wo 2017/089159 A1 [N I P00 OO 0O

(43) International Publication Date

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

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

1 June 2017 (01.06.2017)

WIPOIPCT

(10) International Publication Number

WO 2017/089159 A1l

(51

eay)

(22)

(25)
(26)
(30)

1

(72

74

31

International Patent Classification:
GO1S 7/486 (2006.01) GO01S 17/36 (2006.01)

International Application Number:
PCT/EP2016/077576

International Filing Date:
14 November 2016 (14.11.2016)

Filing Language: English
Publication Language: English
Priority Data:

62/259,019 23 November 2015 (23.11.2015) US

Applicant: AMS AG [AT/AT]; Schloss Premstétten, To-
belbader Str. 30, 8141 Unterpremstitten (AT).

Inventor: GLOVER, Kerry; 550 E Quail Run Rd, Rock-
wall, Texas 75087 (US).

Agent: ASSOCIATION NO. 175; EPPING HERMANN
FISCHER PATENTANWALTSGESELLSCHAFT
MBH; Schlofschmidstr. 5, 80639 Miinchen (DE).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DJ, DK, DM,

(84)

DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, 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.

Designated States (uniess 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, CI, CM, GA, GN, GQ,
GW, KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

as to the applicant's entitlement to claim the priority of the
earlier application (Rule 4.17(iii))

Published:

with international search report (Art. 21(3))

(54) Title: SENSOR ARRANGEMENT AND METHOD FOR DETERMINING TIME-OF-FLIGHT

FIG. 1 PRC . .
T |C2 1
1 ] PU :
DS1! 108
POM  [p3y. DEV PD DU pP—
] i | L :
FC— ----------—------ F-F---- :
oP2 c1
FB ‘
RP %
EP
(\\ E DRV

BS OP1

(57) Abstract: A sensor arrangement for determining time-of-flight comprises an emitter (E) configured to periodically emit pulses
(EP) of electromagnetic radiation depending on a first clock signal (C1), a photonic demodulator (PDM) configured to detect elec-
tromagnetic radiation during detection intervals (DI)comprising first and second intervals (I1, I2) and a processing circuit (PRC). A
timing of the detection intervals (DI) is defined by a second clock signal (C2) having a phase difference with respect to the first
clock signal (C1). The demodulator (PDM) is contigured to generate demodulator signals (DS1, DS2) depending on energy of the
radiation detected during at least one of the first intervals (I1) and at least one of the second intervals (I2), respectively. The pro -
cessing circuit (PRC) is configured to adapt the phase difference based on the demodulator signals (DS1, DS2) and to generate an
output signal (OS) indicative of the time-of-flight based on the phase difference.
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Description

SENSOR ARRANGEMENT AND METHOD FOR DETERMINING TIME-OF-FLIGHT

The invention relates to the field of determining a time-of-flight of electromagnetic
radiation. More specifically, the invention relates to a sensor arrangement and a method for

determining a time-of-flight of electromagnetic radiation.

Time-of-flight sensors may have many applications related to distance measurement
including for example proximity detection, assisting the autofocusing of digital cameras,
multi-zone autofocus, gesture detection or 3D camera applications. A distance D between
an object and the sensor may then be calculated as D = tof/(2c), where tof denotes the time-
of-flight of electromagnetic radiation from the sensor to the object and back and ¢ denotes

the speed of light.

For determining the time-of-flight, pulses of electromagnetic radiation may be sent out and
the reflections from an object may be detected. In existing approaches to time-of-flight
measurement, the emitted pulses may be relatively long to increase a measurable distance.

This, however relates to an increased power consumption.

Furthermore, existing approaches may need to compensate ambient light effects by

measuring and subtracting ambient light signals. This causes an increased complexity.

It is therefore an object to provide an improved concept for determining a time-of-flight of

clectromagnetic radiation that allows for decreased power consumption and complexity.

This object is achieved by the subject matter of the independent claims. Further

implementations and embodiments are the subject matter of the dependent claims.

