(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
26 March 2020 (26.03.2020)

(10) International Publication Number

WO 2020/058264 Al

WIPO I PCT

(51) International Patent Classification:
G018 17/89 (2006.01) GO1S 7/486 (2006.01)
GO1S 7/484 (2006.01)

(21) International Application Number:
PCT/EP2019/074858

(22) International Filing Date:

17 September 2019 (17.09.2019)
(25) Filing Language: English
(26) Publication Language: English

(30) Priority Data:

(72) Inventors: AMAYA-BENITEZ, Manuel; c/o IP Eu-
rope, Sony Europe B.V., Zweigniederlassung Deutschland,
Stuttgart Technology Center, Hedelfinger Str. 61 70327
Stuttgart (DE). VAN DER TEMPEL, Ward; c/o [P Eu-
rope, Sony Europe B.V., Zweigniederlassung Deutschland,
Stuttgart Technology Center, Hedelfinger Str. 61 70327
Stuttgart (DE). NOBUAKI, Kaji; c/o [P Europe, Sony
Europe B.V., Zweigniederlassung Deutschland, Stuttgart
Technology Center, Hedelfinger Str. 61 70327 Stuttgart
(DE). NISHIMORI, Hiroaki; c/o [P Europe, Sony Europe
B.V., Zweigniederlassung Deutschland, Stuttgart Technol-
ogy Center, Hedelfinger Str. 61 70327 Stuttgart (DE).

18195353.0 19 September 2018 (19.09.2018) EP  (74) Agent: MFG PATENTANWALTE; Amalienstrasse 62,
_ 80799 Miinchen (DE).
(71) Applicant: SONY SEMICONDUCTOR SOLUTIONS
CORPORATION [JP/JP]; 4-14-1 Asahi-cho, Atsugi-shi, (81) Designated States (unless otherwise indicated, for every
Kanagawa 243-0014 (JP). kind of national protection available). AE, AG, AL, AM,
) AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
(71) Applicant (for AL only): SQNY DEPTHSENSING SO- CA. CH, CL, CN, CO, CR, CU, CZ. DE, DJ, DK, DM, DO,
LUTIONS SA/NV [BE/BE], Boulevard de la Plaine 11, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
1050 Ixelles (Brussels) (BE). HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KI, KN, KP,
(54) Title: TIME OF FLIGHT APPARATUS AND METHOD
+ 56
R I R b st bt ity Lt/ LN RN C I
A %
I =,
lk,mn,scan,u w- m-z] : E 1 1 :‘ - _I 1 I kel SCE"J
I S e 53
i non_scan_p 1M ] /
A7 b)
S R LT
e B A
O I A O B A A
R I R I R 57
S o o T T o A S
Lot b v
e e L
T e
L e O e I i I e ¢ SRS
A I A I I O
No L HE T ] R " time [s]

Fig. 6

wo 2020/058264 A1 | NI 0000 KOO0 O 0 0

(57) Abstract: A time-of-flight apparatus has: a light source for emitting light to a scene; a light detector for detecting light from
the scene; and a control, the control being configured to: acquire a frame of detected light from the light detector, wherein the frame
corresponds to a predetermined time interval, and drive the light source for emitting light during the acquisition of the frame, wherein the
light energy accumulated within the frame has a predetermined value, and wherein the frame is divided into active light time intervals
during which light is emitted to the scene.

[Continued on next page]



WO 2020/058264 A1 |10} 000000 O 0 0

KR,KW,KZ, LA, LC,LK, LR, LS, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:
—  with international search report (Art. 21(3))



10

15

20

25

30

WO 2020/058264 PCT/EP2019/074858

TIME OF FLIGHT APPARATUS AND METHOD

TECHNICAL FIELD

The present disclosure generally pertains to a time-of-tlight apparatus and a method for controlling

such a time-of-tlight apparatus.

TECHNICAL BACKGROUND

Generally, time-of-flight (TokF) systems are known, which are used for determining a distance to or

depth map of a region of interest (scene).

Typically, when a ToF (Time-of-Flight) camera is used, a minimum SNR (signal to noise ratio) is
needed, in order to obtain depth-maps. The SNR value may be too small when the active illumina-
tion of the scene is weak, which may be the case, for example, at long distances or when the ambient

light is strong, e.g., due to sun light.

Generally, it is known that the active illumination reflected in a scene is inversely proportional to the
square of the distance from the light source. The ambient light is affecting the depth measurements

as shot noise. In both cases, a more intense active illuminator or light source assists in improving the
SNR, but eye safety regulations (e.g. IEC 60825-1 ed. 3, 2014) limit the total amount of illumination

that a light source can emit.

Hence, there is generally a need for providing a time-of-flight apparatus and a method for control-

ling such a time-ot-flight apparatus.

SUMMARY

According to a first aspect, the disclosure provides a time-of-flight apparatus, comprising a light
source for emitting light to a scene; a light detector for detecting light from the scene; and a control,
the control being configured to acquire a frame of detected light from the light detector, wherein the
frame corresponds to a predetermined time interval, and drive the light source for emitting light dur-
ing the acquisition of the frame, wherein the light energy accumulated within the frame has a prede-
termined value, and wherein the frame is divided into active light time intervals during which light is

emitted to the scene.

According to a second aspect, the disclosure provides a method for controlling a time-of-tlight ap-
paratus, including a light source for emitting light to a scene and a light detector for detecting light
from the scene, the method comprising acquiring a frame of detected light from the light detector,

wherein the frame corresponds to a predetermined time interval, and driving the light source for
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emitting light during the acquisition of the frame, wherein the light energy accumulated within the
frame has a predetermined value, and wherein the frame is divided into active light time intervals

during which light is emitted to the scene.

Further aspects are set forth in the dependent claims, the following description and the drawings.

BRIEFT DESCRIPTION OF THE DRAWINGS

Embodiments are explained by way of example with respect to the accompanying drawings, in

which:

Fig. 1 illustrates reducing the illumination time of a light source;

Fig. 2 illustrates an example for illuminating a scene;

Fig. 3 illustrates an example for applying a reduced illumination time;

Fig. 4 illustrates an example for applying a reduced illumination time, wherein a light beam has a

height corresponding to a diameter of a pupil;

Fig. 5 illustrates an example for applying a reduced illumination time, wherein a beam has a height

which is smaller than a diameter of a pupil;
Fig. 6 illustrates an embodiment of illuminating a scene with several active light time intervals;

Fig. 7 illustrates another embodiment of illuminating a scene with several active light time intervals,

wherein a light beam has a height corresponding to a diameter of a pupil;

Fig. 8 illustrates another embodiment of illuminating a scene with several active light time intervals,

wherein a light beam has a height, which is smaller than a diameter of a pupil;

Fig. 9 illustrates another embodiment of illuminating a scene with several active light time intervals,

which is based on a combination of the embodiment of Fig. 7 and Fig. 8;
Fig. 10 illustrate an embodiment of a time-ot-flight apparatus; and

Fig. 11 is a flowchart of a method for controlling the time-of-flight apparatus of Fig. 10.

DETAILED DESCRIPTION OF EMBODIMENTS

Before a detailed description of the embodiments under reference of Fig. 6 is given, general explana-

tions are made.

As mentioned, in the outset, it is known for time-of-flight cameras or systems that the SNR (signal-
to-noise ratio) may be too small under sun light conditions, long distances or the like and that in-

creasing the intensity of the light source may improve the SNR.
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Furthermore, in some embodiments, a simple illuminator for a Tolf camera, such as a full field illu-
minator (FFI), emits modulated (pulsed) light continuously during a component-frame time acquisi-
tion. A depth-map frame is calculated based on several component-frames. However, it has been
recognized that under the conditions defined by eye safety regulations, it may be the case that the
highest light intensity that can be used with FFI is not enough to obtain high SNR values at long

distances and/or under ambient light conditions.

