems have not been deployed inside
vehicles, because the necessary passage of projected
and reflected light beams through the vehicle's wind-
shieid is believed to attenuate the light beams to such an
extentthat suficiently accurate detection would nolonger
be possible.

[0006] Hence, thereis a need for systems ofthe above
mantionad type that can be deployed inside vehicles,

Summary

[0007] According to an aspect of the presentinvention,
there is provided a system, mountable in the inferior of
a vehicle having a windshield, the system being config-
ured for measuring a distance lo an object oulside the
vehicle, the system comprising: a light source for project-
ing a light pattern in a first direction onto the object; a
detector for detecting at least a partial reflection of the
light pattern, arriving from the objectin a second direction;
and processing means configured to determine a positon
andfora distance of the object on the basis of the detected
refiection, whersin the system further comprises a trans-
parent prism which is shaped in such a way that it can
be placed with a first side in contact with an inner surface
of the windshield and a second side directed to the light
source and the detector, whereby the second side
presenis a smaller angle of incidence towards the first
direction and the second direction than the windshield.

[0088] The presentinvention is based miler aliz on the
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insight of the inventor that the range and accuracy of 2
vehicular ranging system, mounted inside a vehicle, can
ve improved by reducing the allenuation caused by the
repeated traversal of the air/glass interfaces by the light
bearns. The preseni invention is further basad on the
insight of the inventor that such a reduction in attenuation
can be obtained by modifying the angle of incidence at
the interior interface. it is an advantage of the present
invention that the angle of incidence at the interior inter-
face is reduced by the presence of a judiciously shaped
and positioned prism that modifies the angle of incidence
at the air/glass interface on the internal side. i should be
noted that the terms “internal side" and "external side”
are used herein to designate the inside and the outside
of the vehicle, and not of the prism.

{0009] The term “transparent prism” is used herein to
denote atransparant solid body having atleast two sides,
forming non-paraliel material/air interfaces.

{00101  The prism may be made of giass or a transpar-
ent polymer {e.g. polycarbonate or polymethylmethacr-
viale). Glassis preferred because it has arefraclive index
that is close o that of the windshield and excelient me-
chanical properties for the purposes of the present in-
vention.

[0011] In an embodiment of the system accaording o
the present invention, the second side is substantially
perpendicular to the first direction and the second direc-
tion.

[0012] It is an advantage of this embodiment that the
angle of incidence al the internal side is reduced o the
maximum extent.

[0013] in an embodiment of the system according o
the present invention, a refractive index of the prism is
in the range of 1.48 to 1.52.

{0014] Itis an advantage of this embodiment that the
refractive index of the prism is close fo that of a typical
windshield, thus approaching the desired situation whare
the windshield and the prism form an oplical continuum.,
[0015] Inan embodiment, the system according to the
present invention further comprises a taver of adhesive
arranged on the first side for atlaching the prism to the
windshield, the layer of adhesive having a refractive in-
dex in the range of 1.48 to 1.52.

{0016] It is an advantage of this embodiment that the
refractive index of the adhesive layer is close to that of
a typical windshield, thus approaching the desired situ-
ation where the windshield and the adhesive layer form
an optical continuum,

[0017] According to an aspect of the present invention,
there is provided a vehicle comprising a system as de-
scribed above, the vehicle having a windshield, the prism
being arranged with the first side in contact with an inner
surface of the windshield, and the light source and the
detector being arranged such that their optical paths pass
through the first side and the second side of the prism,
the optical paths having a smailer angle of incidence onto
the second side than onto the windshisid.

{0018] In an embodirment of the vehicle according to
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the present invention, the windshieid is provided with an
anti-reflective coating, having a smaller refractive index
than the windshieid.

[0019] According to an aspect of the present invention,
thare is provided a method for installing a delection sys-
teminavehicle having a windshield, the detection system
comprising: a light source for projecting a light pattern in
a first direction onte an object outside the vehicle; a de-
tector for detecting at least a pariial reflection of the light
pattern, arnving fromn the object in a second direction;
and processing means configured to determine a position
andfora distance of the objecton the basis of the detected
reflection; the method comprising: arranging a transpar-
ent prism with a first side in contact with an inner surface
of a windshield of the vehicle; and arranging the light
source and the detector such that their oplical paths pass
through the first side and the second side of the prism,
whereby the sscond side presenis a smaller angle of
incidence towards the first direction and the second di-
rection than the windshieid.

[0020] In an embodiment of the method according to
ihe present invention, the arranging of the transparent
prismm comprises providing alayer of adhesive on the first
side for attaching the prism to the windshield, the layer
of adhesive having a refractive indexin the range of 1.48
io 1.52.

[0021] The technical effects and advantages of em-
bodiments of the vehicle and the method according to
the present invention correspond, mutalis mutandis, to
those of the corresponding embodiments of the system
according to the present invention.

Brief Description of the Figures

[0022] These and other aspecls and advantages ofthe
present inventicn wilt now be described in more detail
with reference to the accompanying drawings, in which:

- Figure 1 schematically Hlustrales a system according
to an embodiment of the present invention;

- Figure 2 schematically clarifies a principie of opera-
tion of the present invention; and

- Figure 3 provides a fiow chart of a method according
to an embodiment of the present invention.

Detailed Description of Embodiments

{0023] Figure 1 schematically illustrates a system 100
according o an embodiment of the present invention.

[0024] The system 100 is mountable in the interior of
avehicle 200 having a windshield 250, anditis configured
for measuring a distance to an object outside the vehicle
200; in particular, the distance measurement is per-
formed through the windshield 250, The system 108 com-
prises a light source 110 for projecting a light pattern in
a first direction onlo the object, which may for example
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comprise a laser scurce arranged to project a pattern of
spots (e.q., 2 VCSEL array, or a laser/graling combina-
tion}. The sysiem 100 further comprises a detector 120
fordetecting atleast a partial reflection of the light pattern,
arriving from the object in a second direclion, which may
for exampie comprise a CMOS sensor array. The system
108 further comprises processing means 130 configured
to determine a position and/or a distance of the ohject
on the basis of the detecled reflection. The procassing
means 130 may be implemented in dedicaled hardware
{e.g., ASIC), configurable hardware (e.g., FPGA), pro-
grammabie components{e.q., 2 DSP or general purpose
processorwith appropriate software), or any combination
thereof. The same component(s) may also include other
functions.

[0025] The light source 110, the detactor 120, and the
orocessing means 130 may cooperate to obtain a dis-
fance measurement in a varety of ways that are known
fo the skilled person. Without limitation, the distance
measurement may be obtained by analyzing in the
processing means 130 the displacement of individual la-
ser spois in a pattern projected by the light source 110
and detected by the detector 120, as disclosed in delail
in international patent application publication no. WO
2015/004213 A1 in the name of the present applicant.
Still without limitation, the dislance measurement may
also be obtained by assessing in the processing means
130 the round-rip time-of-flight of a light {e.g., laser)
pulse projected by the light source 110 and detected by
the detector 128, as described for example in the unpub-
lished international patent  application ne.
PCT/EP2016/075589 in the namea of the present appli-
cant. It is clear from both cited applications, that it is ex-
tremely important to detect the largest possible propor-
tion of the reflected light at the detector 120, The arrange-
ments envisaged by the present invention have in com-
mon that the light is projected frominside the vehicle 200,
through the windshield 250, onto a target scenery outside
the vehicle 200, and the reflaclions are again measurad
inside the vehicle 200 after passing once again through
the windshield 250, These systems may be used in au-
fomotive applications such as park assist, active suspen-
sion systems, advanced driver assistance systems, and
seif-driving cars.

[0026] The system 10€ further comprises a transpar-
ent prism 140 which is shaped in such a way that it can
be placed with a first side in contact with an inner surface
of the windshield 250 and a second side directed {o the
fight scurce 110 and the detector 120. In other words,
the transparent prim 140 is placed between the
sourcefdetector combination 110/120 and the windshield
250, in the optical path of the projected and reflected light
veams. The shaps and the arrangement of the transpar-
ent prism 140 is such that its second side presents a
smaller angle of incidence towards the first direction and
the second direction than the windshield 250. As aresult,
the projected and reflected beams pass through the
prism/air interface at an angle that is closer to the per-
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pendicular than the angle that they would present at the
windshield/air interface in the absence of the prism. Ac-
cordingly, the beams undergo less refraction, and the
amount of attenuation is reduced.

[0827] Thus,inavehicle 200 equipped with the systermn
100 according to anembodiment of the presentinvention,
the prism 140 is arranged with the first side in contact
with an inner surface of the windshield 250, and the light
source 110 and the detector 120 are arranged such that
their oplical paths pass through the first side and the sec-
ond side of the prism 140, the optical paths having a
smalier angle of incidence onto the second side than onto
the windshield 250. The windshield 250 may be provided
with an anti-reflective coating 260, having a smaller re-
fractive index than the windshield. The refractive index
and the thickness of the anti-reflective coating 260 may
be selected by the skilled person to minimize the atten-
uation of a light beam having a given wavelength travers-
ing the interface under a given angle.

{0028] Preferabiy, the second side -1.e. the side facing
ihe source/delector combination 110/120 - is substan-
iially perpendicular to the first direction and the second
direction, so as to minimize the refraction effects.
{0028] The refractive index of the prism 140 is prefer-
ably in the range of 1.48 to 1.52. To optimize the system,
the refractive index of the prism 140 may be chosen as
close as possible to the refractive index of the windshieid
250, lo approach the situation where the combination of
the windshield 250 and the prism 140 form an optical
continuum.

[0B30] A layer of adhesive 150 may be arranged on
the first side for atfaching the prism 140 to the windshieid
250. The layer of adhesive 150 preferably has arefractive
indexinthe range of 1.481t0 1.52. To optimize the system,
ihe refractive index of the adhesive 150 may be chosen
as close as possible to the refractive index of the wind-
shield 250, to approach the siluation where the combi-
nation of the windshield 250 and the adhesive 150 form
an optical cortinuum.

[0031] Figure 2 schematically clarifies a principle of op-
eration of the present invention.

[0032] The iop half of Figure 2 illustrates the situalion
of a light beam traversing the glass/air interfaces on the
exterior side and the interor side of 2 windshiaid 250, As
the respective interfaces are paraile! pianes, and as the
air on both sides has the same refractive index, identical
angles of incidence can be cbserved on both sides. As
the light typically fravels to and from objects on the road
in front of the vehicle, the angle of incidence on the ex-
terior side will necessarily be very large - as a result, in
this arangement, the coresponding angle of incidence
on the interior side will be equally large, which is unde-
sirable.

[0033] Applying the Fresnel equations using standard
values for the refractive indices of air {n = 1} and glass
{n = 1.85), it may be calculated that the optical power of
a light beam that travels a round-trip through the wind-
shield (4 interface transitions} at angles of incidence of
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65° wili be reduced io 57%. At angles of incidence of 80°,
the optical power of such a light beam will even be re-
duced {o a meare 13%. Such a loss of optical power is
detrimental to the range and accuracy of ranging systems
as descnbed above.

[0034] The bettom haif of Figure 2 iflustrates the situ-
ation of a light beam traversing the glass/air interfaces
on the exterior side and the interior side of a windshield
250, in the presence of a prism 140, arranged in accord-
ance with the present invention. The windshield/prism
combination 250/140 is assumed to form an optical con-
tinuum. Hence, the respaclive interfaces traversed by
the light beams are no longer parallel pianes, such that
different angles of incidence can be observed on both
sides. By a judicicus choice of the shape and arrange-
ment of the prism 140, the light that travels to and from
objects on the road in front of the vehicle, is refracted in
such away that the angle of incidence on the interior side
is small, preferably close to the perpendicular.

{00351 Applying the Fresnel equations again using the
same values for the refractive indices of air (n = 1) and
glass (n = 1.55}, it may be calculated that the optical
power of a light beam thal travels a round-trip through
the windshield (4 interface transitions) at angles of inci-
dence of 657 {exterior) and 0° will be reduced to 69%. At
angles of incidence of 80° {exterior) and 0° (interior), the
optical power of such a light beam will be reduced to
33%. Hence, a much larger portion of the emitted light
remains available for detection by the ranging systems
thanks to the presence of the prism 140, allowing alonger
detection range and higher accuracy.

[0036] Figure 3 provides a flow chart of a mathod ac-
cording to an embodiment of the present invention. While
the steps of the method are illusirated as consecutive
steps, this is done for clarification purposes only, and the
Hlustrated orderis notlimiting. For consistency, reference
numbers relating to elements fustrated in Figure 1 will
also be included in the following description. Details and
options of the system disclosed hereinabove in the con-
text of Figure 1 apply to the following description as well,
and will not be repeated.

{0037} The purpose and effect ofthe illusirated method
is to install a detection systern 100 in a vehicle 200 having
a windshield 250. The detection systern 100 comprises
a light scurce 110 for projecting a light pattern in a first
direction onto an cbject outside the vehicle 200, a detec-
tor 120 for detecting al least a partial reflection of the Light
pattern, arriving from the object in a second direction;
and processing means 130 configurad lo delemmine a
position and/or a distance of the object on the basis of
fhe detected reflection. The method comprises arranging
310 a transparent prism 140 with a first side in contact
with an inner surface of a windshield 250 of the vehicle
200, and arranging 320 the light source 110 and the de-
tector 120 such that their oplical paths pass through the
first side and the second side of the prism 140. This is
done in such a way that the second side of the prism 140
presenis a smaller angle of incidence towards the first
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direction and the second direction than the windshieid
250.

[0838] Thearranging 310 of the transparent prism 140
may comprise providing a layer of adhesive 150 on the
first side for atiaching the prism to the windshield 250,
the layer of adhesive 150 having a refractive index in the
range of 1.48 {o 1.52.

[0039] While the invention has been described here-
inabove with reference to separate system and method
embpaodiments, this was done for clarifying purposes only.
The skilled person will appreciate that features described
in connection with the system or the method alone, can
also be applied to the method or the system, respectively,
with the same technical effects and advantages. Further-
more, the scope of the invention is not limited to these
embodiments, but is defined by the accompanying
claims.

Claims

1. Asystem (100}, mountable in the interior of a vehicie
(200} having a windshield (250}, the system (100}
being configured for measuring a distance to an ob-
ject outside said vehicle (200}, said system compris-
ing:

-alight source (110) for projecting a light pattern
in a first direction onto said object;

- a detector (120) for detecting al least a partliai
reflection of said light pattern, arriving from said
object in a second direction; and

- processing means (130} configured to deter-
mine a position and/or a distance of said ohject
on the basis of said detected refiection;

characterized in that said system (100} further
comprises a ransparent prism {140) which is shaped
in such a way that it can be placed with a first side
in contact with an inner surface of said windshield
(250} and a second side directed to said light source
(110} and said detector (120), whereby said second
side presents a smaller angle of incidence towards
said first direction and said second direction than
said windshield (250).

2. Thesystern (100} according te claim 1, whereby said
second side is substantially perpendicular to said
first direction and said second direction.

3. Tne system {100} according o claim 1 or claim 2,
wherein a refractive index of said prism (140) is in
the range of 1.48 to 1.52.

4. The systern (100} according to any of the preceding
claimns, further comprising a tayer of adhesive (150}
arranged on said first side for atlaching said prism
{140} to said windshield {250}, said layer of adhesive
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{150} having a refractive index in the range of 1.48
to 1.52.