According to the improved concept, pulses of electromagnetic radiation are emitted
periodically depending on a first clock signal. Emitted pulses being at least partially
reflected by an external object are detected, wherein the detected pulses are separated at

least into a first and a second interval and a timing of the first and the second interval is
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determined by a second clock signal. Then, a phase of the second clock signal is varied to
determine a phase difference between the first and the second clock signal at which
fractions of energy detected during the first and the second interval have the same
amplitude. Consequently, an output signal indicative of time-of-flight of the emitted and at
least partially reflected pulses is generated based on the phase difference. In particular, the
phase difference represents a direct measure for the time-of-flight if the energy detected

during the first and the second interval have the same amplitude.

According to the improved concept, a sensor arrangement for determining a time-of-flight
of electromagnetic radiation is provided. The sensor arrangement comprises an emitter
configured to periodically emit pulses of electromagnetic radiation depending on a first

clock signal.

The sensor arrangement further comprises a photonic demodulator configured to detect
electromagnetic radiation during detection intervals. Therein, a timing of the detection
intervals is defined by a second clock signal having a phase difference with respect to the
first clock signal and each of the detection intervals comprises a first interval and a second
interval following the first interval, in particular following directly after the first interval.
The photonic demodulator is further configured to generate a first demodulator signal
depending on energy of the radiation detected during at least one of the first intervals and
to generate a second demodulator signal depending on energy of the radiation detected

during at least one of the second intervals.

The sensor arrangement also comprises a processing circuit configured to adapt the phase
difference based on the first and the second demodulator signal and to generate an output

signal being indicative of the time-of-flight based on the phase difference.

The emitter emits for example electromagnetic radiation during emission intervals, the
emission intervals being separated by pause intervals during which the emitter does not
emit electromagnetic radiation. For example, the emitter emits a first pulse of
electromagnetic radiation during a first emission interval, then does not emit
electromagnetic radiation during a first pause interval following the first emission interval,

then emits a second pulse of electromagnetic radiation during a second emission interval
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and does not emit electromagnetic radiation during a second pause interval following the
second emission interval, and so forth. The emissions intervals may have for example the
same length. The pause intervals may have for example the same length. The length of the

emission intervals may be equal or different from the length of the pause intervals.

The electromagnetic radiation detected by the photonic demodulator during the detection
intervals corresponds for example to the pulses of electromagnetic radiation being emitted
by the emitter and being at least partially reflected by an external object. Therein, each
emitted and partially reflected pulse may be detected or partially detected during a
respective one of the detection intervals. For example, the first pulse being at least partially
reflected by the external object is detected or partially detected by the photonic
demodulator during a first detection interval of the detection intervals, the second pulse
being at least partially reflected by the external object is detected or partially detected

during the second detection interval of the detection intervals and so forth.

The photonic demodulator is in general implemented as a photonic sensor, in particular a
high-speed photonic sensor, which is configured to separate received pulses of
electromagnetic radiation into two or more fractions and determine the energy of the two
or more fractions individually. Such a photonic demodulator may for example also be

denoted as a photonic mixer.

The photonic demodulator is configured to separate the detected electromagnetic radiation
during one of the detection intervals into a first fraction detected during the first interval of
the detection interval and into a second fraction detected during the second interval of the
detection intervals. Thus, the first and the second demodulator signal are generated
depending on the energy of radiation of the first fraction and the second fraction,

respectively.

The first clock signal determines a timing of the emission of the pulses emitted by the
emitter. In particular, the first clock signal determines a respective starting time for each of
the emitted pulses. For example, the emitter may be configured to emit the pulses with a

period corresponding to a period of the first clock signal or a fraction or an multiple of the
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period of the first clock signal. For example one of the emitted pulses may be emitted by

the emitter at each rising edge and/or at each falling edge of the first clock signal.