Hence, some embodiments pertain to a time-of-tlight apparatus, including a light source for emitting
light to a scene; a light detector for detecting light from the scene; and a control, the control being
contigured to acquire a frame of detected light from the light detector, wherein the frame corre-
sponds to a predetermined time interval, and drive the light source for emitting light during the ac-
quisition of the frame, wherein the light energy accumulated within the frame has a predetermined
value, and wherein the frame is divided into active light time intervals during which light is emitted

to the scene.

Generally, the time-of-flight apparatus may be based on any of known Tol technologies, including
direct Tok sensors, where the directly the roundtrip of photons is measured, which are emitted and
scattered from a scene, or indirect ToF sensors, where a phase shift of light is measured, which is

emitted and scattered from a scene scattered, for determining the distance, a depth map, or the like.

The light source may include LEDs (light emitting diodes) or it may be based on laser elements,
such as VCSELs (vertical cavity surface emitting lasers) or the like. The light source may be config-
ured as CW (continuous wave) light source (also referred to as illuminator) or PW (pulsed-wave)
light source, including illuminations and illuminators as described in eye safety standards, such as e.g.

TEC 60825-1 Ed2 2007, or IEC 60825-1 Ed3 2014.

The light detector may be based on any type of known sensing technology for time-of-flight systems
and may be based on, for example, CMOS (complementary metal-oxide semiconductor), CCD
(charge coupled device), SPAD (single photon avalanche diode), CAPD (current assisted photodi-
ode) technology or the like.

Moreover, the light detector may include multiple pixels, which may be arranged in an array, as it is

generally known in the art for light detectors in the field of time-of-flight.

The control may include one or more (micro)processors, tield gate processors, memory, and other
components which are typically implemented in an electronic control of a time-of-flight system/ap-

paratus.

The control may be configured in hardware and/or in software.
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Furthermore, some embodiments pertain to a method for controlling a time-of-flight apparatus, in
particular as described herein, including a light source for emitting light to a scene and a light detec-
tor for detecting light from the scene, as discussed herein, wherein the method includes acquiring a
frame of detected light from the light detector, wherein the frame corresponds to a predetermined
time interval, and driving the light source for emitting light during the acquisition of the frame,
wherein the light energy accumulated within the frame has a predetermined value, and wherein the

trame is divided into active light time intervals during which light is emitted to the scene.

In the following, different embodiments are discussed which pertain to the time-of-flight apparatus
and the configuration of the control, wherein each of the features which are discussed may also be

part of embodiments of the method for controlling the time-of-flight apparatus.

The frame of detected light from the light detector may include data, which is representative of the
light which has been detected by the light detector. The tframe may have a certain and predetfined
length (in time), i.e. the predetermined time interval, and it (e.g. its length) may be predetined in ad-
vance or it may be calculated (dynamically) on the basis of other parameters, such as ambient light

conditions, parameters describing the characteristic of the illumination of the scene or the like.

In some embodiments, the frame corresponds to the time, which is needed to acquire image data for
the whole scene, such that one frame is based on at least one full or completed illumination of the
scene, which, in turn is implemented by driving the light source (and other components which may

be necessary) accordingly.

The predetermined value for the accumulate light energy within the frame may be predetined in ad-
vance or it may be (dynamically) calculated based on other parameters, e.g. based on how much light
energy may be emitted to an area within a defined time petiod and/or within a predetermined dis-
tance to the time-of-flight apparatus (e.g. its light source). In particular, the predetermined value may
be based on a currently known or on a further or future eye safety standard and it may represent a

value, which is such chosen that an (e.g. human) eye is not hurt or burnt.

The frame is divided into active light time intervals during which light is emitted to the scene,
whereby between two consecutive active light time intervals a period of time exists where no light is
emitted to the scene. This period of time of non-emission of light to the scene may be the same be-
tween the active light time intervals or it may be different. Hence, the light is not continuously emit-
ted to the scene through the whole frame, but the emitted light energy is distributed in time over the
trame, namely over the active light time intervals. Moreover, as will also be discussed further below,

areas of the scene and/or corresponding areas of the light detector may be illuminated in multiple
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passes (time slots corresponding to the active light time intervals), separated by a non-illumination

period or time intervals.

The stop of emission of light or the non-emitting of light may be accomplished by different
measures, as it is generally known, e.g. by deactivating the light source, activating a shutter or the like

at or in front of the light source or other measures.

Thereby, the single exposure time of the light detector as well as of the scene may be reduced within
a frame (compared to prior art ToF, since the active light time intervals are shorter than the whole
trame), while the total light energy which is acquired by the light detector and which is emitted to
scene is not reduced. Hence, the frame length may not be reduced which may be needed for illumi-
nating the whole scene. The reduction in the exposure time may decrease the noise produced by the
ambient light and/or it may improve the SNR, since the ratio between the emitted light energy and

the ambient light energy becomes larger.

This is also illustrated in Fig. 1, which shows the power intensity of light on the ordinate and the

time on the abscissa.

In a first case under reference number 1, the amount of active light 1a is emitted for a time t and in
this time an associated amount of ambient light 1b is detected at the light detector. In contrast to
this, in a case 2, which is an embodiment of the present invention, the same amount of light 2a as
the amount of light 1a is emitted, but in a time interval t/k which is much smaller (only a part k of
time interval t) than the time interval t, such that the SNR improves for case 2, since the amount of

emitted light increases compared to the amount of ambient light.

However, the pure implementation of case 2 of Fig. 1 may result in some embodiments into a viola-
tion of eye safety, which defines the limit of power intensity of light which may be received by a pre-
detined pupil within a predetined time interval (for a predefined light source, e.g. class 1 laser or the

like).

In some embodiments, eye safety standards, e.g. IEC 60825-1 Ed2 2007, or IEC 60825-1 Ed3 2014,
define for Class 1 lasers, which may be used in a light source in some embodiments, the largest illu-
mination energy (AEL, Accessible Energy Limit) that can be accepted by an eye using a reference

pupil size during the typical ToF frame durations.

This AEL may decrease with the reduction of the light detector exposure time for a typical light
burst duration and wavelength of the light source (e.g. lasers). Therefore, a straight use of the teach-
ing of case 2 of Fig. 1, as discussed above, may turn out to involve a non-eye safe illumination, since

the illumination energy may be larger than the limit AEL.
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Furthermore, some embodiments pertain to 1D-scanning, wherein a one-dimensional scanning of
the scene is performed (e.g. based on a laser beam or the like), while other embodiments pertain to
2D-scanning, wherein a two-dimensional scanning of the scene is performed (e.g. base on emitting a

sheet of light or the like).

In some embodiments, the light source is adapted to emit light having a field of illumination, which
is at least partially smaller than a predefined pupil diameter (e.g. the light source emits light rays,

sheet of lights, light beams having a certain width/height, etc.).

Hence, the light source, which may be, for example, implemented as an active modulated laser illu-
minator emits light beams with a field of illumination (FOI) with at least one of the dimensions, ver-
tical or/and horizontal, smaller than the pupil diameter stablished in the eye safety regulations (e.g.
pupil diameter of 7 mm for IEC 60825-1 ed. 3, 2014), wherein a (given) distance to the pupil may be
considered (e.g. distance from the illuminator to the pupil of 100 mm for IEC 60825-1 ed. 3, 2014).

In some embodiments, the light is emitted to adjacent areas of the scene. Hence, a scene may be
(logically) divided into multiple adjacent areas, which may partially overlap or which may not overlap
at all, such that the different areas are illuminated by the emitted light consecutively (wherein the

light source is configured to illuminate the different areas of the scene).

In some embodiments, the active light time intervals are associated with the adjacent areas, such that
between the illumination of each of the areas a time interval may exist in which no light is emitted to

the corresponding areas (i.e. the areas are not illuminated).

In some embodiments, between two active light time intervals at least one non-active light time in-
terval is provided, wherein the scene may not be illuminated during the non-active light time inter-

val.

In some embodiments, the light detector detects light during the active light time intervals. For in-
stance, the flow of electrons from photosensitive areas, such as photodiodes of each of ToF sensor
pixel, to its storage nodes are synchronized with the light source (e.g. laser source illuminator). For
example, when an area of the light detector should not receive light (which is emitted from the light
source and scattered from the scene), the area of the light detector, e.g. the associated pixel(s) blocks

the detection of light.