A vehicle (200) comprising & system {100} according
to any of the preceding claims, said vehicle (200}
having a windshield {250}, said prism (140} being
arranged with said first side in coniact with an inner
surface of said windshield {250), and said light
sourca (110) and said deteclor (120} being arranged
such thal their optical paths pass through said first
side and said second side of said prism (140}, said
oplicat paths having a smaller angle of incidence on-
to said second side than onto said windshieid {250).

The vehicie {200) according to claim 5, wherein said
windshield (250) is provided with an anti-reflective
coating (260), having a smaller refractive index than
said windshield.

A method for installing a detection system {100) in
a vehicle (200} having a windshieid (250), said de-
tection system {100) comprising:

- a light source (110} for projecting alight pattern
in a first direction onto an cbiect outside said
vehicle {200);

- a detector (120} for defecting at least a partial
reflection of said light pattern, amving from said
object in a second direction; and

- processing means {130) configurad to deter-
mine a position and/or a distance of said object
on the basis of said detected reflection;

said method comprising:

- arranging (310} a transparent prism {140) with
a firsl side in contact with an inner surface of 2
windshield of said vehicle; and

- arranging {320} said light source {110} and said
detecior (120) such that their optical paths pass
through said first side and said second side of
said prism (140},

whereby said second side presents a smaller angle
of incidence towards said first direction and said sec-
ond direction than said windshield {250},

The method according to claim 7, wherein said ar-
ranging (310} of said ransparent prism (140} com-
prises providing a layer of adhesive {150) on said
first side for attaching said prism to said windshisld
(250}, said layer of adhesive (150) having arefractive
index in the range of 1.48 o 1.52.
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{57)  Theinvention perlains to a system (100} for de-
fecting a characteristic of an object, comprising: 2 source
{101} fo generate a pulsed radiation pattem; a detecior
{102); a processor {103} o process data from the detector
{102) when radiation from the radiation source is reflect-
ed by an object; a synchronization means (104) interfac-
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ihe pulses, the processor (103) delermines a characier-
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Description
Field of the invention

[0801] The invention relates to the field of characteris-
ing a scene or part thereof, More specifically it relates to
systems and methods for detecling the characlerisiic,
a.g. a profile or property, of an object or person, in par-
ficular in the vicinity of a vehicle.

Background of the invention

{08021 There are a large number of applications where
knowledge of the 30 profile of an object is relevant. Dif-
ferent techmiques exist for scanning the profile of an ob-
ject. Basically they can be subdivided into radar based
systems, ulirascund basead systerns and optical sensing
systems.

[0003] Radar based systems have the advantage that
they can sense a long range but have the disadvantage
ihal they have a poor angular and depth resclution with
regard to certain applications {e.g. for tracking the profile
in a road}.

{0004] Ultrasound based systems can be useful for
short range sensing but their narrow bandwidth limils the
depth sensitivity and the sampling resolution and the
strong absorption in air limits the range to a few meter.

[o0805] Optical sensing based methods can be subdi-
vided in different types measuring the distance through
fime of fiight measurements or by triangulation.

[0088] Intimeofflight methods the objectis ituminated
by a light scurce. From the delay belween the emission
and the detection the distance travelled by the light can
be determined. The time of flight methods can make use
of pulsed illumination.

[00607] In irianguiation based systems, the unknown
position of an object is calculated using trigonomelry. An
exampie of such a system is the Kinect system of Micro-
soft described in USB320621. In this system sltructured
infra-red light {e.g. circles} is projected and viewed with
a 3D camera, This system, which is primarily intended
for indoor gaming and enteriainment applications, is not
suitable for outdoor use, due to the intensity of the sun-
light.

[0008] In stereovision the distance to an object is de-
termined from the local shift belween corresponding
parts in the images obtained by two cameras under dif-
ferent viewing angles or by one sterec camera with two
lenses. Stereovision based syslems can make use of
existing set-ups and algorithms from robot vision, can
operate using ambient illumination, and do not require
projection. On the other hand stersovision based sys-
iems have the disadvaniage that calibrated cameras with
sufficient distance are required. Furthermore, sufficient
structure in the images is required to enable cross cor-
relation for paraliax, it is difficult to detect fiat surfaces
and water, a sufficient number of pixels is requirad, the
depth sensitivity is limited, and typical cameras have in-
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sufficient dynamic range o cope with various light con-
ditions. The biggest hurdle seems to be that stereovision
vased syslems cannol work if there s insufficient struc-
ture in the object being scanned.

[0009] US 2005/195383 A1 discloses a method for ob-
taining information about objects in an environment
around a vehicle in which infrared light is emitted into a
portion of the environment and received and the distance
batween the vehicle and objects from which the infrared
light is reflecled is measured. An identification of each
object from which light is reflected is determined and a
three-dimensional representation of the portion of the en-
vironment is created based on the measured distance
and the delerminad identification of the object. lcons rep-
resentative of the objects and their position relative to
the vehicle are displayed on a display visible to the driver
based on the three-dimensional representation. Addi-
fionally or alternatively to the display of icons, a vehicular
systern can be controlled or adjusted based on the rela-
tive position and optionally velocity of the vehicle and
objects in the environment around the vehicle to avoid
coliisions.

{0010] US2007/177011 A1 refates to a movement con-
irof system which can be used to control moving platforms
such as vehicles or robotic arms. It especially applies o
a driving aid for vehicles and o a parking aid capable of
self-parking a vehicle. A three-dimensicnal camera is lo-
cated on the platform, say a car and arranged to view
the environment around the platform. A processor uses
the three-dimensional information {o create a model of
the environment which is used to generate a movement
conirol signal. Preferably the piatform moves relative to
the environment and acquires a piurality of images of the
environment from different positions.

{00111  US 2012/038903 A1 provides methods and sys-
tems for adaptively contrelling the illumination of a scene.
In particular, a scene is illuminated, and light reflected
from the scene is delected. Information regarding levels
of light intensity received by differant pixels of a muliiple
pixet detector, corresponding to different areas within a
scene, and/or informalion regarding a range to an area
within a scene, is received. That information is then ussed
as afeedback signal to control levels of ilumination within
the scene. More particularly, different areas of the scene
can be provided with different levels of illumination in
response to the feedback signal,

{00121 The systems rmentioned above are not capabie
of operating sufficiently accurately al a high vehicle
speed for a long delection range.

{0013] Therefore there is still room for improvement of
surround sensing scan systems that can be used in cul-
door situations scanning the profile of objects over alarge
range with a high resolution and with & high speed.
[0014] An improved system is described in European
patent application no. 13175826.0 and international pat-
ent application no. PCT/EP2014/084769 (unpublished at
the date of filing of the present appilication) in the name
of the present applicant. The present application disclos-
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es further improvements relating to the capturing and de-
tection of images, which can be used in systems such
as the one of the aforementioned patent appiications.

Summary of the invention

[o015] i is an object of embodiments of the present
invention to provide good systems and methods for de-
termining the profile of an object.

{0016] It is an advaniage of embodiments of the
present invention that it is robust against the variation in
light conditions that can ocour in an outdoor environment,
such as daylight andfor rain. Moreover, itis an advantage
of embodiments of the current invention that it is robust
against the light of other vehicles.

[0017] It is an advantage of embodimenis of the
present invention that scanning is possible over a range
from 1 to 15 m, in some embodiments even over a range
from 1 1o 30 m, and in some embodiments up fo 200 m.
By providing ranges up to 200 m, embodiments of the
present invenlion are parficularly suited for use in auton-
omous vehicles. The maximal range can be improved by
using batter cameras and lasers. Use can be made of
the benefits of using semiconductor technology for man-
ufacturing such components. The profiling pracision is
depending on the range (o be scanned. In embodiments
according o the present invention, a precision of 1/1000
of the range can be obtained.

{0018] Precision here means precision in distance be-
tween the car and the road. The verlical precision "local
height of the road” can even be 10 times beiter.

[0819] It is an advantage of the embodiments of the
present nvention that a viewing angle of 1 radian hori-
zontally and 1 radian vertically can be obtained. Depend-
ing on the application, one can choose for different hor-
izontal and vertical angles. Furthermore, if larger viewing
angles are required, more systems can be combinad.
[0020] It is an advantage of emboediments of the
present invenlion that they are robust against vibrations.
It is an advantage of embodiments of the present inven-
tion that components used in systems according to em-
bodiments of the present invention typically have a long
lifetime.

[0021] It is an advantage of embodimenis of the
present invention that the average radiation power is be-
fow 1 mW per spot. Incase a radiation pattern of 100x100
spots is used this results in an overall average radiation
of 10 W, The power threshold is in agraement with com-
monly applied safety regulations. Furthermors, if is an
advantage of embodiments of the present invention that
the power consurnption of systems according to embod-
iments of the present invention is low. This is of particular
importance in a vehicular environment, where the vehi-
cle’s power system must not be overly burdened by the
sensing system.

[0022] It is an advantage of embodiments of the
yresent invention that they can be easily installed and
that the alignment is easy and may even be automated.
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The initial alignment can e.g. be done by scanning a flat
plane and recording the positions of the projected spots
as initial reference. A possible change in refalive position
between projector and detector can easily be detected
by observing the projected patiern as a whole.

[0023] It is an advantage of embodiments of the
presant invention that a low-weight and compaci system
can be provided. It 1s an advantage of embodiments of
the present invention that a low cost system can be ob-
fained, as e.9. il can be based on componants that can
be made using standard processing techniques. it is an
advanltage of al least some embodiments of the presant
invention that no mechanical scanning of the object under
study is required resulting in a mechanically less complex
system. It thereby is an advantage that the basic com-
ponents can be available compoenents such as for exam-
ple CMOS and CCD cameras and laser arrays. These
components are readily available or can be customized
based on the invention requirements.

{00241 When muitiple cameras are used in a system,
use can be made of one or more radiation splitter such
as a semi-transparent mirror, 2 beam splitter, a beam
spiitting cube, ete. for aligning the different cameras.
{0025] For the basic components such as CMOS and
CCD cameras and laser arrays we profit for the steady
ncrease in performance and decrease in cost.

{0026] Itis an advantage of embodiments of the current
invention that the performance is scalable.

{00271 It is an advantage of embodimenis of the
present invantion that the system’s design and compo-
nent selection can make it reliably functioning independ-
ant of the weather condilions, e.g. whether the system
is functioning at night, in rain, in fog, independent of the
road quality, independent of the used surface material,
ete. Systems according fo embodiments of the present
invention are very robust providing reliable cperation in
many different environmental conditions. Operation may
be subsiantially independent of the road surface, the ma-
terial type, the weather, day or night, etc.

{0028] It is an advantage of embodiments of ihe
present invaniion that the sensed and/or processad data
is used for saving energy and/or oplimizing use of energy
inthe characterization system, e.¢. the active suspension
sysiem.

[0029] Without changing the basic principles of the
method the performance is increased by justusing newer
versions of camera and lasers. For instance, regarding
only the resolution as a performance indicator, in 3 years
CMOS cameras increase from 1 megapixel to 4 meg-
apixel and the same cost.

{00307 There are different tradeoffs that can be tuned
depending on the application requirements (e.q. tradeoff
vetween power and fietd of view), resulting in oplimum
characteristics for particular applications.

[0031] In at least some embodiments according to the
present invention, the ebject for which a characterisiic,
&.q. a profile or property, is o be determined is the road
in front of a vehicle. In some embodiments according o
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the present invention, information of the read in front of
the vehicle is used for controliing the suspension system
of the vehicle. It is an advantage of ermbodiments of the
present invention, specifically when applied in automo-
tive applications, that they are still working up o speeds
of 50 m/s.

[0032] ltisanadvaniage of embodiments ofthe current
invention thatbesides information of the monitored object
such as a profile, also several other parameters can be
derived. For exampie, when applied in an automotive en-
vironment, also the 30 orientation of a car, the speed of
ihe car, the presence of approaching cars or other ob-
jects, the presence of water on the road surface, etc. can
be obtained.

[0033] Theabove objectiveis accomplished by a meth-
od and davice according to the present invention.
[0034] According to an aspect of the present invention,
there s provided a vehicle-mountable system for detect-
ing a characteristic of an object, the system comprising:
aradiation source adapted to generate a simuitaneously
pulsad radiation patlern composed of radiation spols, at
least one detector having a piurality of pixels; a processor
adapled to process data from the al least one delecior
when radiation from the radiation scurce is reflecied by
an cbject and detected by the at least cne detector; a
synchronization means interfacing between the at least
one detactor and the radiation source; wherein the syn-
chronization means is adapted for synchronizing the at
least one detector with the radiation source so that de-
tection by the detector of radiation to be processed is
detected only durnng the radiation pulses, the processor
is adapted for determining a characteristic of the object
by determining a dispiacement of detected spots detect-
ed with the at least one detector with reference fo pre-
delermined reference spol positions; and the radiation
source emits monochromatic light and the at least one
detector is equipped with a corresponding narrow band-
pass filler arrangad on a dome, the system further com-
prising fish-eye optics arranged belween the namow
bandpass filier and the atleast one detector to guide light
that has passed through the narrow bandpass filter io-
wards a light-sensitive area of said at least one detector.
[0035] Known vehicle-mounted object detection sys-
iams have to be able to delec! the reflections of the pro-
jected pattem, i.e. the projected spots, over a potentially
intense "background radiation” consisting of sunlight in
the order of 500 W/m?. An appreoach to overcome this
problem, is o filter the light to be delected o a namow
band around the wavelength of the projected spols, thus
reducing the amount of sunlight to be dealt with to the
light present in the relevant band. However, known opli-
cal systems do not deliver the incoming radiation at a
sufficient perpendicular angle onio the narrowband filter
o obtain satisfactory results. The inventors have found
that extremely accurate filtering can be obtainad by com-
bining a specific optical arrangament with a narrowband
filter arranged on a dome, operating on the light before
it reaches the sensor, The phrase "arranged on a dome”
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is used to indicate that the surface of the filier follows the
surface ofthe (transparent} dome, i.e., ithas substantially
the same curvalure, The filler may be amanged on the
inside or the outside of the dome, it is an advantage of
the invention thal accurate detection of radiation spols
becomes possible at ionger ranges and/or with reduced
output power.,

[0036] As used herein, monochromatic light is under-
stood to include laser light as produced by cormmon sem-
iconduclor faser devices. The monochromatic light may
have a wavelength spread of lessthan + 5 nm, preferably
less than * 3 nim, most preferably less than +1 nm. Ac-
cordingly, the narrow bandpass filter preferably has a
passband bandwidth in the range of 1-3 nm The radiation
source may be adapted to generate laserlightin the spec-
trurn of 700-1500 nm, preferably 800-1000 nm. in a spe-
cific embodiment, the optics further comprise a minilens
array arranged belween the narrow bandpass filter and
the at least one detector, such that individual minilenses
of the minilens array focus incident light on respective
fight-sensitive areas of individual pixels of the at least
one detector. H is an advaniage of this one-minilens-per-
pixet arrangement that the loss due lo the fill factor of the
underlying sensor can be reduced, by oplically guiding
altincident light to the light-sensitive portion of the pixels.
[0037] According to an embodiment of the present in-
vention, the at least one detector comprises a CMOS
sensor or 8 CCD sensor having a dynamic range of at
least 80 dB, preferably more than 120 dB.