The second clock signal defines the timing of the detection intervals and consequently of
the first and second intervals of the detection intervals. In particular, the second clock
signal defines a respective starting time for each of the detection intervals. Consequently, it
depends on the second clock signal, in particular on the phase difference with respect to the
first clock signal, how much of the electromagnetic radiation detected during one of the
detection intervals is detected during the corresponding first interval of the one of the
detection intervals and how much of the electromagnetic radiation detected during the one
of the detection intervals is detected during the corresponding second interval of the one of

the detection intervals.

That is, the second clock signal and in particular the phase difference define an energy
ratio. Therein, the energy ratio is a ratio of energy of the radiation, which is being detected
during the first interval of one of the detection intervals, to energy of the radiation, which

is being detected during the second interval of the one of the detection intervals.

Hence, the first and the second demodulator signal contain information about the energy
ratio, in particular indicate the energy ratio. Furthermore, the energy ratio is directly related
to a time difference between the emission of one of the emitted pulses, for example a start
of the emission, an end of the emission and/or an instance between the start and the end of
the emission such as a center of the emission interval, and the end of the first interval of
the one of the detection intervals. Therein, the end of the first interval coincides with the

start of the second interval of the one of the detection intervals.

Consequently, if the end of the first interval and the start of the second interval of the one
of the detection intervals coincide with a specified temporal position of the respective
partially reflected and detected pulse, the time difference is a measure for the time-of-

flight.

The time-of-flight is a time-of-flight of the emitted and at least partially reflected pulse

from the sensor arrangement to the external object and back to the sensor arrangement, in
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particular from the emitter to the external object back to the photonic demodulator. For
example, if the end of the first interval and the start of the second interval of the one of the
detection intervals coincide with a center of the respective partially reflected and detected
pulse, the time difference between the center of the emitted pulse and the center of the

respective reflected pulse corresponds to the time-of-flight.

The processing circuit is for example configured to generate the output signal based on the
time difference. Thus, the output signal is a measure for the time-of flight, in particular if
the end of the first interval and the start of the second interval of the one of the detection

intervals coincide with the center of the respective partially reflected and detected pulse.

The first and the second demodulator signal may be utilized by the processing circuit to
determine how well the end of the first interval and the start of the second interval coincide
with the specified temporal position, for example the center, of the respective partially
reflected in detected pulse. For example, if the first and the second demodulator signal
indicate that the energy ratio is equal to unity, the end of the first interval and the start of
the second interval of the one of the detection intervals coincide or approximately coincide

with the center of the detected pulse.

The adapting of the phase difference based on the first and the second demodulator signal
by the processing circuit may include adapting the phase difference based on one or more

signals depending on the first and the second demodulator signal.

Using the improved concept for determining the time-of-flight consequently allows to
reduce a length of the emitted pulses without restricting a maximum time-of-flight and
corresponding distance of the external object to be determined. Thus, power consumption
may be reduced. Furthermore, the overall period of the periodic emitting of pulses may be
increased, that is less pulses may be emitted in a given time or in other words the
frequency of pulse emission may be decreased, without increasing the length of the
individual emitted pulses. Hence, the maximum time-of-flight and corresponding distance
of the external object to be determined may be increased without increasing power

consumption.
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The electromagnetic radiation may for example be light, for example visible light or

infrared light.

According to some implementations of the sensor arrangement, the emitter is implemented
as a light emitting diode, LED, or as a laser, in particular a laser diode, for example a

vertical-cavity surface-emitting laser, VCSEL.

According to some implementations of the sensor arrangement, the processing circuit or
components of the processing circuit are comprised by a custom state machine or by a

CPU.

According to some implementations of the sensor arrangement, the photonic demodulator
is implemented as a photonic mixer device, PMD, a current assisted photonic demodulator,
CAPD, a lateral drift-field photodetector, LDPD or another photonic mixer device with

two or more detectors or collectors.

According to some implementations of the sensor arrangement, the processing circuit is
configured to regulate an energy ratio to a target ratio by adapting the phase difference,
wherein the energy ratio is a ratio of energy of the radiation, which is being detected
during the first interval of one of the detection intervals, to energy of the radiation, which

is being detected during the second interval of the one of the detection intervals.