Depending on the technology used in some embodiments, the gated pixels or shuttered pixels are
provided for blocking the detection of light, or mixing signals in a CAPD (current assisted photodi-

ode) are controlled accordingly. Moreover, in some embodiments, a global control is provided or the
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control is configured accordingly such that all pixels of the light detector are controlled simultane-
ously, while in others, a line-based control may be provided where the pixels belonging to a row

and/or column are controlled simultaneously, or an individual control per pixel may be provided.

In some embodiments, the light detector is reset outside the active light time intervals. For example,
each pixel of the light detector has an overflow gate to flush those electrons generated by the ambi-
ent light during the periods the light source (e.g. laser illuminator) is off (i.e. outside the active light

time intervals), i.e. when the active light source is not emitting light.

In some embodiments, as also mentioned above, the light detector includes multiple pixels and be-
tween different active light time intervals different pixels are active. For instance, when adjacent ar-
eas of the scene are illuminated associated pixels or pixel areas or pixel groups of the light detector
may be active, such that only pixels detect light which are expected to detect light due to the illumi-

nation of the corresponding area of the scene.

In some embodiments, light is emitted at least twice to the same area of the scene, thereby the scene
may be scanned multiple times such that light energy, which is emitted in total during one frame, is

spread over scans of the scene.

Hence, the emitted light enetgy may be spread over time during one frame and/or spread over the

scene during one frame.

In some embodiments, as also discussed above, the predetermined value for the accumulated light
energy depends on at least one of time and light energy received by a predetermined pupil in the
scene. The pupil may have a predefined diameter, as mentioned above, and may have a predeter-
mined distance to the light source (or to the time-of-flight apparatus) and the predetermined value
may be based on the light energy which is received by such a puplil, since on that basis it can be de-

termined whether the emitted light energy complies with eye safety requirements or not.

Moreover, the Tol system or apparatus may include circuitry, including the control discussed
herein, for processing and analyzing the detection signals generated upon detection of light and it
may be configured to control the ToF apparatus ot system accordingly as discussed herein (and/or
the control is configured accordingly). The Tol system (apparatus) may provide a distance measure-
ment, may scan a tegion of interest and may provide depth maps/images or the like from the region

of interest.

The Tol apparatus or system may be used in different technology applications, such as in Automo-
tive, Gaming applications (e.g. gesture detection), as well as in smart phones or other electronic de-

vices, such as computers, laptops, or in medical device, etc.
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In the following, examples are explained under reference of Figs. 2 to 5, where the basic idea of Fig.
1 is applied without involving active light time intervals, in order to explain basic principles which

can be applied to embodiments of the present disclosure.

In Fig. 2 pertains to a reference example, which is considered to comply with eye safety require-
ments (based on case 1 of Fig. 1) and it shows, in an upper side, a scene 10 is illustrated, wherein the
scene 10 is illuminated with a full field continuous illumination without scanning (also referred to as
“non scanning”). The scene 10 is illuminated with light 11 and for illustration purposes, in the mid-

dle of the scene 10 an eye safety standard pupil 12 is shown.

The size of the field of illumination (FOI) is detined by:

FOI [m?] = hrot * vror, wherein hror is the width of the FOT and vror is the height of the FOL
The surface area of the eye safety pupil is defined by:

Spupit [M7] = T * (dpup * 277, wherein the dpua is the diameter of the eye safety standard pupil.

The surface of the pupil Snon scan [M?] which is illuminated by the light source (e.g. the light beam
emitted by the light source) is equal to the pupil surface area Sy, since in this case the emitted light

beam illuminates the whole scene which is larger than the pupil.
The peak optical power [W] = Pron_scan, Wherein Pooq san is the power of the emitted light.

The optical power intensity [Wm™?| = Taon scan, Wherein Tnon ccan is the light intensity of the light emitted

to the scene 10.

On the lower side of Fig. 2, a diagram is illustrated which shows on the ordinate a light intensity and
on the abscissa the time from zero to a time taon scan, Which corresponds to one time frame (without
limiting the present invention in that regard), wherein one frame is needed for illumination the

whole scene 10.

The illumination procedure of Fig. 2 basically corresponds to case 1 of Fig. 1, which has been ex-

plained above.

The light source is active during the whole frame and it provides continuously the light intensity

Lion_scan [Wm], as is also illustrated as linear curve 13.

Moteover, a curve 14 represents the illuminated pupil surface Suon scan[m’] of the pupil surface Spupit

which is illuminated during the frame, which is also constant in this example.

A curve 15 represents the accessible light energy “AE” during the frame, which lineatly increases,

since it shows the accumulated light energy over the time.



10

15

20

25

30

WO 2020/058264 PCT/EP2019/074858
9

A horizontal line 16 shows the total accumulated light energy AEqon ccan Over the whole frame and,

thus, its value corresponds to the end value of the curve 15.

In the present example, the total energy AFqon san corresponds to the value AELqon sean for the frame,
which represents the limit of the accessible energy for the eye safety standard pupil. In this example,

the most limiting value AEL is the defined by the pupil exposure time taon_scan.

In a lower section of the diagram of Fig. 2, a curve 17 illustrates the state of the light detection and
whether the flow electrons from the photodiode of the pixels of the light detector is allowed to flow

to their storage nodes. In the case of curve 17, the state is “yes” for the whole frame.

In the example of Fig. 3, in an upper side, as also explained for Fig. 2, a scene 20 is illustrated,
wherein the scene 20 is illuminated with a full field continuous illumination without scanning (also
referred to as “non scanning”), wherein this example corresponds to case 2 of Fig. 1, wherein the
light is emitted for a part “k” of the whole frame. The scene 20 is illuminated with light 21 and for

illustration purposes, in the middle of the scene 20 the eye satety standard pupil 22 is shown.
The size of the field of illumination (FOI) is detined by:
FOI [m?] = hrot * vror, wherein hror is the width of the FOT and vror is the height of the FOL

The surface area of the eye safety pupil is defined by:
Spupit [M7] = T * (dpup * 277, wherein the dpua is the diameter of the eye safety standard pupil.

The surface of the pupil Snon scan [mM?] which is illuminated by the light source (e.g. the light beam
emitted by the light source) is equal to the pupil surface area Sy, since in this case the emitted light

beam illuminates the whole scene which is larger than the pupil.

The peak optical power [W] = Pi_non_scan = K*Praon_scan, Whereint Poon_sean 1 the power of the emitted
light during the time tk_non_scan, Which is the k-th part of the time frame having the length taon_scan, 1.€.

— -1
tkfnonfscan - tnonfscan*k .

The optical power intensity [Wm™?] = Tk non_scan = K* Toon_scan, Whetein Tnon ccan is the light intensity of

the light emitted to the scene 20 during the time tx_non_scan-

On the lower side of Fig. 3, a diagram is illustrated which shows on the ordinate a light intensity and
on the abscissa the time from zero to a time taon scan, Which corresponds to one time frame (without

limiting the present invention in that regard), wherein the light source is only active for the time

tkinoniscan .

The light source, which is active dufing tx aon scan Of the frame, provides continuously the light inten-

$ity Ton san [Wm7], as is also illustrated as linear curve 23.
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Moteover, a curve 24 represents the illuminated pupil surface Sk aon scan [M?] 0f the pupil surface Spupi

which is lluminated during the time ti_non_scan, Which is also constant in this example.

A curve 25 represents the accessible light energy “AE” during the frame, which linearly increases,

since it shows the accumulated light energy over the time until tx aon_scan-

A horizontal line 26 shows the total accumulated total light energy AEx non_scan Over the whole frame

and, thus, its value corresponds to the end value of the curve 25.