{0038] Known vehicle-mounted object detection sys-
tems are not always accurate, especiaily at longer rang-
23, The inventors have discoverad thal this is in pari due
to the hughly variable lighting conditions in which such
systems may be used. Indeed, it turns cut that the back-
ground light intensity may vary over many orders of mag-
nitude between differant pixels of the same sensor at the
same time, for instance because of the occourrence of
bright sunlight and deep shadows in the same scenery,
or a because a generally dark scenery (at night) is only
partially lit by the vehicle's headlighis. In such cases, it
is common o atlernpt to avoid pixel saturation in the
brighter areas by reducing the overall intensity of the light
arriving at the detector. However, that approach may lead
to blind spots in areas where the projected spols are ai-
ready particularly weak (long range). It is therefore an
advaniage of the present invention, that improved oper-
ation of the vehicle-mounted cbject detection systermn is
obtained at long ranges in situations with highly variable
fighting. The invenlors have found thal this advantage
can be obtained with a sensor having a dynamic range
of atleast 90 dB, a range thal may be spanned by a digital
representation of 16 bits {this dynamic range covers the
intensily ratio between a spot at adistance of 1 mand a
similar spot at a distance of 150 m, leaving margin for
snvironmental variations and obhject variations such as
varying surface reflectivity). The advantage is even more
gronounced wilh a sensor having 8 dynamic range of at
ieast 120 dB.
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[0038] According to an embodiment of the present in-
verition, the at least one detector comprises a CMOS
sensor or a CCO sensor configured to subtract back-
ground illumination from the radiation from the radiation
source by comparing a signat sensed during an on-phase
of said puised radiation pattern with a signal sensed dur-
ing an ofi-phase of said pulsed radiation paitem.
[0040] Known vehicle-mounted object detection sys-
tems have to be able to detect the reflections of the pro-
jecled paltem, i.e. the projected spots, over a polentially
intense "background radiation” consisting of sunlight in
the order of 500 W/m2. An approach to overcome this
prablem, is to emit the radiation pattern at a very high
intensity, i.e. an intensily which axceeds the intensity of
the sun light in the relevant speciral band. This becomes
a challenge, especially at long ranges. The invenlors
have found that the power requirament of the projecton
sysiem can be reduced by performing adifferential meas-
urement at the sensor. As the projected pattem is emitied
in a pulsed manner, and the timing of each pulse is
known, it is possible to compare the detected level of
incident light during the on-phase of the puise with the
detected level of incident light during the off-phasa of the
pulse, whereby the magnitude of the differences is indic-
ative of the presence of 3 projected spotl. The inventors
have found that it is possibie to perform this sublracton
at the level of individual pixels. It is an advantage of this
embodiment that accurate detection of radiation spots
becomes possible at ionger ranges and/or with reduced
ouipul power.

[0041} In aspecific embodiment, the comparing is per-
formed at individual pixels of said at least one detector.
it is advaniage of this specific embodiment, that the sub-
traction can be performed on the basis of signals that
have a very low noise content. In such an embodiment,
the pixels adapted to perform the comparing may be pix-
els with an increased dynamic range (i.e., al least 80 d8,
or preferably at least 120 dB) as described above.
[0042] The predetermined reference spot positions
may for example be determined in a caiibration phase.
The pulsed nature of the pattern implies that the radiated
spots are intermittently switched on and off. The duration
of the "on" phase may be much shorter than the pulsation
frequency. For example, the patiern may be swiiched on
every 16.6 ms (60 Hz frequency), but the duration of il-
lumination within each period may be an order of mag-
nitude shorter. The radiation scurce may be composed
of a plurality of devices. The determining of the displace-
ment may be performed with sub-pixel accuracy by mul-
fipixel fitting the detected spots.

[0043] The radiation source may be adapled to project
light at an intensity of 10 W/m?, optionaily at least 100
Wiz, optionally even at least 500 W/mZ2, and is operated
at a pulse width and a pulse frequency which are deter-
mined so as o keap the average emilted power per spot
below 1 mW. The relevant light intensity is the intensity
at the intersection of the object and the emitted light. |t
is an advantage of this embodiment that the brighiness
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of the projected spots exceeds the expected brighiness
of sunlight. The stated intensity criterion is preferably met
up o a range of 30 m when projecting obligusely down-
wards {for road inspection) and preferably up to 200 m
when project forward (for obsiacle detection).

{00441 The radiation source may comprise a VCSEL
arraywith alow beamdivergence, the VCSEL array being
configured to simuliansously fransmit individual spots of
the radiation pattern.

[0045] In pariicular, the system may further comprise
micro array optics configured to focus and/or orient each
taser spol of the VCSEL array. Allernatively, the systemn
may further include a macroscopic optical system o
project the light emitted by the VCSEL array into the de-
sired spot pattern.

[0046] The atleast one radiation source may comgrise
at least one laser radiation source for generating laser
spots constiluting the pulsed radiation pattemn,

{0047] The processor may be adapted for processing
the detected data based on triangulation. The at least
one radiation source may comprise a phase grating for
simultaneocusly generating the combination of radiation
spots. Itis an advantage of embodiments of the present
invention that efficient phase gratings can be obtained,
the gratings comprising a system of grooves with a spe-
cific degpih in a specific transparent material. in an ad-
vantageous embodiment, a set of horizontal and vertical
groovas can be applied. The design furthermore is flex-
ible so that it can be oplimized with respect to the target
specifications. The phase grating may be a discrete
phase grating such as bui notlimited ic a dammann grat-
ing.

{00481 The ai least one radiation source may be con-
structed to generate the radiation patiern as a combina-
tion of radiation spots and whereby groups of the radia-
tion spols are generated sequentially in time, each group
somprising simultaneously pulsed spots.

{00491 The atleast one radiation source may comprise
a MEMS-scanner. The detaclor may cormnprise a MEMS-
scanner and the system may comprise a syncnronization
device for synchronizing the MEMS-scanner of the radi-
ation source with a MEMS-scanner of the detector.
[0050] The system may comprise a shutter whersby
the shuiter, when closed, blocks radiation from arriving
at the detector and whereby the synchronization means
is adapted for synchronising the pulses of the at least
one radiation source with the opening and closing of the
shistter.

{0051] The oblained dala can be used as an input for
a more refined model based fitting of a characteristic,
&.g. a profile or progerty, of the road or object, such as
spiine fitting and even to more sophisticated modeis for
the motion of the objech.

[0052] The at least one radiation source may be con-
ceived for generaling moncchromatic radiation in the
near infrared spectrum.

{0053] The atleast one radiation source may comgrise
a semiconductor laser.
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[0054] The atleastone radialion source may comprise
a single VCSEL scurce or a VCSEL array. The at least
one delecior may be a plurality of deteclors, e.g. two
detectors or more detectors. In addition to the triangula-
tion principle based on a single delecior, embodiments
of the present invention also may make use of a parallax
between different detectors. Furthermore embodiments
ofthe presentinvention optionally aiso may be combined
with stereovision.

{0055] Theatleastone radiation source and the shutter
may be adapied for puising with puise widths in the mi-
crosecond range.

[00858] The system may comprise an interface for cut-
putting obtained information.

[0057] The system may further comprise means for
maodifying an intensity of respective ones of said radiation
spots in function of their distance from said system sc as
o equalize their percaived intensity, the means operating
in conjunction with said radiation source or with said at
least one detector, It is an advantage of such embodi-
ments thal clipping (detector saluration) of the datected
spois can be aveoided (for the spots that would otherwise
have the highestintensity), such that the accurate spatial
detection of the spot is not impaired (in particutar, the
image size analysis using multipixel fitting). In particular,
ihe maans for modifying the intensily may comprise an
aperiure placed in the oplical path of said at least one
detector, the aperiure having an asymimelric shape rel-
ative to any horizental ptane. Hence, the aperture is a
non-symmetrical lens pupil that modulates the intensily
of the received light in function of its angle of incidence,
such that reflections from a nearby road area are more
strongly attenuated relative to reflections from far away
areas. Additionally or alternatively, the projector may
project blocks of spots or individual spols with mutually
different intensities, or different duration, so as toreduce
the intensity or duration of nearby spols relative 1o far-
away spots. Additionally or altematively, the processor
may perform soflware-based post-processing lo remove
ihe effects of clipping {saturation) from the detected spot
profiles.

[0058] The system may further be adapted to performm
the detecting in a range between 1 m and 30 m. This is
the range that is preferably covered for the purpose of
inspecting the road profile.

[0858] The system may further be adapted to perform
the detecting in a range between 0 m and 200 m. Thisis
the range that is preferably covered {or the purpose of
detecting obstacles and/or whan the system is appled
in autonomous vehicles.

[0BB0] The present invention also relates to a vehicie
with controllabie suspension, the vehicle comprising a
system as described above, a suspension system, and
a control system, whereby the contro! system is adapted
for receiving profile information of the system for deter-
mining & characteristic of an object and is adapted for
using the characteristic, e.g. a profile or property, of the
object for controliing the suspension system.
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[0061] The presentinvention also relates to a camnera,
the camera comprising a system as described above
whereby the sysiem is adapted to add 30 information to
the camera image making it possible to create a 3D im-
age.

[0062] According to an aspect of the present invention,
there is provided a method for detecting a charactenistic
of an object, the method comprising the following steps:
arnitting a pulsed radiation patiern composed of radiation
spois on the object using a radiation source, detecting
the refiected patiern using at least one detector having
a plurality of pixels, whereby the deteclion is synchro-
nized with the pulsed radiation pattern for detecting ra-
diation 1o be processad only during the radiation pulses,
and processing the data from the detector for determining
a charactenstic of an obiect by determining a displace-
ment of detected spots detected with the at least one
detector with reference to pradaterminad reference spot
positions, wherein said entting uses monochromatic
light and said at least one detector is equipped with a
corresponding narrow bandpass filler aranged on a
dome, wherein fish-aye opilics arranged between said
narrow bandpass filter and said al least cne datector
guide light that has passed through said narrow band-
pass filter towards a light-sensitive area of said at least
one delecior.

{00683] Further oplional features of embediments of the
system according to the presentinvention may be applied
mutalis mutandis to embodiments of the method accord-
ing to the present invention to obtain the correspending
effecis and advantages.

[0064] The presentinvention also relales (o the use of
a system as described above for detecting a characier-
istic of an object in a vicinity of a vehicle, the use taking
place in an outdoor environment. In particular, the use
may be for measuring a characteristic, e.g. a profile or
property, of the road in front of a car, or for controliing
autonomous vehicles.

{00658] Thepresentinvention alsorelatestoa computer
program product comprising code means adapled o
cause a processor o perform the determining of said
characteristic of the method described above.

[0066] Particular and preferred aspects of the inven-
tion are set out in the accompanying independant and
dependent claims. Features from the dependent claims
may be combined with features of the independent claims
and with features of other dependent claims as appro-
priate and nol merely as explicitly set out in the claims.,
{00B67] These and other aspects of the invention will be
apparent from and elucidated with reference to the em-
bodirnent(s) described hereinafter.

Brief description of the drawings
{0068]

FIG. 1 gives a schematic overview of different com-
ponenis and their interactions in an exemplary sys-



11 EP 3 045 935 A1 12

termn according o embodiments of the present inven-
tion.

FiG. 2 lllusirates a schematic representation of an
exemplary method for obtaining a characleristic, ac-
cording to an embodiment of the present invention.
FIG. 3 illustrates a schematic representation of a tri-
anguiation principle as can be used in an embodi-
rment of the present invention.

FIG. 4 provides diagrams of exemplary pixel cutput
in function of incident light powsr as oblained by log-
arithimic tone mapping (top)} and multidinear tone
rmapping (botiom).

FIG. 5 provides a diagram of exemplary pixel outputs
in function of incident light power as oblained by a
high dynamic range muttiple output pixel.

FIG. 6 schematically ilustrates the structure of a
high-dynamic range pixel for use in embodiments of
the prasent invention.

FIG. 7 schematically ilustrates further aspeclts of the
operation of a high-dynamic range pixe! for use in
embodiments of the present invention.

FIG. 8 schematically iliustraies an embodiment of a
sensor for use in embodiments of the present inven-
tion, the sensor including a pixel area having pixels
that provide a differential output (target light- back-
ground light) in hardware.

FIG. 9 schematically illustrates the structure of a pix-
el that provides a differential oulput (larget hight-
background light}.

FIG. 10 schematicaliy iliuslrates a first exemplary
optical arrangement.

FIG. 11 schematically ilustrates a second exemplary
optical arrangement.

FIG. 12 schemalically illusirates a third exemplary.
FIG. 13 schematically itusirates a fourth exernplary
optical arrangement for use in embodiments of the
present invention.

[0068] The drawings are only schemalic and are norn-
limiting. In the drawings, the size of some of the elemenis
may be exaggerated and not drawr on scale for illustra-
tive purposes. Any reference signs in the claims shali not
be construed as limiting the scope.

Detailed description of illustrative embodiments

[0070] The present invention will be described with re-
spect to particular embodiments and with reference to
cerlain drawings but the invention is nol limited thereto
but only by the claims. The drawings described are only
schematic and are non-limiting. In the drawings, the size
of some of the elements may be exaggerated and not
drawn on scale for flustrative purposes, The dimensions
and the relative dimensions do not correspond to actual
reductions to practice of the invention,

[0071] Furthermore, the terms first, second and the like
in the description and in the claims, are usad for distin-
quishing between similar elements and not necessarily
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for describing a sequence, either temporally, spatially, in
ranking or in any other manner. it is to be understood
that the terms so used are interchangeable under appro-
priate circumstances and that the embodiments of the
invention described herein are capable of operation in
other sequences than described or illusirated herein.
[0072] Moreover, the terms top, under and the like in
the description and the claims are used for descriptive
purposes and not necessarily for describing relative po-
siions. His to be undersiood that the terms so used are
interchangeable under appropriate circumstances and
that the embodiments of the invention described herain
are capable of operation in other orientations than de-
scribed or illusirated harein.

{0073] it is to be noticed that the term "compnsing”,
used in the claims, should not be interpreted as being
restricted o the means listed thereatter; it does not ex-
clude other elements or steps. It is thus to be interpreted
as specifying the presence of the stated fealures, inte-
gers, steps or components as referred to, but does not
preciude the presence or addition of one or more other
features, integers, steps or components, orgroups there-
of. Thus, the scope of the expression "a device compris-
ing means A and B" should not be limited to devices con-
sisting only of components A and B. It means that with
respect to the present invention, the only relevant com-
ponents of the device are A and B.

[0074] Reference throughout this specification to "one
embodiment” or "an embodiment” means that aparticular
feature, structure or charactenstic described in connec-
tion with the embodiment is included in atleast one em-
bodiment of the present invention. Thus, appearances
of the phrases "in one embodiment” or "in an embaodi-
ment” in vanous places throughout this specification are
not necessarily all referring to the same embodiment, but
may. Furthermore, the particular features, structures or
characteristics may be combined in any suitable manner,
as would be apparent to one of ordinary skill in the art
from this disclosure, in one or more embodiments,
{0075] Similariy it should be appreciated that in the de-
seription of exempiary embodiments of the invention, var-
ious feaiures of the invention are sometimes grouped
together in a single embodiment, figure, or description
thereof for the purpose of sireamiining the disclosure and
aiding in the understanding of cne or more of the varicus
inventive aspects. This method of disclosure, however,
is not to be interpreted as reflecting an intention that the
claimed inveniion requires more fealures than are ex-
pressly reciled in each daim. Rather, as the foilowing
claims refiect, inventive aspects lie in less than all fea-
fures of a single foregoing disciosed embodiment. Thus,
the claims following the detailed description are hersby
exprassly incorporated into this delailed description, with
each claim standing on ils own as a separate embodi-
ment of this invention. Furthermore, while some embod-
iments described herein include some but not other fea-
tures included in other embodiments, combinations of
features of different embodiments are meant to be within
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the scope of the invention, and form different embodi-
ments, as would be understood by those in the art. For
exampie, in the following claims, any of the claimed em-
bodiments can be used in any combination.