According to some implementations, a target ratio is equal to unity.

The processing circuit is for example configured to adapt the phase difference if the energy

ratio lies outside a predefined tolerance window around the target ratio.

By regulating the energy ratio to the target ratio, for example to unity, it is achieved that
the end of the first interval and the start of the second interval of the one of the detection
intervals coincide with the specified temporal position, for example the center, of the

partially reflected and detected pulse.
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In a realistic situation, the photonic demodulator may detect not only electromagnetic
radiation originating from the emitted and partially reflected pulses but also from ambient
light. The amount of ambient light impinging on the photonic demodulator is, however,
constant or approximately constant during one of the detection intervals. Thus, due to the
concept of regulating the energy ratio, effects of the ambient light are for example
inherently cancelled or reduced. This leads to a reduced complexity of the sensor

arrangement according to the improved concept.

According to some implementations of the sensor arrangement, the processing circuit is
configured to adapt the phase difference by adapting a phase of the second clock signal

based on the first and the second demodulator signal.

According to some implementations of the sensor arrangement, the processing circuit
comprises a deviation unit configured to generate at least one steering signal based on the
first and the second demodulator signal. The processing circuit is configured to adapt the

phase difference based on the at least one steering signal.

According to some implementations of the sensor arrangement, the at least one steering
signal indicates whether a difference value of the first and the second demodulator signal

lies within a predefined first range.

The difference value is for example a difference between a value of the first demodulator
signal and a value of the second demodulator signal. The difference value may also be a

value of an integrated difference between the first and the second demodulator signal.

The first range may for example be defined by a first lower boundary value and a first
upper boundary value. That is, the first range is bounded on both sides. If the difference
value lies within the first range, the energy ratio lies within the tolerance window around
the target ratio. Consequently, if the difference value lies outside the first range when the

energy ratio lies outside the tolerance window.
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Consequently, the energy ratio may be regulated to the target ratio by adapting the phase
difference to regulate the difference value to lie within the first range, in particular to a

target difference value within the first range.

According to some implementations of the sensor arrangement, the at least one steering
signal indicates whether a value of the first demodulator signal lies within a predefined

second range and/or a value of the second demodulator signal lies within the second range.

The second range may for example be defined by a second upper boundary value or by a

second lower boundary value. That is, the second range may be a half bounded range.

If the value of the first demodulator signal and/or the value of the second demodulator
signal lies outside the second range, the energy ratio lies outside the tolerance window. If
the value of the first demodulator signal the value of the second demodulator signal both,

the energy ratio lies within the tolerance window.

In some implementations, the energy ratio corresponds or approximately corresponds to
the target ratio if the value of the first demodulator signal and the value of the second
demodulator signal both are equal or approximately equal to the second upper boundary

value or the second lower boundary value.

Consequently, the energy ratio may be regulated to the target ratio or to lie within the
tolerance window around the target ratio by adapting the phase difference to regulate the
first and the second demodulator signal to lie within the second range. In particular, the
energy ratio may be regulated to the target ratio by adapting the phase difference to
regulate the first and the second demodulator signal to the second upper boundary value or

the second lower boundary value.

According to some implementations of the sensor arrangement, the processing circuit
comprises a delay unit configured to generate the second clock signal by delaying the first
clock signal by a delay, the delay depending on the first and the second demodulator signal

and/or on the at least one steering signal.
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The delay unit has the first clock signal as an input, the second clock signal as an output
and at least one of the first demodulator signal, the second demodulator signal and the at

least one steering signal as a control input for controlling a value of the delay.

The delay defines the phase difference of the second clock signal with respect to the first
clock signal. Since the delay depends on the first and the second demodulator signal, the
delaying of the first clock signal may be used to adapt the phase difference depending on
the first and the second demodulator signal. Hence, the processing circuit is configured to
adapt the phase difference by adapting the delay based on the first and the second
demodulator signal by means of the delay unit. In particular, the processing and is

configured to regulate an energy ratio to the target ratio by adapting the delay.