In the present example, the total energy AEx non ccan 1s higher than the value of AELk aon ccan, which is
illustrated as curve 27 and which represents the limit of the accessible energy for the eye safety
standard pupil during the time interval tx aon scan. The exposure time tk non scan fOr the pupil is reduced
to a k-th part of the frame and simultaneously the peak optical power intensity is increased k times.
The total active illumination captured by each pixel of the light detector is kept the same as in the
reference design of Fig. 1. However, a decrease in the exposure time reduces the AEL, such that the

example of Fig. 3 is not eye safe, i.e. AEk non_scan™ AELx non_scan-

In a lower section of the diagram of Fig. 3, a curve 28 illustrates the state of the light detection and
whether the flow electrons from the photodiode of the pixels of the light detector is allowed to flow
to their storage nodes. In the case of curve 28, the state is “yes” for the exposure time tx_non_scan dut-

ing which the light source is active.

In the example of Fig. 4, in an upper side, a scene 30 is illustrated, wherein the scene 30 is illumi-
nated with 1D and k consecutive step-line scanning process, wherein the light is emitted for a part
“k” of the whole frame. The scene 30 is illuminated with light 31 and for illustration purposes, in the

middle of the scene 30 the eye safety standard pupil 32 is shown.

Each beam emitted by the light source has a height which is equal to the diameter dpui of the pupil
32, wherein by illuminating the scene 30 k-times, wherein adjacent areas of the scene 30 are illumi-

nated, the whole scene 30 is illuminated.

Hence, k = vror * dpupn ', wherein veor corresponds to the height of the field of illumination (FOI
pup P g

corresponding to the height of the scene 30.

The size of the field of illumination FOI for one (k-th) illumination is defined by:
FOIk con [m’] = hror * dpupt, wherein hror is the width of the FOL

The whole FOI (after k scanning steps) is:

FOI [m? = k * FOTIy_con.

The surface area of the eye safety pupil is defined by:
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Spupit [M7] = T * (dpup * 27)%, wherein the dpua is the diameter of the eye safety standard pupil.

The peak optical power [W] = Px_con = Pron_scan, Wherein Poon_ccan is the power of the emitted light dur-
ing the time tx_con, which is the k-th part of the time frame having the length taon_scan, 1.€. tk con =

-1
tnoniscan*k .

The optical power intensity [Wm?] = Tk con = k* Taon scan, Wherein Tnon scan is the light intensity of the

light emitted to the scene 30 during the time tx_con.

On the lower side of Tig. 4, a diagram is illustrated which shows on the ordinate a light intensity and
on the abscissa the time from zero to a time taon scan, Which corresponds to one time frame (without
limiting the present invention in that regard), wherein the light source is only active for the time

tkicon .

The light source, which is active during tx cn Of the frame, provides continuously the light intensity

Tk con [Wm™], as is also illustrated as lineat curve 33.

Moteover, a curve 34 represents the illuminated pupil surface Sk con [m?] of the pupil surface Spupi
which is lluminated during the time t_con, which is also constant in this example, since the emitted
light beam has a height corresponding to the diameter of the pupil 32, such that it is fully illumi-

nated.

A curve 35 represents the accessible light energy “AE” during the frame, which linearly increases,

since it shows the accumulated light energy over the time until ti_con.

A horizontal line 36 shows the total accumulated total light energy AEx o over the whole frame

and, thus, its value corresponds to the end value of the curve 35.

In the present example, the total energy AEx con 1s higher than the value of AELx con, which is illus-
trated as curve 37 and which represents the limit of the accessible energy for the eye safety standard
pupil during the time interval ti con scan. The exposute time tx con for the pupil is reduced to a k-th part
of the frame and simultaneously the peak optical power intensity is increased k times by focusing the
light into the small beam having the height of the diameter of the pupil. The total active illumination
captured by each pixel of the light detector is kept the same as in the reference design of Fig. 1.
However, a decrease in the exposure time reduces the AEL, such that the example of Fig. 4 is not

eye safe, i.e. AEx cn>AELg con.

In a lower section of the diagram of Fig. 4, a curve 38 illustrates the state of the light detection and
whether the flow electrons from the photodiode of the pixels of the light detector is allowed to flow
to their storage nodes. In the case of curve 38, the state is “yes” for the exposure time tx_con during

which the light source is active.
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In the example of Fig. 5, in an upper side, a scene 40 is illustrated, wherein the scene 40 is illumi-
nated with 1D and kn consecutive step-line scanning process, wherein the light is emitted for a part
“k” of the whole frame. The scene 40 is illuminated with light 41 and for illustration purposes, in the

middle of the scene 40 the eye safety standard pupil 42 is shown.

Each beam emitted by the light source has a height which is equal to an n-th part of the diameter
dpupn Of the pupil 42, wherein by illuminating the scene 40 n-times, wherein adjacent areas of the
scene 40 are illuminated, the diameter of the pupil 42 is illuminated and by illumination kn-times the
scene 40, the whole scene is illuminated, i.e. the scene 40 is divided into k-stripes, wherein each of
the k-stripes is divided into n-stripes, wherein the height of a k-stripe corresponds to the diameter of
the pupil 42 (similarly to the example of Fig. 4).

The height, as mentioned, of each beam line [m] = dpepn * 7.

Hence, k = vror * dpupi ', Wherein vyor cotresponds to the height of the field of illumination (FOT)

corresponding to the height of the scene 40.

The size of the field of illumination FOI for one (kn-th) illumination is defined by:

FOlka_con [M?] = hrot * dpupi * 0!, wherein hror is the width of the FOL

The whole FOI (after kn scanning steps) is:

FOI [m? = k * n* FOIxy_con.

The surface area of the eye safety pupil is defined by:

Spupit [M7] = T * (dpup * 277, wherein the dpup is the diameter of the eye safety standard pupil.

The peak optical power [W] = Pra_con = Pron_scan, Wherein Pooq_san 1 the power of the emitted light

during the time tin con, Wherein tin con = toon scan ¥ K = tin con x*01 (see lower side of Fig. 5).
g > g

The optical power intensity [Wm™?] = Tkn con = k* Tnon scan, Wherein Tnon scan is the light intensity of the

light emitted to the scene 40 during the time tin con.

On the lower side of Fig. 5, a diagram is illustrated which shows on the ordinate a light intensity and
on the abscissa the time from zero to a time taon scan, Which corresponds to one time frame (without
limiting the present invention in that regard), wherein the light source is only active for the time

tknicon .

The light source, which is active during tr, con Of the frame, provides continuously the light intensity

Tio_con [Wm], as is also illustrated as linear curve 43.
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Moteovet, a curve 44 represents the accumulated illuminated pupil surface Sk, con [m?] of the pupil
surface Spupi Which is illuminated during the time tkn_con, wherein the distribution 44a illustrates the
illuminated pupil surface for consecutive time intervals of tky conx, i.€. for each of an n-th illumina-

tion of the pupil 42.

A curve 45 represents the accessible light energy “AE” during the frame for the pupil 42, which not

linearly increases.

A horizontal line 46 shows the total accumulated light energy AEx, con Over the whole frame and,
thus, its value corresponds to the end value of the curve 45 (at tin_con, since after that pint of time,

the illumination is off and not active).

In the present example, the total energy AEr, o which is determined for the beams illumination the
pupil 42 is higher than the value of AELkq con, which is illustrated as curve 47 and which represents
the limit of the accessible energy for the eye satety standard pupil during the time interval tx con_scan.
The exposure time tiq_con for the pupil is reduced to a k-th part of the frame and simultaneously the
peak optical power intensity is increased k times by focusing the light into the small beam. The total
active illumination captured by each pixel of the light detector is kept the same as in the reference
design of Fig. 1. However, a decrease in the exposure time reduces the AEL, such that the example

of Fig. 5 is not eye safe, i.e. AExn con™AELiq_con.

In a lower section of the diagram of Fig. 5, a curve 48 illustrates the state of the light detection and
whether the flow electrons from the photodiode of the pixels of the light detector is allowed to flow
to their storage nodes. In the case of curve 48, the state is exemplary “yes” for the exposure time
trn_con_x during which the light source is active and which corresponds to the exemplary position of
the light beam which is also shown in the upper part. Each pixel is synchronized with the light

source (e.g. illumination scanner).