[0076] In the description provided herein, numerous
specific details are set forth. However, it is understood
ihal embodiments of the invention may be practiced with-
out these specific detaiis. In other instances, well-known
methods, siruciures and technigues have not been
shown in detail in order not to obscure an understanding
of this description.

[0077]  Whers in embodiments of the current invention
reference is made to an object, reference is made to any
objects that are stationary or moving relative to the ve-
hicle, which may include the road; road signage: humans
using the road as pedestrians, cyclists, ele.; animals; oth-
er vehicles; substances on the surface of the road, such
as water, sand, mud, leaves, snow, ice, dirl, debris and
the like; In agneultural applications, crops, cut grass or
hay (baled or loose) on the ground.

[0078] Whers in ambodiments of the current invention
reference is made to a vehicle, reference is made tocars,
trucks, trains, fork lifs, etc., regardless of whether they
are propelied by an internal combustion engine, an elec-
trical motor, or the like, and regardiess of the interface
with the ground.

[0079] Where in embodiments of the current invention
reference is made o the near infrared region reference
is made to radiation with wavelength between 700 and
1500 nin, in particutar between 800 and 1000 nm.
[o080] Where in embodiments according io the
presant invention reference is made o a radiation pat-
tern, the radiation pattern is physically or logically com-
poesed of radiation spets characterized by their spot size
and intensily. According to the invention, the radiation
pattern comprises simullaneously radiated spols or
groups of spots, which are twmed on and off in a pulsed
manner.

[0081] Where in embodiments according lo the
present invention reference is made o tnangulation, rei-
erence is made o the use of observation of an object
under an angie and determining the disiance to the spot
based on a shift between a reference position and an
observed posibon of a corresponding spot in the image
viewed by the camera. Where in embodiments of the
presant invention reference is made to a MEMS scannar
reference is made to a MEMS scanning micro-mirror
whereby the mirror can oscillate in at least one dimen-
Si0r.

[0082] The present invention relates to a system for
detecting a characterislic, e.q. a profile or property, of an
object, A schematic overview of different components
which are comprised in the system according to embod-
iments of the present invention are iliustrated in FIG. 1.
FIG. 1 shows a radiation source 181 for generating a
pulsed radiation pattern. The radiation pattem advanta-
geously is spot pattem. The system may be mounted at
any suilable position. if e.q. the system is mounted o a
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vehicle, this can be at the top thereof, the side thereof or
may be integrated in existing cavities and openings, such
as for example in cavilies for the head lohis or back lights
or in the head or back lights themseives, at or near the
number plate, atc.

[0083] The radiation pattern is reflected by the abject
under study and caplured by a detector 102 aiso shown
in FIG. 1. The radiation source 101 and the detector 102
are synchronized by a synchronization means 104, iIn
smbodiments according o the present invenlion also 2
shutter 105 might be present whereby the shutter 105 is
also synchironized by the synchronization means 104
such that it blocks radiation from the detector 102 as long
as no radiation pattern is being transmitted. Alternatively,
the detector may be oversampled and only the samples
corrasponding with time slots wherein pulses are given
are considerad. Systems according to embodiments of
the present invention may comprise one or more radia-
fion sources. The processor 103 in FIG. 1 processes the
data coming from the detector 102 thereby revealing pro-
file information of the object under study. The processing
advantageously can be based on triangulation. The proe-
a2ssor may be adapted for determining a characleristic of
an object by determining a displacement of detected
spots, the spols being detected with the at least one de-
tector with reference fo predetermined reference spot po-
sitions. The iriangulation principle used in embodiments
of the present invention is illustrated by way of example
in FIG. 3. The triangulation method used can be based
on a single detector, although the invention should not
pe considered limiled to systems comprising oniy a single
detector. In addition o spot shift caloulations (trianguia-
fion), the sysiem may also analyze the iniensity, size,
and shape of the reflected spots, to detect further char-
acleristics of the surface from which the spots are reflect-
ed.

[0084] By way of illustration, embodimenis of the
present invention not being imited thereto, the different
elemants of an exemplary system according fo an em-
vodiment of the present invention will further be dis-
cussad.

{0085] In embodiments of the current invention the at
least one radiation source 101 is designed to generate
radiation, e.g. monochromatic radiation or radiation from
a particularwavelength range, in the near infrared region.
The near infrared region has the advantage that it is in-
visibie to humans and that CMOS or CCD sensors are
still sufficiently sensitive for radiation with a wavelength
in this region. In this way, the user is nol disturbed by the
radiation. The at least one radiation scurce 101 typically
is adapted for extending ovar the complete object lo be
maornitorad. Optical elements therefore may be provided
or may be part of the al leasi one radiation source. In
embediments according to the present invention this ob-
iect is a viewing scene in front of & car,

[0086] The object fo be monitored is irradiated using 2
radiation pattem. In some embodiments according to the
present invention this patltern is a regular or irregular ar-
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ray of spots, e.g. sharp spois. The size of the spots may
be of the order of 1/1000 of the range. Thus 1 cm at a
distance of 10 meter,

[0087] According to embodiments of the presentinven-
tion, the radiation patiern may be anm x n patiern, whera-
inmis atleast 1 and n is atleast 1. The spots may be of
any geometrical form such as for example anoval, aline,
a circle, a disc. The radiation patiern may be reguiar, L.e.
a full matrix, or may be irreguiar. The radiaticn pattern
rmay be repetiive, random, etc. The arrangement of the
spots in the radiation pattern may be selected as function
of the appticalion.

[0088] The irradiation is performed during short peri-
ods of time, i.2. in a pulsed manner. This has the advan-
tage that a lot of irradiation power can be generated - in
pulsed irradiation the momentaneous intensity can be
significantly higher than in continuous wave - but that
maanwhile the average radialion power can be kept low.
in the particular exampie wherein a spot-like pattern is
used for irradiating, the intensity is local on particular po-
sitions on the object, which also reduces the total amount
of power required by the radiation source 101 fo surpass
fhe intensily of the dayiight. Advaniageously, the spot
size may be selecied in relationship to the pixel size of
the detector 102,

{0088] Inembodimentsaccording to the presentinven-
fion irradiation patiem may be induced using laser
beams. li is an advantage of embodiments of the presant
invention that laser beams can yield a very large deptn
of focus with simple optics.

[0080] The irradiation patiern can be irradiated simui-
taneously. Alternatively, differant parts of the irradiation
pattern can beirradiated sequentially, such thatover ime
the irradiation patternis buiit up, butthe irradiation pattern
is not provided in a single tlumination pulse. According
o some embodiments of the present invention, where a
plurality of m x n beams is used, the system may be
equipped with an optical element, such as for example
a prism based micralens, for grouping the bearns into an
ax bpattern thus increasing the spot intensity at the point
of incidence by a factor of a * b compared lo a single
beam. individual parts of the irradiation pattern may be,
in one embodiment, may be obtained by positioning a
MEMS scanner afler the radiation source 101 for defleci-
ing the laser beam in the wanted direction and thus irra-
diating the cbject in a scanning manner.

[0091] Insome emboediments according to the present
invention, the irradiation source comprises one or more
semiconductor lasers. These semiconductor lasershave
a very good cost/performance relationship.

[0092] Insorme embodiments according to the present
invention where individual spots of a radiation pattern are
fransmitted simultaneously different alternatives exist to
realize the radiation paltem. A single laser may be used
in combination with a diffractive grating for inducing an
array of spots. The laser must have sufficient power.
[0093] In some embodiments, micro array optics can
be used for focusing each laser spot of the laser, e.g.
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VCSEL

{00941 The peak power of the laser must be sufficient
{order of 0.1 to 2 kilowatt) so that the intensity in every
spot of the projected pattern surpasses the daylight in
the relevant spectral band, For a projected array of
100x100 spots and a range of 10 m the fotal peak power
of the complele laser must be of the order of 250 Watt.
But the average

{0085] (continuous) power of the individual spots may
not surpass the safely requirements of 1 mW. Thus for
a pattern of 100x100 spots the total average power of
the single laser may nol excsed 10 Walt. This high peak
power versusiow average power can berealised by using
short pulse times.

{00861 Another requirement for practicat use isthat the
electric power of the faser does not excesd 50 Watts, But
with an average optical power of 10 watls this require-
ment can easily be met for semiconductors lasers which
have a large efficiency.

{00871 The power budget can be improved by emitting
spots with a very narrow spectral width and delecting
them with a sensor that is equipped with a filter that has
a corresponding very narrow pass band. Additionally or
altematively, the power budget can be improved by per-
forming differential detection, i.e. by detecting the pres-
ence of the spot in the portion of the image delecied by
2 given pixel by comparing the measured intensity at a
point in fime when the spots are not being projected with
the measured intensity at point in time when the spots
are being projected. This comparison may be perforrned
in appropriately adapted hardware or in software.
[00S8] Incase we use a VOSEL laser array instead of
a single laser the power requirements of the singie iaser
have to be met by the array as a whole.

{0099] The laser may be a surface edge emilting laser.
The irradiation scurce also may comprise a diffraction
grating for generating a grid or olher irradiation pattern.
Different types of diffractive gratings could be used. For
efficiency a phase grating in & transparent material can
ve used. Ease of manuiacturing (simple and cheap) is
enhanced if the phase grating has linear grooves in two
orthogonal directions. The depih of the grooves typically
may corresponds with a phase shift of 180°, The width
of the grooves can be calcutated such that the intensity
envelope maiches the required field of view. The FOV of
source and detector is both of the order of 1 radian hor-
izontally and 1 radian vertically

{01001  In other embodiments according o the present
invention, where individual spots of the radiation pattem
are transmitted simultaneously, 2 VCSEL array is used
as radiation source 101, Such a VCSEL array may be an
array with a low beam divergence. The size of the VCSEL
may be 10x10, but may be larger. it is an advantage of
embodiments using VSCEL arrays that the geometry of
the array and the shape of the spols can be tuned de-
pending on the application. The principle may be com-
tined with scanning irradiation as will be discussed later,
such that subsequently an array of spots is fransmitted.
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[0101] In some embodiments, at least two radiaiion
sources, also referred to as projectors, may be inciuded,
one projecior being fixed and another projector being
steerable over at least one axis and preferably steerabie
over bwo axis for oparating in a smaller field of view angle
than the fixed projector, The steerable projector may thus
be suilable for zooming. Such a funclion may be used
for detecting with more detail certain objects such as for
exampies holes, birds, children, stc. Additionally or alter-
niatively, the detector 102, described hereunder, may be
steerable or include steerable components. The steering
ofthe detector components may occur at the sensor level,
or at the level of individual optical components, or even
at the level of pixel-specific componentis (such as micro-
lenses forming an array, which may be steered by means
of MEMS).

[0102] The detector 102 may be a CMOS or CCD de-
tector. After the object under study is irradiated by the at
least one radiation source 101, the reflected radiation is
detected by the detector 1082, In order to avoid interfer-
ence from daylignt different precautions can be taken. In
embodiments according to the present invention a smali
band spectral filter can be positioned in front of the de-
tector 102. The small band filter only passes through ra-
diation in the specific wavelength range emitted and
blocks the rest of the daylight spectrum.

{0103] In some embodiments, the detector may be a
high dynarnic range delector, L.e. a detector having a dy-
namic range of at least 80 dB, preferably at least 120 dB.
The presence of a high dynamic range sensor, i.e. a sen-
sor capable of acquiring a large amount of phoions with-
out saturation while maintaining sufficiend resolution in
the darkest pari of the scene, is an advantage of the
present invention. The inventors have found that the use
of a true high dynamic range senscr is more advanta-
gecus thanthe use of a sensorthat applies tone mapping.
In tone mapping, the sensor linear range is compressed
towards the higher resclution. In literature, several com-
pression methods are documented, such as logarithmic
compression or multiinear compression (see Figure 4).
Howaever this nonlinear compression nacessitales relin-
earisation of the signals before performing logical orarith-
metic operations on the captured scene to extract the
relief information. The solution according to the invention
therefore increases delection accuracy without increas-
ing the computational requirements. Itis a further advan-
tage of some embodiments to use a fully linear high dy-
namic range sensor as presented in Figure 5. A pixel
architecture and an oplical deteclor that are capable of
providing the desired dynamic range characteristics are
disclosed in US palent application publication no. US
2014/353472 A1, in particular paragraphs 65-73 and 88,
ihe content of which is incorporated by reference {or the
purpose of aliowing the skilied person to practice this
aspect of the present invention.

[0104] Figure & presents a schematic dlustration of an
advaniageous implementation of a pixel with high dy-
namic range. The example in this figure makes use of
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two storagegales?, &, connected to the floating diffusion.
After exposure, the electron generated by the scene AND
the laser pulse, is fransiarred on the floating diffusion
using the transfer gate 11. Both Vgate? and VgateZ2 gate
voitages are set high, The charges are then spread over
both capacditors, realizing a significant Full Well, Once
this high full-well data is read via connection to the am-
plifier, the voltage Vgate? is setlow. The electrons reflow
fowards capacitor 7, increasing the tolal pixel gain. The
data can be read through the armplifier. it is further pos-
sible to achieve an even higher gain by applying later a
low voitage on Vgale1, The electrons reflow towards the
floating diffusion 2. Figure 7 schematically illustrates how
{0 achieve multiple gains using the same techniqua.
{0105] Inembodiments according to the presentinven-
tion, a synchronization means may be provided that syn-
chronizes the detection with the pulses, resulting in the
fact that unwanted irradiation on the detector outside the
pulse time of the radiation source can be aveided. This
can be implemented in a plurality of ways, e.g. by over-
sampling by the detector and only taking into account
samples wherein a reply on the pulse is expected. Alter-
natively, a shutter 105 can be usedin front of the datector
102. The synchronization means 104 then opens the
shutter 105 during the time window the reflected radiation
arrives at the detector 102, Therefore the synchronizaiion
means 104 gels its synchronization input signai from the
radiation source 101. The lime window is dependent on
the puise width and on the object range.

{0108] Insome embodiments, the above said deleclor
may be able to subtract the background light from the
scene and sense only the required signal, i.e. the jaser
beam information. An example of such a detectoris sche-
matically presented in Figure 8, with further details on
the pixel structure being shown in Figure 9. With rafer-
ence to Figure 8, the pixel comprises a photodicde that
can be read with 2 transfer gates controlled by transfer
and fransferb signals. The fransfer signals are synchro-
rized with the laser pulse amission as follows:

- When {ransfarbis on, the electrons generated in the
photodiode by the scene AND the laser pulse are
transferred to a particular storage nede, CCDA.

- When fransfer is on, the elecirons generated in the
photodiode by the scene WITHQUT the laser pulse
are ransferred to a particular storage node, CCD2.

{01071  Inaparticularembodiment, the storage elemeant
can be manufactured using a CCD gate, in an adeguate
CCO/ICMOS process. This implementation is advanta-
geous because the conseculive accumulalion of charges
due to multiple transfers rermains in the charge domain,
without detrimental noise accumutation.