According to some implementations, the delay unit is configured to increase and/or
decrease the delay depending on the first and the second demodulator signal, in particular

depending on the at least one steering signal.

According to some implementations, the at least one steering signal comprises a pump up
and/or a pump down signal. The delay unit is then configured to increase the delay
depending on the pump up signal and/or to decrease the delay depending on the pump

down signal.

In this way, the energy ratio may be regulated to the target ratio. In particular, if the first
and/or the second demodulator signal indicate that the energy ratio lies outside the
tolerance window around the target ratio, the delay may be increased and/or decreased

correspondingly.

For example, the delay unit is configured to increase the delay in response to a pulse
comprised by the pump up signal and/or to decrease the delay in response to a pulse
comprised by the pump down signal. Alternatively, the delay unit may be configured to
increase the delay when the pump up signal assumes a first logic level, for example logic

high, and/or to decrease the delay when the pump down signal assumes the first logic level.



10

15

20

25

30

WO 2017/089159 PCT/EP2016/077576
- 10 -

According to some implementations of the sensor arrangement, the processing circuit, in

particular the delay unit, is configured to generate the output signal based on the delay.

If the energy ratio is regulated to, in particular corresponds to, the target ratio, a

corresponding value of the delay is a measure for the time-of-flight.

The output signal may for example be given by the phase difference or the delay or the

output signal may be proportional to the phase difference or the delay.

The time-of-flight may be given by a value of the output signal or may be proportional to
the value of the output signal. The time-of-flight may also be given by or be proportional

to a sum of the value of the output signal and a predefined constant shift value.

According to some implementations of the sensor arrangement, the delay unit comprises
delay element, in particular a programmable delay element, a delay line, in particular a

programmable delay line, and/or a delay-locked loop circuit.

According to some implementations of the sensor arrangement, the processing circuit, in
particular the delay unit, comprises a time-to-digital converter configured to generate the
output signal based on the first and the second clock signal. In particular, the time-to-
digital converter is configured to measure the delay and to generate the output signal based

on the delay.

The time-to-digital converter uses for example the first clock signal as a first input and the
second clock signal as a second input. The first clock signal acts as a start signal, in
particular a rising edge and/or a falling edge of the first clock signal acts as a start instance,
for the time-to-digital converter and the second clock signal acts as a stop signal, in
particular a rising edge and/or a falling edge of the second clock signal acts as a stop
instance, of the time-to-digital converter. The time-to-digital converter is configured to
determine an elapsed time between the start and the stop instance and to generate the

output signal depending on the elapsed time.
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According to some implementations of the sensor arrangement, the processing circuit, in
particular the delay unit, comprises a delay line configured to generate at least two
intermediate clock signals by delaying the first clock signal. The processing circuit further
comprises a multiplexer configured to generate the second clock signal by selecting one of
the at least two intermediate clock signals depending on the first and the second

demodulator signal.

The delay line and/or the multiplexer may for example be comprised by a time-to-digital

converter.

The delay line is configured to generate a first intermediate clock signal of the at least two
intermediate clock signals by delaying the first clock signal by a first intermediate delay
and to generate a second intermediate clock signal of the at least two intermediate clock
signals by delaying the first intermediate clock signal by a second intermediate delay,

wherein the second intermediate delay may be equal to the first intermediate delay.

The delay line may for example be configured to generate a third intermediate clock signal
of the at least two intermediate clock signals by delaying the second intermediate clock
signal by a third intermediate delay, wherein the third intermediate delay may be equal to

the first intermediate delay and so forth.