In the following, embodiments of the present disclosure are discussed under reference of Figs. 6 to
11. In the embodiments discussed, for illustration purposes, 1D scanning is assumed without limit-
ing the present disclosure in that regard, and, also 2D scanners (or other scanning methods) may be
implement or the like. Furthermore the present disclosure is not limited to concrete examples, which
may be given in the following description, such as a wavelength of 850 nm and a burst duration
greater than 5 - 10-6 [s]. For a different wavelength and/or a different burst duration, different AEL
may apply, and the skilled person will appreciate that the principle of spread step scanning and mul-
tiple-passes can be applied to different AEL values by adjusting and/or modifying the relation be-

tween the affected parameters discussed.
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Fig. 6 illustrates an embodiment, which is based to some extend of the example of Fig. 3. However,

in this embodiment, additional active light time intervals are introduced.

In an upper section a), Fig. 6 illustrates a scene 50, wherein the scene 50 is illuminated with a non-
scanning, but p-passes illumination process (in addition to the k-passes explained under reference of
Fig. 3), wherein the light is emitted for a total part “k” of the whole frame, but the part “k” (as of
Fig. 3) is turther divided into p-passes. The scene 50 is illuminated with light 51 and for illustration

purposes, in the middle of the scene 50 the eye safety standard pupil 52 is shown.

In this embodiment, a non-scanning p-passes process is provided, wherein the eye safety is achieved,
and where the SNR is improved by reducing the exposure time while keeping the same amount of
active illumination, compared to Fig. 2. In this embodiment, the same illumination time is used as in
Fig. 3, but it is spread in p-passes. The total time needed for acquiring a frame is taon_scan, a8 also dis-
cussed above. In this embodiment, the number of passes p depends on: the k parameter, the burst
duration t k_aon_saan_p_x, the light source design (e.g. laser design), and the eye safety standard. In this
embodiment, the most limiting AEL is AELx non_sean_p_x, the one determined by the pupil exposure
tiMe t & non_scan_p_x during one p-pass, such that the access energy AEx non_sean_p_x 18 measured by using
one p-pass. For instance, applying the eye safety standard IEC 60825-1 ed. 3, 2014, for an extended
source laser with wavelength of 850 nm, and a burst duration greater than 5 - 10 [s], the relation to

keep this embodiment eye safe is p = k.

In more detail:

The size of the field of illumination (FOI) is defined by:

FOI [m?] = hrot * vror, wherein hror is the width of the FOT and vror is the height of the FOL.
The surface area of the eye safety pupil is defined by:

Spupit [M7] = T * (dpup * 27)%, wherein the dpua is the diameter of the eye safety standard pupil.

The surface of the pupil Snon scan [mM?] which is illuminated by the light source (e.g. the light beam
emitted by the light source) is equal to the pupil surface area Sy, since in this case the emitted light

beam illuminates the whole scene which is larger than the pupil.

The peak optical power [W] = Pi_non_scan_p = k * Pron_scan, Wherein Pron sean 18 the power of the emitted

light during the time taon_scan.

The optical power intensity [Wm?] = Tk non scan p = K * Taon scan, Whetein Lnon s is the light intensity of

the light emitted to the scene 50 during the time taon_scan-
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For the time interval tx_non_sean_p, Which corresponds to the k-th part of the time frame having the

length tuon scan the following applies:

th_non_scan p = toon scan™K | = tk_non scan_p xX*P, Wherein ti_son scan p x i the active light time interval of one
p-pass.

On the lower side of Tig. 6, a section b) illustrates a diagram which shows on the ordinate a light in-
tensity and on the abscissa the time from zero to a time taon_scan, Which corresponds to one time
trame (without limiting the present invention in that regard), wherein the light source is only active

tor the active light time intervals ti_non_scan_p x also denoted with reference number 53.

In the present embodiment, the frame is divided into five active light time intervals 53 during which
each the light source is active (i.e. number of passes p = 5), wherein the regions 53 also indicate each

that the pupil 52 is illuminated, i.e. Sk non_scan p [M7].
The light soutce provides the light intensity Ik non scan » [Wm?], as is also illustrated as linear curve 54.

A curve 55 represents the accessible light energy “AE” during the frame for the pupil 52, which

stepwise increases during each of the active light time intervals 53 with an amount of AEx non_scan p_x.

A horizontal line 56 shows the total accumulated light energy AEx non scan p Over the whole frame
and, thus, over all p-passes, and its value corresponds to the end value of the curve 55 (at the end of

the frame).

In the present embodiment, the total energy AEx non_scan_p is equal to the eye safety standard limit
value AELx non_scan p fOr the pupil 52 and also to the AELqon scan a0d AEon_ccan 0f Fig. 2, and, thus, the

embodiment is eye safe.

In a section c) of Fig. 6, the states of the light detection are illustrated and whether the flow elec-
trons from the photodiode of the pixels of the light detector is allowed to flow to their storage
nodes. For each interval 57, the state is exemplary “yes”, which corresponds to an associated active
light time interval 53, such that the activation of the light detector and of the light source is synchro-

nized.

In a section d) of Fig. 6, time intervals 58 indicate draining of new generated electrons from the light
detector by using an overtflow gate of each of a pixel of the light detector. The time intervals 58 are
provided between the intervals 53 and 57, respectively, i.e. the time intervals 58 correspond to the

time intervals where the light source is not active.

Fig. 7 illustrates an embodiment, which is based to some extend of the example of Fig. 4. However,

in this embodiment, additional active light time intervals are introduced.
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In an upper section a), Fig. 7 illustrates a scene 60, wherein the scene 60 is illuminated with 1D and
k consecutive step-line scanning process including p-passes. The scene 60 is illuminated with light 61

and for illustration purposes, in the middle of the scene 60 the eye safety standard pupil 62 is shown.

In the present embodiment, eye safety is achieved, and the SNR is improved by reducing the expo-
sure time while keeping the same amount of active illumination, compared to the example of Fig. 2.
This embodiment uses the same illumination time as used in the example of Fig. 4 by spreading the
total illumination energy in p-passes. The total time needed for acquiring a frame is toon_scan. ' The
number of passes depends on: the k parameter, the burst duration t x con_p x, the light source desing
(e.g. laser design), and the eye safety standard. In this embodiment, the most limiting AEL is

AELx con_p x, the one determined by the pupil exposure time t x con_p x. The AEx con p x 1s measured
based on one pass of a pupil-centered beam. For instance, applying the eye safety standard IEC
60825-1 ed. 3, 2014, for an extended source laser with wavelength of 850 nm, and a burst duration

eater than 5 - 107 [s], the relation to keep for making this embodiment eye safe is p = k°.
a8 P g y P

Each beam emitted by the light source has a height which is equal to the diameter dpupi 0f the pupil
52, wherein by illuminating the scene 60 k-times, wherein adjacent areas of the scene 60 are illumi-
nated, the whole scene 60 is illuminated, and wherein each of the k-times illuminations is divided

into p-passes.

Hence, k = vror * dpupi ', Wherein vyor cotresponds to the height of the field of illumination (FOT)

corresponding to the height of the scene 60.

The size of the tield of illumination FOI for one (k-th) illumination is detined by:

FOT con p [M?] = hror * dpupit, wherein hror is the width of the FOL.

The whole FOI (after k scanning steps) is:

FOI [m? = k * FOIj_con .

The surface area of the eye safety pupil is defined by:

Spupit [M7] = T * (dpup * 27, wherein the dpua is the diameter of the eye safety standard pupil.

The peak optical power [W] = Pk con_p = Pron_scan, Whereint Poon_scan 1 the power of the emitted light
during the time ti_con, which is the k-th part of the time frame having the length tuen_scan, 1.€. ti_con =

-1
tnoniscan*k .

The optical power intensity [Wm™?] = Tk con p = K* Taon scan, Whereint Tnon scan is the light intensity of the

light emitted to the scene 60 during the time ti_con_p.

: — -1 —
The time tkﬁconip - tnoniscan * k - tkﬁconfpr * p
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On the lower side of Fig. 7, a section b) illustrates a diagram which shows on the ordinate a light in-
tensity and on the abscissa the time from zero to a time taon_scan, Which corresponds to one time
trame (without limiting the present invention in that regard), wherein the light source is only active

tor the active light time intervals tx_con_p x also denoted with reference number 63.