[0108] Oncethe frame information has been acquired,
after one or several transfer activations, the pixel data
can be read using read? and readZ. The conversion of
charge to voltage happens at this moment, on the floating
diffusion. Both data are then read via two different chan-
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nels using the Sefect? and Sefect2 switches. Cuiside the
pixel array, both voltages are subtracted to retrieve only
the desired laser pulse data.

[0109] This embodiment is advantageous because it
allows CDS operation on both fioating diffusions, reduc-
ing the readout noise, The removal of the scene illumi-
nation from the actual data further allows maximizing voli-
age dynamic usage by applying analog gain after back-
ground subtraction.

[0110] Inembodiments according to the presantinven-
tion, the detector 102 optics may be focused to the largest
range so as lo resolve the spots at thal distance and to
match it with the pixel size. However because the depth
of focus is much smalier than the range, the images of
the spots will be broadened at shorter distances. On the
other hand the intensity of the spots increases with de-
creasing distance so that the accuracy in the determina-
tion of the position increases. Calculations show that this
easily compensales the increased spot size. In embod-
imenis according to the present invention the distance
between the spotls is chosen such that overlap of spols
at the detector {102) side is avoided. In an exemplary
embodiment the distance between the spols is equal to
ten times the diameter of the spots.

[0111] Inembodiments according to the presentinven-
fion the detector 102 may have a number of pixals NxN
and ihe detector 102 optics are selected to match this
large number of pixels with the angular resolution (1/N =
1 millirad). Moreover the radiation source 101 and ac-
companying projection oplics can be selectad to have
ihe same angular resoiution {so that the spot size match-
es the pixel size).

{0112] In embodiments of the present invention, large
ranges can be bridged. For example radiation spots can
surpass the daylight intensity over a large range by a
sufficient factor for accurate measurements hereby
keeping the individual laser beams below the safety
guidelines of 1 mW continuous. Such a range may e.g.
be batween 1m and 15m, or even between 1mand 30 m.
[0113] Inembodimenis according o the presentinven-
tion, the system also comprises a processor 103 for
processing the data received by the detector 102, The
detected radiation pattern may for example be analyzed
irough iriangutation, Forexample ifa spol pattern is used,
the spot pattern is observed under a different angle with
adetector, e.g. high resolufion CMOS or CCD megapixe!
camera. The distance travelied by a light ray, being part
of the radiation pattern, to a parlicular spot can then be
delerminad by tnangulation from the shift belween the
theoretical and observed position of the corresponding
spot in the image viewed by the camera.

[0114] The position of a spot can be determined by
image processing in which one calculates the weighted
center of intensity of the pixels (cfr. center of mass). The
caleulation of a center of intensity is very simple and can
be done in real time with simple and cheap hardware. I
the angular resolution of the radiation source 101 and
the detector 102 are worse than 1/N then the chserved

10

15

20

25

45

11

694

spot size in the image is farger than one pixel. Bul since
the spot profile is known, one can in principle obtain sub
pixat accuracy by mulligixel filting of the whole spol. In
an embodiment according to the present invention the
theoretical resclution can be caloulated using the follow-
ing formulas. In the embodiment a pattern of light spolts
is generated by a radiation source 101 and the monilored
object is the road in front of a car whereby:

- Disthe distance belwesn the radiation source 101
and the detecior 102

- Zis ihe range over which the road is monitored

- Nthe number of pixels of the detector 102 in both
diractions

- The angular resoiution of the projection and of the
detection are 1/N

- Theopening angle of the detector an optional lenses
is 1 steradian

- His the height of the projector above the road

{8115] The oblainable resolution can be subdivided in:

- d: the dislance resolution

- v: the vertical resolution

[0116] The theoretical distance resolution can be cal-
cuiated as:

42
d=—
DN
[0117] The theoretical vertical resolution in the profile
of the road can be calculated as:

_ZH
V=N

bl

{01181 Thus for a 4 Megapixel detector 101 (N=2000)
D=2mH=1mand Z = 20 m a distance resolution of
10 cm {0.5 %) and a vertical resolution of 5 mm can be
obtained.

{0119] Al a distance of 1 m the distance resolution is
0.5 mm and the vertical resolution is also 0.5 mm.
[0120] As can be seen in the formulas, both the dis-
tance resolution and the vertical resolution are inversely
proportional to the distance [ between the radiation
source 101 and the detector 102. Since this disiance can
ve made muchiarger than the distance betweern the lens-
es in a 3D camera, the depth resolution is then also pro-
portionally better for the same illumination.

[0121] In one example, a spot profile design is used
wherein an interspot distance of 10 spot diameters is
presarnt. This then corresponds with a grid of N0 x N/AO
spots. For a 1 Megapixel camera the grid then consists
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of 100x100 peints. With a frame rate of 100 Hz we then
efficiently sample the road in front of the tires with a ver-
fical resolution of about 1 mrm at a lateral sampling dis-
tance of 1 em. The sampling distance in the moving di-
rection depernds on the speed of the vehicle.

[0122] Atthe maximal speed of 50m/sec the sampling
distance in the moving direction is of the order of 5 mm.
This is quite sufficient for most applications that one can
envisage which makes the concept very generic.
{0123] The maximal conlinuous power of 100x100
spots {at the safety level of imilliwatt) is then 10 watt which
is within all realistic requirements.

[0124] In embodiments of the current invention
procassing the data from the detector 102 can be done
on binarized images. It is an advantage of embodiments
of the current invention that the required processing pow-
er of the processor 103 for processing the data is imited.
[0125] Forprojecting a grid of 100x100 points at a rep-
etition rate of 100 Hz a peak power of the order of 100
Watt and an average power of 10 Watt is required, as
also discussed above. A first estimation shows that even
with an isotropic reflection coefiicient of 1/1000 the tolat
number of detected pholons per pixel is above the de-
tection sensitivity of the camera. For friangulation, the
radiation source 101, the detector 102, and the object
under siudyform a triangle. The line between the detector
and the radiation source 101 is known. The radiation an-
gle is known, allowing lo determine distances.

{0126] Insome embodiments according to the present
invention, instead of simullaneously projecting the indi-
viduai spots of ihe radiation pattern, the individual spots
or groups of spots of the radiation pattern are transmitted
sequentially by the radiation source 181. This can be
realized by projecting a pulsed laser beam on a scanner,
e.g. a micro-machined scanner, the micro-machined
scanner having two degrees of freedom. In embodiments
according io the prasent invention a complete image of
1000x1000 spots can be projected with a repetition rate
of 30 Hz or more.

[0127] In one embodiment, at ihe receiving side, a
CMOS or CCD detector 102 caplures the pulsed radia-
tion source 101 after it was reflected by the object under
study. At the receive side, similar embodiments can be
realized as is the case for simullansous projection of the
radiation pattern. The radiation scurce 101 and the de-
tector 102 are synchronized such that each fransmit an-
gle can be associated with a detection spot on the de-
actor 102.

[0128] In an embodiment, the receive side also com-
prises a micrg-machined scanner with 2 degrees of free-
dom. The scanner can track the refiecled radiation, by
synchronously moving with the micro-machined scanner
at the transmit side.

[0129] The radiation captured by the micro-machined
scanner is projected on to a photodetector (an analog
linear photosensitive detector). In this way, an oplical
scanner with a high dynamic range can be realized. A
radiation pattern comprising 1000x1000 spots can be
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fransmitted and detected with a repetition rate of 30 Hz
or more (for example, with a repetition rate of 60 Hz}
using such an embodiment.
[0130] Inembodiments according to the presentinven-
fion acharasterislic, &.g. a profile or property, of the rmon-
itored object is determined or reconstructed through tri-
angulation on the received radiation pattem knowing the
transrmitted radiation pattern. The radiation patiern can
transmitled sequentially or simulianeously, In order
{o surpass daylight interferencs the power of the trans-
mitted radiation patiern is increased keeping the average
power constant by decreasing the transmilling pulse
width.
[0131] The following non-limiting example concerns
the application of a system 100, according to an embod-
iment of the presentinvention, on a vehicle for monitoring
a characteristic, e.g. a profite or property, of the road in
front of the vehicle.
{0132] To have a large range of visibility the radiation
power should be sufficiently high.
{0133] For a laser beam with divergence d the area 8
of the laser beam at a distance Z and measured perpen-
dicular to the beam is of the order of § = (Z*¢)2. if the
projector is positioned at a height H from the road the
area Sp of the projected laser spotis Sp=(Z/H)*(Z"d}*
[0134] Forthevalves Z=30m, d=1mrad, #=1m.
this vields Sp = 270 cm?
[0135] A typical value for the power of daylight is 500
Wim? {the actual value depends on the geographical lo-
cation and atmospheric condifions).
[0136] Thus if one wanis the projected spot intensity
o be of the same order as the daylighl, one needs 3
power of 500 W/m2, And for an area of 270 cm? one thus
needs an optical power of 13.5 W. If we use monochro-
matlic light and a spectral filier, one can gain a facior of
150. Thus one neads an optical power of 0.08 W perspot
{nereinafter roundad to 0.1 W per spot). For safely rea-
sons, the average power of the taser cannot exceed 1
mW. Thus the duly cycle of the laser can not exceed
0,001/0.1= 1/100. This can be realized by puising the
laser in synchronization with the CMOS detector. If we
use a CMOS detector at 60 Hz, the frame time is 16 ms.
And then the pulse time is 16 ms/100 = 160 us.
{01371 The following non-limiting example concems
the application of a system 100, according to an embod-
iment of the present invention, on a vehicle for use as an
autonomous sensor. The objects (o be sensed are as-
sumed for this example to have a typical reflectivity of
10%; accordingly 10% of the incident intensity is reflected
back isotropically over the relevant haif of the space {over
2n sr). Absorption by air is neglectad. Thus, the otal re-
flected energy for an exemplary spot at a power of 20
MW {resuiling for example from a lolal electric peak pow-
er of 120 W divided over 3000 VCSEL lasers with 50%
afficiency), integraled over a pulse duration of 100 us
and reflected at 10%, is 2 = 107 J. Due to physical fim-
tations, the maximum effective opening angle of the lens
is of the same order as the area of the CMOS sensor
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chip 102, which is assumed to be about 25 mm? for the
purposas of the present example. Thus, the solid angie
as saen from the refleciing point is about 2.5 x 10% sr,
and the fraction of the reflected pulse that is captured by
the camera is then 2.5 X 109 sr/ 2n sr = 4.0 » 10-19,
which leads to a captured energy of 8.0 = 10-7 J, which
represents approximately 160 photons {assuming infra-
red light at 850 nm, with 2.3 eV per photon). In a 1 meg-
apixet camera with a viewing angle of 1 rad X 1 rad, with
a conservative hypothetical bearn divergance of 3 mrad,
a spot would cover about 10 pixels, such that each pixel
receives al most aboul 18 pholons, without considering
the further reduction due to the fill factor. This example
ilustrates thal it is of particular importance in such cases
to use a sensor with a very low noise level, preferably
down o 10 electrons per pixel. The detector 102 only
captures incoming radiation when radiation pulses are
arriving. Therefore the detector is synchronized with the
radiation source 101 through the synchronization means
104.

[0138] Incase of a camera of 1 Megapixa! the number
of measuremenis per second is alsc of the order of 1
million. When the vehicle moves at a speed of 50 m/s
and the road has a width of 20 m the road will be sampled
with a resolution of 3x3 cm.

[0139] Foriime of fiight based systems, monitoring the
same range of 30 m, a radiation beam reguires 0.2 ps
to travel the whole distance back and forth. During this
time the detector 102 is open monitoring the complete
field of view. This means thal with a fixed average power
of 10 Watt ilumination over only 1/100 of a second is
possible. talso means thal with a required detector open-
ing time of 0.2 ws only 10000 measurements per second
can be achieved. Therefore embodiments according to
he present invention can monilor at measurement rates
which are a factor 20 better than time of flight based sys-
tems.

{0140] In some embodiments, the systemn may be
adapted for eliminating or minimizing reflection of sun
light andf/or for reducing direct reflection of sunlight in
refiective surfaces such as water. One or more of the at
teast cne radiation source, the delector and/or the proc-
essormay be adapted therefore. Inone embodiment, the
at least one radiation source may be adapted for gener-
ating radiation with one or more predetermined potariza-
tion states and the al least one detector may be adapted
for receiving only radiation of that one or more predeter-
mined polarization states, The latter may be oblainad by
providing a polanzation filter before the at leas! one de-
tector for selecting the one or more predetermined po-
larization slates. In another embodiment, the atleastone
radiation source may be adapted for generating radiation
of one or more pradetermined wavelengths, which may
be in or out of the waler spectrum, and the detector may
be adapled, e.g. using wavelength filters, to imit the de-
tection substantially to the one or more predetermined
wavelengths. Allernatively, these wavelengths may be
selecled at the level of the processor from images re-
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corded with a larger wavetength spectrum. Another al-
ternative is that the at least one radiation source is not
specifically adapted but that the at least one detecior
filters one or more predetermined wavelengths from the
image, which may be in or out of the water spectrum.
The filtering also may be performed at the leve! of the
processor from images recorded with a larger wave-
length spectrurm. In yet ancther embodiment, the proc-
ass0r used may be adapted for eliminating the daylight
or sunlight from a picture by image processing, e.9. by
correcting image frame(s) with a fitted reference contin-
oution for daylightfsunlight, thus eliminating the day-
light/sunlight.

[0141] Insomeembodiments, the atleastoneradiation
spurce may be adapted for radiation with at least two
different wavelengihs thus creating a multispeciral radi-
ation source. The latter may be advantageous for detect-
ing certainobjects, such asforexample detecting organic
material, detecting ice, water, snow, etc. Similar as for
blocking sunlight, the detector typically aiso may be
adapted with a filter for filtering the corresponding wave-
lengths emitied by the radiation source io work selective-
ly. In some embodiments, a corresponding filter may be
provided for each wavelength. The predetermined wave-
fengths may be detected each separately or in a single
detection. In one embodiment, the processor also or al-
ternatively may be adapted for filtering these wave-
lengths from animage recorded in a broader wavelength
range. The information recorded at specific wavelengths
thus may be used for seleclive detecting certain objects
which are more sensitive to these specific wavelengihs.
{0142] in some embodiments, the processor may be
adapted for calculating a relation between consecutive
frames. The frames thereby do not need to be directly
subsequant frames, in other words, some frames may
be skipped. Calculating the relation may be based on
correlation, least square fitling, elc. but is not limited
thereto. Such a relation may serve to determining a prop-
erty of the moving object, e.g. vehicle, for example for
determining a dynamic property. The relation may for ex-
ample be used for determining a speed, a pilch, aroll, a
yaw, eic. of a mowving object. Such a relation aiso may
be used for determining a height measurement of com-
plete surfaces of the object or paris of the object. The
object thereby may be in relative movement or may be
stationary.

{01431 In some embodiments, the processor may al-
ternatively or in addition to other tasks be configured for
interpreting rmage or pixel information for different appli-
cations. Such different applications may be - but are not
fimited o - pavement delection, road delection, road in-
spection, inspection of the state of the pavement, detec-
tion of cbstacles such as for example living or non-living
creatures, moving or stationary obstacles, eic. Also de-
tection of objects in relationship to their environment may
be envisaged.

{01441 Insome embodiments, the presentinvention al-
so relates to a sysiem comprising a plurality of systems
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asdescribed above. The laitermay aliow to cover alarger
field of view. The plurality of systems thereby comprises
as much systems as required to cover the field of view
oneis interested in. The plurality of systems thereby may
be mounted such that they cover the field of view of in-
terast, This may be asystem that covers 360° horizontally
and 180" vertically to obtain surround viewing. Alterna-
fively, any other field of view size may be cblained by
appropriately selecting the number of systems and their
position. Advaniagsously, the field of view realized by
muttiplicating the system at different physical locations
may be organized specifically for certain applications
such as for example but not limited to autonomous cars,
warehouse transport, inspection vehicles, etc. Alterna-
tively or in addition thereto, one or more systems or com-
ponents thereof may be adjustable to cover different
fields of view. The latter may be obtained by making one
or more systems moveable to different positions, e.g. to
different positions around a car in vehicle applications,
by tilting the system under different angles, e.g. change
the mounting angle, by making a syslem sleerable, by
creating overlap between the system's fieid of view or a
combination thereof.

[0145] In some embediments, the system may be
adapted for covering a field of view from near the vehicle
io the radar range. Consequently, the systern may be
combined with radar sensing as to extend the range for
certain applications, such as pedesinan detection, colli-
sion avoidance or other safety and autonomous vehicie
related applications or so as o provide additional andfor
complementary measurement data serving the applica-
tion. More generally, the system can be combined with
additional sensors such asradar{s), infrared camera sen-
sor{s}, etc. In particular, the system may be used fo de-
iermine the presence and speed of other vehicles or ob-
jects, and that information may in turn be usaed o controt
direction and spead of the vehicle, e.g. to avaid collisions,
or to maintain a safe and substantially fixed distance to
the vehicle ahead (smart cruise control}.

[0148] In some embodimenis, the system may be
adapted for performing egomotion related applications.
The processor may be adapted to supply data usabie for
egomotion related applications. The projector, Le. the ra-
diation source, and/or the detector also may be arranged
for creating/recording relevant data for egomotion related
applications, In one parlicular example, egomotion relat-
ed data may be based on a vehicle’s motion based on
its motion relative to lines on the road or relative {o strest
signs as observed from the vehicle itself. Egomotion re-
lated information may for example be used in autono-
mous navigation applications.

[0147] In some embodimenis, the systemn may be
adapted for providing cdometry information. The proces-
sormay be adapted for determining equivalent odometry
information using sequential detector images for estimat-
ing distances travelled. The latter may for example be
used for enhanced navigational accuracy in robols or ve-
hictes using any type of locomotion on any type of sur-
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face.

{01481 In some embodiments, a spot pattern may be
iniroduced, whareby some spots, some groups of spots
or each spot is addressable and configurable in intensity,
spot size,... This allows grouping of spols, introducing
irreguiarities for example in erder to render the image
processing easier, changing the distance betwaen the
lines .e. making the distance variable, ...

[0149] In some particular embodiments, the intensity
of the VCSEL's may be controlled, such that the spols
all have the same shapse, the same intensity independent
of the distance or the localion in the projected spot pal-
tern,. The latter enhances the data processing and allows
fo cblain a more accurate measurement e.g. to avoid
clipping of pixel charge and allow multipixe! fitting for ai
spots in the spot patiern. It also allows to fit a curve be-
tween profiles that have about the same geometry.
[0150] In some embodiments, the radiation source,
&.g. VCSEL, may be split in several zones and the dil-
ferent zones may be driven differently to compensate for
example for an intensity decrease for spols imaged fur-
ther away from the source andfor detector. For example,
different zones may be driven with a different power or
ON time so as to partially or fully compensate for the
different intensity loss for the different spots, depending
on the position where they are imaged. The latter thus
aliows that the spots positioned further from the detecior
arg driven at a higher power than the spols closer (o the
detector. The latter also allows to optimally make use of
A/D conversion ranges, where required. In one example,
control of one or more spot properties atso may be per-
formed for compensating for differently reflecting objects,
which otherwise could result in substantially different ge-
ometries of the reflected spotl. For example, white lines
forguiding trafficon the road have a substantially different
reftactivity than other paris of the roads. The system can
be adapted for compensaling geomelry changes of the
reflected spol caused thereby.

{01511 The above conirol may be referred to as inten-
sity servoing.

[0152] In sorne embodiments, the wavaiength of the
radiation source used may be controlied (thermal servo-
ing) such that it optimally fits filters, e.g. bandpass filters,
used. The wavelength shifl may for example be per-
formed using a peltier or heating element. A good fit he-
tween the wavelength of the radiation source and the
filters used may result in the possibility to reduce and/or
minirnize the influence of environmental disturbing radi-
ation such as daylight.

{0153] Figures 10-12illustrate exemplary cameras that
may be used in systems, where the radiation source
emits monochromatic light and the at least one detector
is equipped with a corresponding narrow bandpass filter
and optics arranged so as to maodify an angle of incidence
onto said narrow bandpass filter, to confine said angle
of incidence to a predetermined range around a normat
of a main surface of said narrow bandpass filter, said
optics comprising an image-space telecentric lens. The
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term "camera” is used herein as a combination of a sen-
sor and associated optics {lenses, lens arrays, filter). In
particuiar, in Figure 8, the oplics further comprise a
minilens array arranged between the image-space tele-
centric lens and the at lsast one detector, such that indi-
vidual minilenses of the minilens array focus incident light
on respective lighi-sensitive areas of individual pixels of
the at least one detector. It is an advantage of this one-
minilens-per-pixel arrangement that the loss due to the
fili faclor of the underying sensor can be reduced, by
optically guiding allincidentlight to the light-sensitive por-
fion of the pixels.

[0154] These exampies ali result in radiation travelling
a substantially equal length through the filler medium or
inotherwordsinthat the incidentradiation is substantially
orthogonal to the filter surface, i.e. it is confined 1o an
angle of incidence within a predetermined range around
the normatl of the filter surface, thus allowing in accurate
filtering within a narrow bandwidth to e.g. filter the day-
light, the sunlight and in order to for the spots to surpass
ihe daylight.

[0155] The correclion of the angle of incidence is of
particutar importance in systems where the entire space
around the vehicle is fo be monitored with a limited
number of sensors, for instance 8 sensors, such that the
incident rays may extend over a solid angle offor exampie
1% 1 rad.

[0156] Figure 10 schemalically llustrates a first oplical
arrangement of this type. It comprises a first lens 1030
and a second lens 1040, with approximately the same
focallength I, in an image space telecentric configuration.
That means that all chief rays (rays passing through the
center of the aperture siop) are nommal to the image
plane. An exemptlary numerical aperture of 0.16 corre-
sponds to a cone angle of 8.3° (half cone angle}. The
maximum incidence angle on the narrow bandpass filter
1080, arranged betwaen the lens system 1030-1040 and
the sensor 102, would thus be 9.3°.

[0157] Asillustrated in Figura 11, the preferred design
consists of a landem of two lenses 1130, 1140 with ap-
proximately the same focal length , in an image-space
telecentric configuration (the configuration is optionally
also ohject-space telecentric}, a planar stack of mini-lens
array 1150, a spactral filter 1160 and a CMOS detector
102. Since the center O of the first lens 1130 is in the
focus of ihe second lens 1144, every ray thal crosses O
wit! be refracted by the second lens 1140 in a direction
paraliel to the optical axis, Consider now a particular laser
spot S 1110located at a very large distance as compared
io the focal length of the first lens 1130. Thus the image
of this spot 1110 by the first lens 1130 is a point P located
close to the focal piane of this lens, thus exactly in the
middte plane of the second tens 1140, The light rays that
are emitted from the spot 31110 and captured by the first
tens 1130 form a light cone that converges towards the
point P in the second lens 1140, The central axis of this
light cone crosses the point C and is refracted paraliet
the oplical axis and thus perpendicular to the spectral
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filter 1160 so as o achieve optimal spectral sensitivity.
Hence, the second lens 1140 acts as a correcting lens
for the angle of the incident light beam. The other rays
of the cone can also be bent in a bundle of rays paraliel
io the optical axis by using a small convex mini-lens 1150
behind the second lens 1140 in such a way that the point
P is located in the focal poini of the mini-lens 1150. In
this way all the imaging rays of the spot 31110 are bent
in a direction nearly perpendicutar io the speciral filter.
This can now be done in front of every pixel of the CMQOS
detector separately by using an array of mini-lenses po-
sitioned in front of every pixel. In this configuration, the
minilenses have animage-telecentric function. The main
advantage is that the pupil of the first lens 1030 can be
enlarged, or the diaphragma can be eliminated while
compeansating for the increase in spherical aberration by
alocal correction optics in the mini-lens 1150, In this way
the sensitivity of the sensor assembly can be improved.
A second mini-lens array {not shown in Figure 11} may
be added betwesn the spectral filter 1160 and the CMOS
pixals 102, lo focus the paralial rays back to the phelo-
diodes of the pixeis so as to maximize the fill factor.
[0158] For the first and second lenses 1130, 1140,
commerciaily available lenses may be used, such as the
fenses used in the iSight camera of the iPhone 6 smart
phone from Apple Corp. The skilled person will appraci-
ate that lenses typically used in other smart phone cam-
gras or wabcams of comparable quality can also be used.
The aforementionediSight camerahas a6 x3 mm CMOS
sensor with 8 megapixels, 1.5 wm pixel size, a very large
aperture of /2.2, an objective focal length of aboutf=7
mm, and a pupil diameler about 3.2 mm. The viewing
angle is of the order of 1 rad x 1 rad. if we assume that
the resolution of the camera is roughly the pixel size (1.5
micron), we can conclude {from Abbe's faw) that the ab-
errations of the lens are corrected for all the rays of the
viewing angle selected by the diaphragma.

{01591 Figure 12 lllusirates a variation of the arrange-
ment of Figure 11, oplimized for manufacturing in a single
fithographic process. The first lens 1230 is similar o the
first fens 1130 of the previous example, but the angie-
correcting secend iens 1140 is replaced by a Fresnel
lens 1240 with the same focal length f and the minidens
arrays 1150 by Fresnel lens arrays 1250, The advantage
is that they are completely flat and can be produced by
nano-electronics  lechnology (with discrete phase
zones). A second min-lens array 1278 may be added
between the spectral filter 1280 and the CMOS pixels
102, to focus the parallel rays back to the photodiodes
of the pixels so as to maximize the fill factor. Thus the
camera is assentially a standard camera as the 1Sight
but in which the CMOS sensor is replaced by a specially
designed multi-layer sensor in which all the components
are produced in one integrated block within the same
lithographic process. This multilayer sensor is cheap in
mass production, compact, robust and it need not be
aligned. Each of these five layers 1240, 1250, 1260,
1270, 102 has its own function to meet the requirements
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imposed by the present invention.

[0160] As the minimal angle of a cone generated by a
iens of diameler d is of the order of Afd, with X the wave-
length of the light, the minimal cone angle is 1/10 radian
for a mini-lens diameter d = 8.5 wm and & = 850 nrm. With
ageoodquality spectral interference filter this corresponds
io a speciral window of about 3 nrm.

[0161] Figure 13 illustrates an optical arrangement ac-
cording iothe presentinvention, comprisingadome 1310
{e.g., a bent glass plate) with the narrow bandpass filier
1320 disposed on its inside {as flustrated) or outside {not
illustrated). The advantage of disposing the filler 1320
on the inside of the dome 1310, is that the dome 1310
protacts the filter 1320 from oulside forces. The dome
1310 and the filter 1320 optically cooperate to ensure
that incident light passes through the filter 1320 along a
direction that is substantially normal to the dome’s sur-
face. Fish-eye oplics 1330 are provided between the
dome-filler assembly and the sensor 102, which may be
a CMOS or a CCD sensor. The fish-eye optics 1330 are
arranged to guide the light that has passad through the
dome-filter assembly towards the sensitive area of the
sensor.

[0162] Oplionally, further fish-eye optics are provided
at the projecior. In a specific embodiment, a plurality of
WVCSELs are mounied ina 1 xn or a m x n configuration,
whereby an exit angle of the laser beam can be realised
over @ spatial angle of m x 1 rad in height and n x 1 rad
in width.

[0163] Insome embaodiments of the present invention,
ihe camera, the detecior is slightiy rotated relative to the
projector or vice versa e.g. over an angle of 4°, allowing
an improved image processing and facilitating the iden-
tification of the spots as the chance of overap between
ihe segmenis of the 2D projeciion on the image sensor
of the 3D epipolar lines on which the spots are searched
for is reduced.

[0164] In some embodiments of the present invention,
the type of road can be delermined from the spreading
of the measurad vaiues and from the variation of the in-
tensity, 8.g. in a predetermined zone (advantageously
the area where the tires wii roli}.

[0165] In some embodiments of the present invention,
ihe intensily of the spots can be kept subslantially con-
stant aver the full depth range, by applying a steppad or
variable attenuation filter at the detector. Allemnatively or
in addition, also 2 non-symimetrical lens pupil can be pro-
vided for weakening the infensily of spots closer to the
delector, while the intensily of the spots further away from
the detector are received at full intensity. In this way clip-
ping of the datector is avoided and the average intensity
can be made substantially the same for all spots.
[0166] Insome embodiments, the radiation source can
be a VCSEL that can be split in different zones, whereby
the laser ON time is controlled for the differenl zones.
The images of the spots can thus be controlled to have
a constant intensity, e.g. 2/3 of the A/D range. Allerna-
fively the driving voltage can be driven over the array of
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spots as function of the height, again to obtain a constant
intensity. Such controlling can be referred to as a satu-
ration avoidance servoing loop.

[0167] In some other embodiments of the present in-
veriion, a micre prism matrix can be used in front of the
narrow bandwidth filter, such that the radiationis incident
within an angle of incidence belween +9° and -9° on the
filter. This allows to obtain narrow bandwidth filtering. The
prism mairix can for example be made by piastic mould-
ing.

{01681 In embodiments of the present invention, e.q.
whers aclive suspension vehicle applications are envis-
aged, the projection of the spot pattern is advantageously
directed downwards, i.e. lowards the road.

{0169] In embodiments of the present invention, ad-
vantageously the distance between the delector and the
orojector is not too small, in order to allow for accurate
image processing.

{04701 In a second aspect, the present invention re-
lates to vehicles in which the detection system 100 is
impiemented for monitering road conditions and as input
for coniroiling the suspension system of the vehicie.
[0171] Inembodimants according lo tha presentinven-
tion, the system for detecting a characieristic, e.g. a pro-
file or property, of an object is placed in front of a vehicle.
The object under study is in that case the road in froni of
the vehicle. Ranges of imto 15 m, even imup to 30 m
in front of the car can be monitored.

[0172] In advaniageous embodiments, the detection
syslem 100 interfaces with the suspension systemn
through an interface or cuiput means. The data may be
communicated to a controlier for controlling the aclive
suspension system. The resuit s that the vehicle smooth-
iy moves over theroad, also referred to as "flying carpset”.
[0173] Note that the irnage of the viewing scene is lak-
en repeatedly with the frame rate of the camera, Thus
the charactenstic of the road is continuously updated and
fed back o the active suspension system.