In the present embodiment, the frame is divided into five active light time intervals 63 during which
each the light source is active (i.e. number of passes p = 5), wherein the regions 63 also indicate each

that the pupil 62 is illuminated, i.e. Sk con » [M7.
The light soutce provides the light intensity Ik con p [Wm™], as is also illustrated as linear curve 64.

A curve 65 represents the accessible light energy “AE” during the frame for the pupil 62, which

stepwise increases during each of the active light time intervals 63 with an amount of AEx con p x.

A horizontal line 66 shows the total accumulated light energy AEx con , Over the whole frame and,
thus, over all p-passes, and its value corresponds to the end value of the curve 65 (at the end of the

frame).

In the present embodiment, the total energy AEx con p is equal to the eye safety standard limit value
AELk con_p for the pupil 62 and also to the AELqon scan and AEon scan 0f Fig. 2, and, thus, the embodi-

ment is eye safe.

In a section c) of Fig. 7, the states of the light detection are illustrated and whether the flow elec-
trons from the photodiode of the pixels of the light detector is allowed to flow to their storage
nodes. For each interval 67, the state is exemplary “yes”, which corresponds to an associated active
light time interval 63, such that the activation of the light detector and of the light source is synchro-

nized.

In a section d) of Fig. 7, time intervals 68 indicate draining of new generated electrons from the light
detector by using an overtflow gate of each of a pixel of the light detector. The time intervals 68 are
provided between the intervals 63 and 67, respectively, i.e. the time intervals 68 correspond to the

time intervals where the light source is not active.

Fig. 8 illustrates an embodiment, which is based to some extend of the example of Fig. 5. However,

in this embodiment, additional active light time intervals are introduced.

In an upper section a), Fig. 8 illustrates a scene 70, wherein the scene 70 is illuminated with 1D and
kn consecutive step-line scanning, wherein the light is emitted for a part “k” of the whole frame.
The scene 70 is illuminated with light 71 and for illustration purposes, in the middle of the scene 70

the eye safety standard pupil 72 is shown.
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Each beam emitted by the light source has a height which is equal to an n-th part of the diameter
dpupn Of the pupil 72, wherein by illuminating the scene 70 n-times, wherein adjacent areas of the
scene 70 are illuminated, the diameter of the pupil 72 is illuminated and by illumination kn-times the
scene 70, the whole scene is illuminated, i.e. the scene 70 is divided into k-stripes, wherein each of
the k-stripes is divided into n-stripes, wherein the height of a k-stripe corresponds to the diameter of
the pupil 72 (similatly to the example of Fig. 4 and the embodiment of Fig. 7, respectively). Each n-
stripe is associated with an active light time interval, such that the n-illuminations are spread in time

over the frame.

In this embodiment, providing the 1D kn spread step-line scanning, eye safety is achieved and the
SNR is improved by reducing the exposure time while keeping the same amount of active illumina-
tion, compared to Fig. 2. This embodiment uses the same illumination time used in the example of
Fig. 5 by spreading the total illumination energy that falls in each pixel (in this example, in each row
of pixels). The total time needed for acquiring a frame is taon scan. The relation of k and n depends on:
the burst duration t k. o x, the light source design (e.g. the laser design), and the eye safety standard.
In this embodiment, the most limiting AEL is AELi, g x, the one determined by the pupil exposure
time t xn_gpr x. The AEr o ¢ 1s measured based on a pupil-centered beam. For instance, applying the
eye safety standard IEC 60825-1 ed. 3, 2014, for an extended source laser with wavelength of 850
nm, and a burst duration greater than 5 - 10° [s], the relation to keep for making this design eye safe
is q.' - n'/* - k" = 1, being ¢ the (n-th) portion of the eye safety pupil 72 illuminated by the central

beam.
The height of beam line = dpupa * 0.

Hence, k = vror * dpupi ', Wherein vyor cotresponds to the height of the field of illumination (FOT)

corresponding to the height of the scene 60.

The size of the tield of illumination FOI for one (k-th) illumination is detined by:

FOlTka s [M?] = hrot * dpupit * 0!, wherein hror is the width of the FOI.

The whole FOI (after k scanning steps) is:

FOI [m? = k * n* FOIx_gpr.

The surface area of the eye safety pupil is defined by:

Spupit [M7] = T * (dpup * 27)%, wherein the dpua is the diameter of the eye safety standard pupil.

The peak optical power [W] = Pra_spr = Pron_scan, Wherein Poon cean 18 the power of the emitted light

during the frame.
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The optical power intensity [Wm™?] = Tkn spr = K * Tuon scan, Whetein Tnon scan 18 the light intensity of the

light emitted to the scene 70 during the frame.
The time tknispr = tnonﬁscan * kil = tknfsper * 1.

On the lower side of Tig. 8, a section b) illustrates a diagram which shows on the ordinate a light in-
tensity and on the abscissa the time from zero to a time taon_scan, Which corresponds to one time
trame (without limiting the present invention in that regard), wherein the light source is only active

tor the active light time intervals trn o x also denoted with reference number 73.

In the present embodiment, the frame is divided into nine active light time intervals 73 during which
each the light source is active (i.e. number of active light time intervals = 9), wherein the regions 73

also indicate each that the pupil 72 is illuminated, i.e. Sk s: ¢ [m’] corresponds to the area illuminated
by a pupil-centered beam. Hence, the surface of the pupil 72 is not illuminated fully, but only after n

lluminations, the pupil 72 is fully illuminated.
The light soutce provides the light intensity Ti o [Wm?], as is also illustrated as linear curve 74.

A curve 75 represents the accessible light energy “AE” during the frame for the pupil 72, which
stepwise increases during each of the active light time intervals 73 with an amount which is not con-

stant.

A horizontal line 76 shows the total accumulated light energy AEx, o over the whole frame and,
thus, over all n-passes, and its value corresponds to the end value of the curve 75 (at the end of the

frame).

In the present embodiment, the total energy AEw, o is equal to the eye safety standard limit value
AELks o for the pupil 72 and also to the AELnon scan and AEnon_scan 0f Fig. 2. Then, if it is achieved

that AEr, qr ¢ s smaller than or equal to AEL, o x as explained above, the embodiment is eye safe.

In a section c) of Fig. 8, the states of the light detection are illustrated and whether the flow elec-
trons from the photodiode of the pixels of the light detector is allowed to flow to their storage
nodes. For the interval 77, which is associated with a pixel, which in turn is associated with the cen-
tral beam is illustrated in section a) and which is exemplary a beam running through the center of
the pupil 72, the state is exemplary “yes”, which corresponds to an associated active light time inter-
val 73, such that the activation of the light detector (i.e. associated pixels) and of the light source (i.e.

associated light beam) is synchronized.

In a section d) of Fig. 8, time intervals 78 indicate draining of new generated electrons from the light
detector (i.e. of the pixel which is active in the interval 77 for the central light beam) by using an

overtlow gate of each of a pixel of the light detector. The time intervals 78 are provided outside the
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associated interval 77, i.e. the time intervals 78 correspond to the time intervals where the light

source is not active for the pixel which is associated with the central beam of the light source.

Fig. 9 illustrates an embodiment, which is basically a combination of the embodiments of Figs. 7 and
8, and it provides a 1D kn spread step-line scan with p-passes, wherein the eye safety is achieved and
the SNR is improved by reducing the exposure time while keeping the same amount of active illumi-
nation, compared to the example of Fig. 2. The total time needed for acquiring a frame is taon_scan.
The number of passes depends on: the k and n parameters, the burst duration, the light source de-
sign (e.g. laser design), and the eye safety standard. In this design, the most limiting AEL is
AELka o p x, the one determined by the pupil exposure time t ko opr p x. The ABxa_or p_c 18 measured
based on one pass of a pupil-centered beam. For instance, applying the eye safety standard IEC
60825-1 ed. 3, 2014, for an extended source laser with wavelength of 850 nm, and a burst duration
greater than 5 - 10° [s], the relation to keep for making this design eye safe is g, - n'/* - p/* - k

% = 1, being qa the portion of the eye safety pupil illuminated by the beam.