[0174] In one particular example, the controlling may
include controlling of the suspension such that the roli
vactor ligs in the same direction as the centrifugal force,
50 that passengers are pressed against their seats. in
another example, the controliing may include active lifting
of the chassis of the vehicle when a braking manosuver
s0 that a higher downforce on the vehicle and a higher
friction foree on the tires is oblained, resulting in a shorter
braking distance. Yet another example of controliing is
increasing the pilch of a vehicle maximally for collision
damage control, resulling in an increased front side of
the vehicle for restricting the risk of sliding under a truck.
In other circumsiances, the controlling may be such that
fuel use is minimized by reducing the pitch of a vehicle
and thus reducing the air resistance.

[0175] Insome embodiments, compensation of the ac-
five suspension occurs based on the average height in
azone with a surface area as large as the surface of the
contact area of the tire on the road. Such compensation
may be performed about 50 to 100 ms before the event.
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The distance of ihe relevant zone io monitor is a function
of the speed of the vehicle. The lateral position {left -
right} of the relevant zone is a funclion of the sleenng
angle. The transformation to be performed for the three
degrees of freedom (X, Y and theta) can be identified
based on anoptimal correlation between two consecutive
images, This transformationis then used for determining
a new set of height measurements. The roll and/or pitch
of the vehicle can be identified based on the 6 degrees
of freedom transformation of the coordinate system of
the vehicle with respect to a least squares plane fitted
through the measurement points. In embodiments ac-
cording to the present invention, the depth information
of the road in front of the car detected by the delection
system can be used as a 3D component that can be
added to the image of a color camera to render thisimage
into a 30 image.

[0176] It is an advaniage of embodiments of the
present invention that the systermn can also be used for
warning the driver for bad conditions, such as forexampie
rain or snow.

[0177] Inembodiments according io the presentinven-
tion, a processor can also be used for dariving the speed
of the car from the data coming from the detection sys-
tem.

[0178] Inembodiments according io the presentinven-
fion, the orientation of the car with regard to the road can
be derivad from the data coming from the delection sys-
tem. The orientation can then be expressed as the car
making an angle with the centrat line of the road, or in
any other suitable way. A processor adapted for deriving
such information may be embedded in the detection sys-
tem or in another system, e.g. control system of the car.
In embodiments according to the present invention the
presence and speed of approaching objecis can also be
detected using the detection system. A processor adapt-
ed for deriving such information may be embedded in the
detection syslem or in another system, e.g. control sys-
tem of the car.

[0179] The cuipui of the detection system mounted on
a vehicle can thus be used, not only for the suspansion
system, but as an input for several active components in
a car enabling the car to be autonomously controlled.
[0180] It is an advantage of embodimenis of the
present invention that they can be combined with other
technigues for extending the possibililies. For example,
in one emboediment, the systern may be exiended with a
radar system in order to extend the range that can be
monitored.

[0181] Generally, when the system according to the
invertion is mounted o a vehicle, it may be arranged in
such a way that the system can move relative to the ve-
hicte, to select a desirad field of view, The projecior can
have angular rotation relative to the detector or vice ver-
sa, e.q. over an angle of 4°, allowing an improvad image
processing and facilitating the identification of the spots
as the chance of overlap between the segments of the
20 projection on the image sensor of the 3D epipolar

10

15

20

25

45

17

700

lines on which the spots are searched for is reduced. To
obtain a high accuracy in the spot shift analysis more
specifically with respect to the vertical resolution, the de-
tector is preferably piaced at some distance from the pro-
iactor. With

D is the distance between projector and detector

Z is the range over which e.g. the road is monitored

4 is the angular resolution {corresponding o a pixel, so
for a 1 Megapixel camera and an angle of 1 rad this cor-
responds to 1mrad or 1/1000 rad)

H is height of the projector above the object

the distance resclution corresponds lo

d=98*2*[D

and the vertical resolution

v=d*{H/2)

{01821 Thusin the conditons Z=30mand & = 1/1000
and D = 1 mand H = 1 m following results are calculated
=90 cm

V=3cm

In case Z = 10 m other parameters equal

d=10ocm

z=1¢cm

{0183] In order to realize a vertical resolution of 3cm

at 30m and 1om at 10m with a 1 Megapixel camera the
distance between projector and detectorfcamera must
be 1m.

[0184] Depending on the extent of the field of view re-
quired for a particular application, multiple projectors and
detectors may be used, whereby ulimately a full 360°
viewing angle couid be obtained. In view of the scarcity
of space for technical components in modern vehicles,
the system according to the invention is preferably inte-
grated in the vehicle using existing cavilies or newly cre-
ated spaces for seamiess integration.

{0185] In a third aspect, the present invention relates
to a methed for detecting a characteristic, e.g. a profile
or property, of an object. Such a method can advanta-
geously be used in combination with a system as de-
scribed in the first aspect, although embodiments of the
presant invention are not limited therelo. The mathod
may advaniageously be used for determining a charac-
{eristic such as a profile of a road. The method may be
incorporated in a method for controlling a suspension of
a car, the method comprising performing a methad for
detecting a charactenstic, e.g. a profile or properiy, of a
road and a step of using such information for actively
controlling a suspension. Neveriheless, the method for
detecting a characteristic, e.q. 3 profile or property, of an
object also may be used oulside automative, forany other
suitable applicaticn.
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[0186] In afirst step 201 a radiation pattern is emitied
on the object under study using a radiation scurce. The
radiation paitem can be amitted in one shot (i.e. simul-
tansously) or sequentially. In any case, the radiation pat-
tern is ermitted in a pulsed manner. The lailter advania-
geocusly results in a better signal to noise reseluticn, as
the amount of power that can be provided during the
pulse can be higher, thus resulting in less disturbance of
environmental light, such as e.g. daylight.

[0187] In a second step 202, the reflected pattern is
detected using a detector 102, The detector has a plu-
rality of pixels such that it can delec! the complels re-
flected radiation pattern with a resclution that is sufficlent
o resolve the pattern. The detection is synchronized with
the radiation through a synchronization means 104.
[0188] In a third step 203, the data from the detector
{102} is processed using a precessor {103), Triangutation
based methods on the data allow to retrieve profile infor-
mation from that data. The method may comprise an au-
to-calibration phase.

[0189] A schemalic represeniation of a method ac-
cording ioembediments of the presentinvention is shown
in FIG. 2.

[0190] Whereas the above meihod has been de-
scribed for detecting a characteristic in an object, e.9. a
profite in a road, it will be clear {o the skilted person that
a number of other applications can be performed using
the present syslem. Particular applications may be based
on a particular interpretation of the measured raw data
in combination with for example calibration dalasets.
[0191] In a first example, as discussed in more deiail
above, the application envisaged is increasing driving
comfort. Active suspension is steered based on the ob-
tained measurermnents to adjust for road imperfections,
o adjust for type of pavemnent, to adjust for road condi-
fions such as ice, water, snow, grind, etc. {this can also
be a safety application) to adjust for pitch, roll, ete.
[0192] Ancther example of an application is autono-
maus or assisted driving of vehicles, Tha systerm may for
exampie be used for providing or assisting in a sieenng
function. | may provide steering instructions for semi-
autonomous or autonomous steering of vehicles of any
means, for exampie in agriculture, for any type of trans-
port, for road inspection, for a garbage collection fruck,
for pick and collect tasks in warehouses, for load appii-
calions, eic. The system thereby may perform one or
more of speed calculation, determination of moving or
stationary objects in relation to their envircnment, etc.
[0183] Anothar example of an application is the provi-
sion of safety information or the performance of safety
actions. The system may be used for detecting traffic
signs, moving objects, vicinity of objects, detection of any
maoving or stationary objectin relation to its environment,
road conditions, road types, elc.
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Claims

1. A vehicle-mountable systerm (100} for detecling a
characteristic of an object, the system comprising:

- a radiation source (101} adapted to generate
a simultaneously pulsed radiation pattern com-
posed of radiation spots;

- atleast one detector (102) having a plurality of
pixels;

-aprocessor {103} adapted toprocessdatafrom
ihe al ieast one detector (102) when radiation
from the radiation source is reflected by an ob-
ject and detacted by the ai least one detector
{102y,

- a synchronization means (104) interfacing be-
tween the at isast one detector (102) and the
radiation source (101);

wherein:

- the synchronization means (104} is adapied
for synchronizing the at ieast one detector (102)
with the radiation source {101) so that detection
by the detector of radiation to be processed is
detecied only during the radiation pulses,

- the processor (103} is adapied {o determine a
characieristic of the object by delermining a dis-
placement of detected spois detected with the
at least one deteclor with reference to predeter-
mined reference spot positions, and

- the: radiation source emits monochromaticlight
and the at least one detector is equipped with a
corresponding narrow bandpass filter {1320} ar-
ranged on a dome {1310), said system further
comprising fish-eye optics (1330} arranged be-
tween said narrow bandpass fitler (1320} and
said at least one detector {102} to guide light
thal has passad through said narrow bandpass
filter (1320} towards alight-sensitive area of said
al least one detector (102).

2. The systern {100} according to claim 1, wherein the
al least one detector comprises a CMOS sensor or
a CCD sensor having a dynamic range of atleast 890
dB, preferably more than 120 dB.

3. The systerm (100} according to claim 1 or claim 2,
wherein the atleast one deteclor comprises aCMOS
sensor or a CCD sensor configured to subtract back-
ground fllurmination from the radiation from the radi-
ation source by comparing a signal sensed during
an on-phase of said pulsad radialion pattern with a
signal sensed during an off-phase of said pulsed ra-
diation pattern.

4. The systern {100) according to any of the preceding

claims, wherein said determining of said displace-
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ment is performed with sub-pixel accuracy by mul-
tipixel fitling said detected spots.

A vehicle comprising the systemn (100} according to
any of the preceding claims.

The vehicle according to claim 5, further comprising
asuspension system, and a2 control systemn, whereby
the control system is adapted for receiving profile
information of the systern for determining a charac-
teristic of an object and is adapted for using the in-
formation for controlling the suspension sysiem,

A camera, the camera comprising a system (100}
according to any of claims 1o 4, whereby the system
{100} is adapted to add 3D informalion to the camera
image based on information obtained from the sys-
tern, making it possible to create a 30 image.

A method for detecting a characteristic of an object,
the method comprising the following steps:

- emitling (201} a pulsed radialicn pattern com-
posed of radiation spots on the object using a
radiation source (101},

- detecting {202) the reflecied pattern using at
least one detector (102) having a plurality of pix-
als, whereby the delection is synchronized with
the pulsed radiation pattern for detecting radia-
tion to be processed only during the radiation
pulses, and

- processing (203) the data from the delecior
{102} for determining a charactenstic of an ob-
ject by determining a dispiacement of detected
spots detected with the at least one delector with
referance to predetermined reference spot po-
sitions,

wherein said emilling (201) uses monochromaltic
light and said at leasi one detector (102} is equipped
with a corresponding narrow bandpass filter (1320}
arranged on a dome (1310), and wherein fish-aye
optics {(1330) arranged between said narrow band-
pass fitter {1320} and said atleast one detector (102)
guide light that has passed through said narrow
bandpass filter (1320) towards a light-sensitive area
of said 2t least one detector (102).

The method according to claim 8, whereinthe atleast
one deiector comprises a CMOS sensor or a CCD
sensor having a dynamic range of al lsast 80 dB,
preferably more than 120 dB.

The method according to claim 8 or claim 9, wherein
the at least one detector comprises a CMOS sensor
ora CCD sensor configured to subtract background
illumnination from the radiation from the radiation
source by comparing a signal sensed during an on-
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11.

12.

13.

14.

36

phase of said pulsed radiation pattern with a signal
sensed during an off-phase of said pulsed radiation
pattemn.

The method according to any of claims 8-10, wherein
said determining of said disptacement is performed
with sub-pixel accuracy by multipixa! fitling said de-
tected spots.

A computer program product comprising code
means adaptad to cause a processor to perform the
determining of said characteristic of the method ac-
cording to any of claims 8 to 11.

Use of a systern (100} according to any of claims 1
to 4 for detecting a characternistic of an object in a
vicinity of 2 vehicle, said use taking place in an cut-
door environment.

Use according to claim 13 for measuring the profile
of the road in front of a car or for controlling of au-
tonomous vehicles.
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Amdt. dated April 2, 2019 PATENT
Preliminary Amendment

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

In re Application of: Confirmation No.: 1720
Angus Pacala, et al. Examiner: Not yet assigned
Application No.: 16/046,643 Art Unit: 2414
Filed: July 26, 2018
For: OPTICAL IMAGING SYSTEM WITH PRELIMINARY AMENDMENT
A PLURALITY OF SENSE CHANNELS
Customer No.: 20350

Mail Stop: Amendment
Commissioner for Patents
P.O. Box 1450

Alexandria, VA 22313-1450
Commissioner:

Prior to examination of the above-referenced application, please enter the

following amendments and remarks:

Amendments to the Claims are reflected in the listing of claims which begins on

page 2 of this paper.

Remarks/Arguments begin on page 8 of this paper.
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Amendments to the Claims

This listing of claims will replace all prior versions, and listings of claims in the application.

Listing of Claims:

1. (Currently Amended) An optical imaging system comprising:

a bulk reeetver imaging optic having a focal plane;

an array of pixels; and

an aperture layer disposed between the bulk reeebver imaging optic and the array
of pixels, the aperture layer including a plurality of discrete apertures coincident with the focal
plane, wherein the aperture layer and pixel layer are arranged to form a plurality of sense
channels defining a plurality of discrete, non-overlapping fields of view beyond a threshold
distance in a field external to the optical imaging system, each sense channel in the plurality of
sense channels including a pixel from the array of pixels and an aperture from the plurality of
apertures that defines the field of view for its respective pixel, and wherein a seasing pixel area
of each pixel in the plurality of sense channels is larger than an area of its corresponding aperture

in the plurality of apertures.

2 (Currently Amended) The optical imaging system of claim 1 wherein
each pixel in the array of pixels comprises a plurality of subpixels distributed across its seasiie

pixel area.

3 (Original) The optical imaging system of claim 2 wherein the plurality of

subpixels in each pixel is a plurality of SPADs.

4. (Currently Amended) The optical imaging system of claim 1 further
comprising, within each channel in the plurality of sense channels, an optical filter disposed
between the bulk reeeiver imaging optic and the array of pixels, the optical filter configured to
receive light passed through the bulk reeeiver imaging optic and pass a narrow band of radiation

while blocking radiation outside the band.
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5. (Currently Amended) The optical imaging system of claim 1 further
comprising;

a bulk transmitter optic; and

an illumination source comprising a plurality of lasers corresponding in number to
the plurality of sense channels, each laser in the plurality of lasers configured to project a
discrete illuminating beam at an operating wavelength through the bulk transmitter optic into a
field of view that is substantially the same size and geometry as a field of view defined by the

bulk reeeiver imaging optic and a corresponding aperture in the plurality of sense channels.

6. (Original) The optical imaging system of claim 5 wherein each laser in

the plurality of lasers is a VCSEL.

7 (Original) The optical imaging system of claim 5 wherein a diameter of
each discrete beam projected from the illumination source is substantially similar to a cross-
section of the field of view of its respective channel at various distances from the bulk imaging

optic.

8. (Currently Amended) The optical imaging system of claim 35 further
comprising, within each channel in the plurality of sense channels, an optical filter disposed
between the bulk reeetver imaging optic and the array of pixels, the optical filter configured to
receive light passed through the bulk reeetver imaging optic and pass a narrow band of radiation
that includes the operating wavelength of the plurality of lasers to the plurality of pixels while

blocking radiation outside the band.