In an upper section a), Fig. 9 illustrates a scene 80, wherein the scene 80 is illuminated with 1D and
kn consecutive step-line scanning (including multiple passes p), wherein the light is emitted for a
part “k” of the whole frame. The scene 80 is illuminated with light 81 and for illustration purposes,

in the middle of the scene 80 the eye safety standard pupil 82 is shown.

Each beam emitted by the light source has a height which is equal to an n-th part of the diameter
dpupn Of the pupil 82, wherein by illuminating the scene 80 n-times, wherein adjacent areas of the
scene 80 are illuminated, the diameter of the pupil 82 is illuminated and by illumination kn-times the
scene 80, the whole scene is illuminated, i.e. the scene 80 is divided into k-stripes, wherein each of
the k-stripes is divided into n-stripes, wherein the height of a k-stripe corresponds to the diameter of
the pupil 82 (similatly to the example of Fig. 4 and the embodiment of Fig. 7, respectively). Each n-
stripe is associated with an active light time interval, such that the n-illuminations are spread in time

over the frame.
The height of beam line = dpupa * 0.

Hence, k = vror * dpupi ', Wherein vyor cotresponds to the height of the field of illumination (FOT)

corresponding to the height of the scene 60.

The size of the tield of illumination FOI for one (k-th) illumination is detined by:
FOTiy_pr p [M?] = hror * dpept ¥ 0!, wherein hror is the width of the FOL.

The whole FOI (after k scanning steps) is:

FOT [m? = k * n * FOly o p.
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The surface area of the eye safety pupil is defined by:
Spupit [M7] = T * (dpup * 27)%, wherein the dpua is the diameter of the eye safety standard pupil.

The peak optical power [W] = Pra_spr p = Pron_scan, Wherein Pooq_san 1 the power of the emitted light

during the frame.

The optical power intensity [Wm?] = Tkn spr p = K * Tnon scan, Whetein Tnon scan 18 the light intensity of the

light emitted to the scene 70 during the frame.
The time tka_spr p = Tnon_scan * kil = Tka_spr_p X * (1'1 * p)

On the lower side of Tig. 9, a section b) illustrates a diagram which shows on the ordinate a light in-
tensity and on the abscissa the time from zero to a time taon_scan, Which corresponds to one time
trame (without limiting the present invention in that regard), wherein the light source is only active

tor the active light time intervals trn o x also denoted with reference number 83.

In the present embodiment, the frame is divided into eighteen active light time intervals 83 during
which each the light source is active (i.e. number of active light time intervals = 18), wherein the re-
gions 83 also indicate each that the pupil 82 is illuminated, i.e. Ska s p.c [m’] corresponds to the area
lluminated by a pupil-centered beam, and wherein 9 of the active light time intervals 83 correspond
to one pass (i.e. one frame of the embodiment of Fig. 8) and wherein the present embodiment in-
cludes two passes (i.e. p = 2). Hence, the surface of the pupil 82 is not illuminated fully, but only at-
ter n illuminations, the pupil 82 is fully illuminated, and, as the p = 2 passes are provided, the pupil

82 will be tully illuminated twice.

The light soutce provides the light intensity Ti s p [Wm?|, as is also illustrated as linear curve 84

which increases with each increase of k.

A curve 85 represents the accessible light energy “AE” during the frame for the pupil 82, which
stepwise increases during each of the active light time intervals 83 with an amount which is not con-

stant.

A horizontal line 86 shows the total accumulated light energy AExq o , over the whole frame and,

thus, over all n- and p-passes, and its value corresponds to the end value of the curve 85 (at the end

of the frame).

In the present embodiment, the total energy AEw, « p is equal to the eye safety standard limit value
AELkq o p for the pupil 82 and also to the AELqon scan and AEqon_scan 0f Fig. 2. Then, if it is achieved
that AEx, o p c 1s smaller than or equal to AELi, o x as explained above, the embodiment is eye

safe.
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In a section c) of Fig. 9, the states of the light detection are illustrated and whether the flow elec-
trons from the photodiode of the pixels of the light detector is allowed to flow to their storage
nodes. For the intervals 87, which are associated with a pixel (a pixel row in case of a 1D illumina-
tor), which in turn is associated with the central beam is illustrated in section a) and which is exem-
plary a beam running through the center of the pupil 82, the state is exemplary “yes”, which
corresponds to an associated active light time interval 83, such that the activation of the light detec-
tor (i.e. associated pixels) and of the light source (i.e. associated light beam) is synchronized (in Fig.
9, as the number of passes p = 2, the time interval 87, where the pixel associated with the central

beam is active, occurs twice, for each pass once).

In a section d) of Fig. 9, time intervals 88 indicate draining of new generated electrons from the light
detector (i.e. of the pixel which is active in the interval 87 for the central light beam) by using an
overtlow gate of each of a pixel of the light detector. The time intervals 88 are provided outside the
associated intervals 87, i.e. the time intervals 88 correspond to the time intervals where the light

source is not active for the pixel which is associated with the central beam of the light source.

Fig. 10 illustrates an embodiment of a time-of-tlight (Tol) apparatus (system) 100, which can be
used for depth sensing or providing a distance measurement and which has a circuitry 108 which is
contigured to perform the methods as discussed herein and which forms a control of the Tok appa-
ratus 100 (and it includes, not show, corresponding processors, memory and storage as it is generally

known to the skilled person).

The Tol apparatus 100 has a pulsed light source 102 and it includes light emitting elements (based
on laser diodes without limiting the present disclosure in that regard. Other light elements can be
used, e.g. based on LEDs or the like.), wherein in the present embodiment, the light emitting ele-

ments are narrow band laser elements.

The light source 102 emits pulsed light to a scene 103 (region of interest or object), which reflects the
light. By repeatedly emitting light to the scene 103, the scene 103 can be scanned, as it is generally
known to the skilled person and as it is also discussed herein. The reflected light is focused by an

optical stack 104 to a light detector 105.

The light detector 105 has an image sensor 106, which is implemented based on multiple SPADs
(Single Photon Avalanche Diodes) formed in an array of pixels and a microlens array 107 which fo-
cuses the light reflected from the scene 103 to the image sensor 106 (to each pixel of the image sensor
106). In other embodiments, as mentioned, the ToF apparatus may generally be based on iToF (indi-

rect ToF) or dToF (direct ToF) (or the like), and, thus, also use other pixel technologies such as
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CMOS, CAPD, SPADs, etc. Hence, in some embodiments, iTol is implemented based on CAPD, or
the light detector is based on SPADs for dTol, gate type Tol or CAPD type ToF, both for iToF, etc.

The light emission time information is fed from the light source 102 to the circuitry or control 108
including a time-of-flight measurement unit 109, which also receives respective time information from
the image sensor 106, when the light is detected which is reflected from the scene 103. On the basis
of the emission time information received from the light source 102 and the time of arrival infor-
mation received from the image sensor 106, the time-of-flight measurement unit 109 computes a
round-trip time of the light emitted from the light source 102 and reflected by the scene 103 and on
the basis thereon it computes a distance d (depth information) between the image sensor 106 and the

scene 103.

The depth information is fed from the time-of-flight measurement unit 109 to a 3D image reconstruc-
tion unit 110 of the circuitry 108, which reconstructs (generates) a 3D image of the scene 103 based

on the depth information received from the time-of-flight measurement unit 109.

In the following a method 120 for controlling, for example, the Tol* apparatus 100 of Fig. 10, is dis-

cussed under reference of Fig. 11 showing a flow chart for the method 120.

At 121, light is emitted to the scene 103 (Fig. 10), wherein, as discussed the light may be emitted in a
tull-field manner or as a light beam, which may have the diameter of the pupil or which may be even
smaller than the pupil. The light is emitted by driving the light source for emitting light during the
acquisition of a frame, wherein the light energy accumulated within the frame has a predetermined
value, and wherein the frame is divided into active light time intervals during which light is emitted

to the scene, as discussed above.

The light is emitted twice to the same area of the scene, as also discussed for the embodiment of
Fig. 9 (two passes, p=2).
At 122, light is detected during the active light time intervals.

At 123, between two active light time intervals at least one non-active time interval is provided

where the light source is driven to be inactive.

At 124, the light detector is reset outside the active light time intervals, i.e. during the non-active

timer intervals provided at 123.

At 125, a frame of detected light is acquired from the light detector, wherein the frame corresponds
to a predetermined time interval, as discussed herein, wherein the frame is acquired as discussed, for

example, under reference of anyone of the embodiments of Figs. 6 to 9.
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The methods as described herein are also implemented in some embodiments as a computer pro-
gram causing a computer and/or a processor to perform the method, when being cartied out on the
computer and/or processor and/or circuitry. In some embodiments, also a non-transitory com-
puter-readable recording medium is provided that stores therein a computer program product,
which, when executed by a processor, such as the processor described above, causes the methods

described herein to be performed.

It should be recognized that the embodiments describe methods with an exemplary ordering of
method steps. The specific ordering of method steps is however given for illustrative purposes only

and should not be construed as binding,.

Please note that the division of the control or circuitry 108 into units 109 to 110 is only made for il-
lustration purposes and that the present disclosure is not limited to any specitic division of functions
in specitic units. For instance, the control 108 could be implemented by a respective programmed

processor, field programmable gate array (FPGA) and the like.

All units and entities described in this specification and claimed in the appended claims can, if not
stated otherwise, be implemented as integrated circuit logic, for example on a chip, and functionality

provided by such units and entities can, if not stated otherwise, be implemented by software.

In so far as the embodiments of the disclosure described above are implemented, at least in part, us-
ing software-controlled data processing apparatus, it will be appreciated that a computer program
providing such software control and a transmission, storage or other medium by which such a com-

puter program is provided are envisaged as aspects of the present disclosure.
Note that the present technology can also be configured as described below.

1 A time-of-flight apparatus, comprising:

a light source for emitting light to a scene;

a light detector for detecting light from the scene; and

a control, the control being configured to:

acquire a frame of detected light from the light detector, wherein the frame corresponds to a
predetermined time interval, and

drive the light source for emitting light during the acquisition of the frame, wherein the light
energy accumulated within the frame has a predetermined value, and wherein the frame is divided

into active light time intervals during which light is emitted to the scene.

2) The time-of-flight apparatus of (1), wherein the light source is adapted to emit light having a

tield of illumination which is at least partially smaller than a predefined pupil diameter.
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3 The time-of-flight apparatus of (2), wherein light is emitted to adjacent areas of the scene.

“4) The time-of-flight apparatus of (3), wherein the active light time intervals are associated with

the adjacent areas.

5) The time-of-flight apparatus of anyone of (1) to (4), wherein between two active light time

intervals at least one non-active light time interval is provided.

(6) The time-of-flight apparatus of anyone of (1) to (5), wherein the light detector detects light

during the active light time intervals.

) The time-of-flight apparatus of (6), wherein the light detector is reset outside the active light

time intervals.

® The time-of-flight apparatus of anyone of (1) to (7), wherein the light detector includes mul-

tiple pixels and wherein between different active light time intervals ditferent pixels are active.

©) The time-of-flight apparatus of anyone of (1) to (8), wherein light is emitted at least twice to

the same area of the scene.

(10)  The time-of-flight apparatus of anyone of (1), wherein the predetermined value for the accu-
mulated light energy depends on at least one of time and light energy received by a predetermined

pupil in the scene.

(11) A method for controlling a time-of-flight apparatus, including a light source for emitting
light to a scene and a light detector for detecting light from the scene, the method comprising:
acquiring a frame of detected light from the light detector, wherein the frame corresponds to
a predetermined time interval, and
driving the light source for emitting light during the acquisition of the frame, wherein the
light energy accumulated within the frame has a predetermined value, and wherein the frame is di-

vided into active light time intervals during which light is emitted to the scene.

(12)  The method of (11), further comprising emitting light having a field of illumination which is

at least partially smaller than a predefined pupil diameter.
(13)  The method of (12), wherein light is emitted to adjacent areas of the scene.

(14)  The method of (13), wherein the active light time intervals are associated with the adjacent

areas.

(15)  The method of anyone of (11) to (14), turther comprising providing between two active light

time intervals at least one non-active light time interval.
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(16)  The method of anyone of (11) to (15), further comprising detecting light during the active

light time intervals.

(17)  The method of (106), further comprising resetting the light detector outside the active light

time intervals.

(18)  The method of anyone of (11) to (17), wherein the light detector includes multiple pixels and

the method further comprises activating different pixels between different active light time intervals.

(19)  The method of anyone of (11) to (18), further comprising emitting light at least twice to the

same area of the scene.

(20)  The method of anyone of (11) to (19), wherein the predetermined value for the accumulated
light energy depends on at least one of time and light energy received by a predetermined pupil in

the scene.

(21) A computer program comprising program code causing a computer to perform the method

according to anyone of (11) to (20), when being carried out on a computer.

(22) A non-transitory computer-readable recording medium that stores therein a computer pro-
gram product, which, when executed by a processor, causes the method according to anyone of (11)

to (20) to be performed.
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CLAIMS

1. A time-of-flight apparatus, comprising:

a light source for emitting light to a scene;

a light detector for detecting light from the scene; and

a control, the control being configured to:

acquire a frame of detected light from the light detector, wherein the frame corresponds to a
predetermined time interval, and

drive the light source for emitting light during the acquisition of the frame, wherein the light
energy accumulated within the frame has a predetermined value, and wherein the frame is divided

into active light time intervals during which light is emitted to the scene.

2. The time-of-flight apparatus of claim 1, wherein the light source is adapted to emit light hav-

ing a field of illumination which is at least partially smaller than a predefined pupil diameter.

3. The time-of-flight apparatus of claim 2, wherein light is emitted to adjacent areas of the
scene.
4. The time-of-flight apparatus of claim 3, wherein the active light time intervals are associated

with the adjacent areas.

5. The time-of-flight apparatus of claim 1, wherein between two active light time intervals at

least one non-active light time interval is provided.

0. The time-of-flight apparatus of claim 1, wherein the light detector detects light during the

active light time intervals.

7. The time-of-flight apparatus of claim 6, wherein the light detector is reset outside the active

light time intervals.

8. The time-of-flight apparatus of claim 1, wherein the light detector includes multiple pixels

and wherein between different active light time intervals different pixels are active.

9. The time-of-flight apparatus of claim 1, wherein light is emitted at least twice to the same

area of the scene.

10.  The time-of-flight apparatus of claim 1, wherein the predetermined value for the accumu-
lated light energy depends on at least one of time and light energy received by a predetermined pupil

in the scene.

11. A method for controlling a time-of-flight apparatus, including a light source for emitting

light to a scene and a light detector for detecting light from the scene, the method comprising:
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acquiring a frame of detected light from the light detector, wherein the frame corresponds to
a predetermined time interval, and

driving the light source for emitting light during the acquisition of the frame, wherein the
light energy accumulated within the frame has a predetermined value, and wherein the frame is di-

vided into active light time intervals during which light is emitted to the scene.

12. The method of claim 11, further comprising emitting light having a tield of illumination

which is at least partially smaller than a predefined pupil diameter.

13. The method of claim 12, wherein light is emitted to adjacent areas of the scene.

14.  The method of claim 13, wherein the active light time intervals are associated with the adja-
cent areas.

15.  The method of claim 11, further comprising providing between two active light time inter-

vals at least one non-active light time interval.

16.  The method of claim 11, further comprising detecting light during the active light time inter-

vals.

17. The method of claim 16, further comprising resetting the light detector outside the active

light time intervals.

18. The method of claim 11, wherein the light detector includes multiple pixels and the method

turther comprises activating different pixels between different active light time intervals.

19. The method of claim 11, further comprising emitting light at least twice to the same area of
the scene.
20.  The method of claim 11, wherein the predetermined value for the accumulated light energy

depends on at least one of time and light energy received by a predetermined pupil in the scene.
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