9. (Original) The optical imaging system of claim 8 further comprising,
within each channel in the plurality of sense channels, a diffuser disposed within the channel

between the aperture and the pixel.

10. (Currently Amended) The optical imaging system of claim 5 wherein
each laser in the plurality of lasers is a VCSEL, each pixel in the array of pixels comprises a
plurality of SPADs and an optical filter is disposed between the bulk reeetver imaging optic and

the array of pixels, the optical filter configured to receive light passed through the bulk reeetver
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Preliminary Amendment

imaging optic and pass a narrow band of radiation that includes the operating wavelength of the

plurality of VCSELSs to the array of pixels while blocking radiation outside the band.

11.  (Original) The optical imaging system of claim 1 further comprising a
plurality of lenses, wherein each channel in the plurality of channels includes a lens from the

plurality of lenses disposed between the aperture of the channel and its corresponding pixel.

12. (Original) The optical imaging system of claim 1 wherein adjacent
apertures in the aperture layer are offset by an aperture pitch distance greater than a diameter of

each aperture.

13, (Currently Amended) An optical imaging system comprising:

a bulk reeetver imaging optic having a focal plane;

an array of pixels of substantially uniform sensing pixel area, each pixel in the
array of pixels including a plurality of subpixels distributed across its sensthg pixel area; and

an aperture layer disposed between the bulk reeetver imaging optic and the array
of pixels, the aperture layer including a plurality of discrete apertures of substantially uniform
area formed coincident with the focal plane and stop regions interposed between adjacent
apertures in the aperture layer, wherein the aperture layer and pixel layer are arranged to form a
plurality of sense channels defining a plurality of discrete, non-overlapping fields of view
beyond a threshold distance in a field external to the optical imaging system, each sense channel
in the plurality of sense channels including an aperture from the plurality of apertures and a pixel
from the array of pixels with the aperture of each channel defining the field of view for its
respective pixel, and wherein the area of the aperture in each channel is smaller than the senstae

pixel area of its respective pixel.

14. (Original) The optical imaging system of claim 13 wherein the plurality

of subpixels in each pixel is a plurality of SPADs.

15.  (Currently Amended) The optical imaging system of claim 13 further
comprising;

a bulk transmitter optic; and
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Amdt. dated April 2, 2019 PATENT
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an illumination source comprising a plurality of lasers corresponding in number to
the plurality of sense channels, each laser in the plurality of lasers configured to project a
discrete illuminating beam at an operating wavelength through the bulk transmitter optic into a
field of view that is substantially the same size and geometry as a field of view defined by the

bulk reeerver imaging optic and a corresponding aperture in the plurality of sense channels.

16.  (Original) The optical imaging system of claim 15 wherein each aperture
in the plurality of discrete apertures defines a field of view in the field coincident a discrete spot

output by a corresponding laser in the plurality of lasers.

17. (Currently Amended) An optical imaging system comprising:

a bulk reeetver imaging optic having a focal plane;

an optical assembly having a plurality of sense channels defining a plurality of
discrete, non-overlapping fields of view beyond a threshold distance in a field external to the
bulk reeeiver imaging optic, the optical assembly comprising:

an array of pixels of substantially uniform sensing pixel area, each pixel in the
array of pixels including a plurality of subpixels distributed across its sensing pixel area;

an aperture layer disposed between the bulk receiver optic and the array of pixels,
the aperture layer including a plurality of discrete apertures of substantially uniform area formed
coincident with the focal plane and stop regions between adjacent apertures;

a lens layer including a plurality of lenses arranged to receive light passed through
the aperture and pass the received light towards the array of pixels; and

an optical filter layer disposed between the bulk reeetver imaging optic and the
array of pixels, the optical filter layer configured to receive light passed through the bulk reeeiver
imaging optic and pass a narrow band of radiation while blocking radiation outside that band;

wherein each sense channel in the optical assembly includes a pixel from the
array of pixels, an aperture from the aperture layer that defines the field of view for its respective
pixel and has an area that is smaller than a sensing area of its respective pixel, a lens from the

lens layer and a filter from the optical filter layer.
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18.  (Original) The optical imaging system of claim 17 wherein adjacent
apertures in the aperture layer are offset by an aperture pitch distance greater than a diameter of

each aperture and substantially equal to a pitch between adjacent lenses in the lens layer.

19. (Original) The optical imaging system of claim 18 wherein the optical
filter layer is disposed between the lens layer and the array of pixels and wherein each lens is
configured to collimate light rays passed by its respective aperture so that light rays incident on

the optical filter meet the optical filter at an angle of incidence of approximately 0 degrees.

20.  (Currently Amended) The optical imaging system of claim 18 further
comprising;

a bulk transmitter optic; and

an illumination source comprising a plurality of lasers corresponding in number to
the plurality of sense channels, each laser in the plurality of lasers configured to project a
discrete illuminating beam at an operating wavelength through the bulk transmitter optic into a
field of view that is substantially the same size and geometry as a field of view defined by the

bulk reeeiver imaging optic and a corresponding aperture in the plurality of sense channels.

21. (Original) The optical imaging system of claim 20 wherein the plurality
of subpixels in each pixel is a plurality of SPADs and where the plurality of lasers in the

illumination source is a plurality of VCSELs.

22. (Original) The optical imaging system of claim 21 wherein each aperture

has a diameter of 200 microns or less.

23. (Original) The optical imaging system of claim 21 wherein each aperture
has a diameter approaching the diffraction-limited diameter for the wavelength of light output by

the plurality of lasers.

24. (Original) The optical imaging system of claim 21 wherein each aperture
has a diameter less than the diffraction-limited diameter for the wavelength of light output by the

plurality of lasers.
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25.  (Original) The optical imaging system of claim 21 wherein each aperture

has a diameter matched to a dynamic range of its corresponding pixel.

26.  (Original) The optical imaging system of claim 21 wherein the stop
region surrounding each aperture blocks light rays reflected from a region of the surface outside

the field of view of its corresponding aperture.

27 (Currently Amended) An optical imaging system comprising:

a bulk reeetver imaging optic having a focal plane;

a plurality of pixels arranged in a pixel array in which adjacent pixels in the array
are spaced apart from each other in a first dimension by a pixel pitch; and

an aperture layer disposed between the bulk reeeiver imaging optic and the
plurality of pixels arranged in the pixel array, the aperture layer including a plurality of discrete
apertures of substantially uniform size coincident with the focal plane and stop regions between
adjacent apertures, wherein the plurality of discrete apertures are arranged in an aperture array in
which adjacent apertures in the aperture array are spaced apart from each other in the first
dimension by an aperture pitch and wherein the aperture array is aligned with the pixel array and
a maximum linear dimension of each aperture in the aperture array is less than the pixel pitch;
and

wherein the aperture layer and pixel layer are arranged to form a plurality of sense
channels defining a plurality of discrete, non-overlapping fields of view beyond a threshold
distance in a field external to the optical imaging system, each sense channel in the plurality of
sense channels including a pixel from the array of pixels and an aperture from the plurality of

apertures that defines the field of view for its respective pixel.

28. (Previously Presented) The optical imaging system of claim 27 wherein
each aperture in the plurality of discrete apertures is a circular aperture of substantially uniform

diameter.

29, (Previously Presented) The optical imaging system of claim 27 wherein

the aperture pitch is substantially equal to the pixel pitch.
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30.  (Previously Presented) The optical imaging system of claim 27 wherein
each pixel in the plurality of pixels comprises a plurality of subpixels distributed across a pixel

area.

31 (Previously Presented) The optical imaging system of claim 29 wherein

the plurality of subpixels in each pixel is a plurality of SPADs.

32. (Currently Amended) The optical imaging system of claim 27 further
comprising, within each channel in the plurality of sense channels, an optical filter disposed
between the bulk reeetver imaging optic and the pixel within the channel, the optical filter
configured to receive light passed through the bulk reeetver imaging optic and pass a narrow

band of radiation while blocking radiation outside the band.

33, (Currently Amended) The optical imaging system of claim 32 further
comprising:

a bulk transmitter optic; and

an illumination source comprising a plurality of lasers corresponding in number to
the plurality of sense channels, each laser in the plurality of lasers configured to project a
discrete illuminating beam at an operating wavelength through the bulk transmitter optic into a
field of view that is substantially the same size and geometry as a field of view defined by the
bulk reeetver imaging optic and a corresponding aperture in the plurality of sense channels; and

wherein the narrow band of radiation passed by the optical filter includes the

operating wavelength.

34, (Previously Presented) The optical imaging system of claim 33 wherein

each laser in the plurality of lasers is a VCSEL.

35.  (New) An optical imaging system comprising:

a bulk imaging optic having a focal plane;

an array of pixels; and

an aperture layer disposed between the bulk imaging optic and the array of pixels,

the aperture layer including a plurality of discrete apertures coincident with the focal plane,
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wherein the aperture layer and pixel layer are arranged to form a plurality of sense channels
defining a plurality of discrete, non-overlapping fields of view beyond a threshold distance in a
field external to the optical imaging system, each sense channel in the plurality of sense channels
including a pixel from the array of pixels and an aperture from the plurality of apertures that

defines the field of view for its respective pixel.

36. (New) The optical imaging system of claim 35 further comprising a
plurality of lenses disposed between the aperture layer and the array of pixels with each lens in
the plurality of lenses being characterized by a second focal length, and wherein each channel in
the plurality of channels includes a lens from the plurality of lenses offset from the bulk receiver
optic focal plane by the second focal length and aligned with a corresponding aperture in the

channel.

37. (New) The optical imaging system of claim 36 further comprising, within
each channel in the plurality of sense channels, an optical filter disposed between the bulk
imaging optic and the array of pixels, the optical filter configured to receive light passed through
the bulk imaging optic and pass a narrow band of radiation that includes the operating
wavelength of the plurality of lasers to the plurality of pixels while blocking radiation outside the

band.

38. (New) The optical imaging system of claim 36 wherein, within each
channel, the lens from the plurality of lenses is disposed between an aperture and optical filter
and is configured to collimate light rays passed by the aperture and to pass the collimated light

rays into the optical filter.

39.  (New) The optical imaging system of claim 35 wherein the pixel in each
of the plurality of sense channels comprises a plurality of SPADs distributed across a pixel area

of the pixel that is larger than an area of its corresponding aperture.
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40. (New) The optical imaging system of claim 39 further comprising, within
each channel in the plurality of sense channels, a diffuser disposed within the channel between
the aperture and its corresponding pixel, the diffuser configured to spread light rays passed by

the aperture across the plurality of SPADs distributed across the pixel area of the pixel.
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REMARKS/ARGUMENTS

Upon entry of the present amendment, claims 1-40 will be pending in this
application. Claims 1-2,4-5, 8, 10, 13, 15, 17, 20, 27 and 32-33 have been amended, no claims
have been canceled and new claims 35-40 have been added.

Applicants respectfully assert that the claims are all supported by the application

as originally filed and that no new matter is added.

CONCLUSION

In view of the foregoing, Applicant believes all claims now pending in this
Application are in condition for examination.

Except for the issue fees payable under 37 C.F.R. § 1.18, the Director is
authorized to charge any additional fees during pendency of this application, including any
required extension of time fees, or credit any overpayment to Deposit Account Number 20-1430.
This paragraph is intended to be a constructive petition for extension of time in accordance with
37 CF.R. §1.136(a)(3).

If the Examiner believes a telephone conference would expedite prosecution of
this application, please contact the undersigned at 858-350-6104 or
W Shaffer@kilpatricktownsend.com.

Respectfully submitted,

/ William L. Shaffer /

William L. Shaffer
Registration No. 37,234

KILPATRICK TOWNSEND & STOCKTON LLP
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Client Ref. No.: POO1USC2

KILPATRICK TOWNSEND & STOCKTON LLP

By: /La Renda Meyer-Johnson

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

In re Application of: Confirmation No.: 1720

Angus Pacala Examiner: LEE, John R.

Application No.: 16/046,643 Technology Center/Art Unit: 2878

Filed: July 26, 2018

For:  OPTICAL IMAGING SYSTEM WITH INFORMATION DISCLOSURE
A PLURALITY OF SENSE STATEMENT
CHANNELS

Customer No.: 20350

Commissioner for Patents
P.O. Box 1450
Alexandria, VA 22313-1450

Commissioner:

The references cited on attached form PTO/SB/08A are being called to the attention of
the Examiner. In accordance with the provisions of 37 CFR §1.98(a)(2), copies of any cited U.S.
Patents and U.S. Patent Application Publications are not provided. Copies of the references are
not enclosed.
It is respectfully requested that the cited references be expressly considered during the
prosecution of this application, and the references be made of record therein and appear among
the “references cited” on any patent to issue therefrom.
As provided for by 37 CFR §1.97(g) and (h), no inference should be made that the

information and references cited are prior art merely because they are in this statement and no
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representation is being made that a search has been conducted or that this statement encompasses
all the possible relevant information.

This Information Disclosure Statement is being filed before the mailing date of the first
Office Action on the merits.

Applicant believes that no fee is required for submission of this statement. However, if
any additional fees are due for the submission of this Information Disclosure Statement, please
deduct those fees from Deposit Account No. 20-1430.

Respectfully submitted,
/ William L. Shaffer /

William L. Shaffer
Registration No. 37,234
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[Document Name{Patent Claims

[Claim 1]
A condensing optical sysiem Tor collecting light Trom an object, 2 separalor lenses
for separately forming the light from the condensing optical system by dividing the
light into 2, and 2 or 2 dimensional image pickup elements which are divided by the 2
separator lenses and individuoally receive the light condensed by the 1 separator
lenses ; A mask which is arranged between the condensing eptical system and the
separator lens or between the separator lens and the imaging element and has a
self-interphase funcilon in the forw of an opening through which the light passes ; A
distance sensor comprising a processing means for defermining a distance between an
ohject and an imaging element based on an inferval between centroids of 2 images
obtained by the Z imaging elements.

[Claim 2]
The distance sensor according fo claim 1, wherein the processing means has a storage
means for storing a distance between the center of gravity of the 2 images and a
focal positien of the condensing optical system im advance, and an image center
position detecting means for detecting the position of the center of gravity of the 2
images obtained by the 2 imaging elements. A center of gravity interval caleulating
means for calculating an interval of the center of gravity of the 2 images ahtained
by the 2 image pickup elements based on a result of detection by the image centroid
pasition detecting means ; A distance sensor comprising : a distance determining unit
which acquires a value of a distance between an object and a focal point of a
condensing aptical system carresponding to an interval of the center of gravity
galculated by the center-of-gravity interval calculating unit from the storage unit,
and determines g distance between the object and the imaging element.

[Claim 3]

A distance sensor according to claim | or 2, further comprising a projector for

projecting light into a monitoring space in which an object of interest is assumed to
he present,

[Claim 4]
in the distance sensor according to any one of claims 1 to 3, further, the condensing
optical system includes a variable focus mechanisw, and the storing means stores a
felationship befween a distance between the centers of gravity of the 2 images and a
distance between the object and the focal point position for sach focal length of the
condensing optical system, and the distance determining means 1s used for the
distance determination. The distance sensor according to claim 1, wherein the
distaice value corresponding to the distance of the center of gravity calculated by
the center of gravity distance caleulating means is determined by using a
relationship corresponding to a current focal length of the condensing eptical systewm
among the relations stored in the storing means for each focal length of the
cohdensing optical system,
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