The delay line comprises at least two delay elements coupled in series. A first delay
clement of the at least two delay elements has the first clock signal as an input and the first
intermediate clock signal as an output. Each delay element of the at least two delay
elements except for the first delay element has one of the at least two intermediate clock
signals generated by a preceding delay element of the at least two delay elements as an
input and a respective intermediate clock signal of the at least two intermediate clock
signals as an output. For example, the second delay element of the at least two delay
elements has the first intermediate clock signal as an input and the second intermediate

clock signal as an output.
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The at least two delay elements may comprise a third delay element coupled having the
second intermediate clock signal as an input and the third intermediate clock signal as an

output and so forth.

The multiplexer has the at least two intermediate clock signals as an input and the second

clock signal as an output.

By selecting the one of the at least two intermediate clock signals, the energy ratio is for

example regulated to the target ratio.

The multiplexer may be configured to receive a selection signal depending on the first and
the second demodulator signal, in particular depending on the at least one steering signal,
and to select the one of the at least two intermediate clock signals based on the selection

signal.

Each of the at least two intermediate clock signals has a respective delay with respect to
the first clock signal. For example, the first intermediate clock signal has a delay with
respect to the first clock signal given by the first intermediate delay. The second
intermediate clock signal has a delay with respect to the first clock signal given by a sum
of the first and the second intermediate delay, that is for example twice the first

intermediate delay, and so forth.

The delay by which the first clock signal is delayed to generate the second clock signal is
given by the respective delay of the selected intermediate clock signal with respect to the

first clock signal.

According to some implementations of the sensor arrangement, the delay unit comprises a
control unit configured to generate the selection signal based on the first and the second

demodulator signal, in particular based on the at least one steering signal.

According to some implementations of the sensor arrangement, the deviation unit
comprises a differential integrator configured to generate an integrated difference signal

depending on a difference between the first and the second demodulator signal.
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The differential integrator comprises for example an amplifier, for example a differential
amplifier, for example an operational amplifier, with a first input coupled to the first
demodulator signal and a second input coupled to the second demodulator signal. Thus, the
integrated difference signal is generated by integrating a difference between the first and
the second demodulator signal. The difference value is then for example a value of the

integrated difference signal.

According to some implementations of the sensor arrangement, the differential integrator
comprises a first capacitor coupled between the first input of the operational amplifier and

an output of the operational amplifier.

According to some implementations of the sensor arrangement, the differential integrator
comprises a second capacitor coupled between the second input of the operational

amplifier and the output of the operational amplifier.

According to some implementations of the sensor arrangement, the deviation unit
comprises a first comparator configured to generate a first steering signal of the least one
steering signal based on a comparison of a value of the integrated difference signal to a
predefined first threshold value. The deviation unit also comprises a second comparator
configured to generate a second steering signal of the least one steering signal based on a
comparison of the value of the integrated difference signal to a predefined second

threshold value.

The first threshold value is for example the lower boundary value of the first range and the

second threshold value is for example the upper boundary value of the first range.

The first comparator is for example configured to generate the first steering signal
assuming a first logic level, for example logic high, if the value of the integrated difference
signal is less than the first threshold value and assuming a second logic level, for example
logic low, if the value of the integrated difference signal is greater than the first threshold

value.
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The second comparator is for example configured to generate the second steering signal
assuming the first logic level if the value of the integrated difference signal is greater than
the second threshold value and assuming the second logic level if the value of the

integrated difference signal is less than the second threshold value.

The delay unit is then for example configured to increase the delay when the first steering
signal assumes the first logic level and the second steering signal assumes the second logic
level. Further, the delay unit is for example configured to decrease the delay when the
second steering signal assumes the first logic level and the first steering signal assumes the
second logic level. The delay unit is for example configured not to change the delay if the
first and the second steering signal both assume the first logic level or both assume the

second logic level.

In a sense, the first and the steering signals can therefore be regarded as pump up and
pump down signals, respectively, causing the delay unit to increase or decrease the delay,

respectively.

In this way, the energy ratio is regulated to the target ratio by regulating the value of the
integrated difference signal to a value between the first and the second threshold value, for
example to an average value of the first and the second threshold value. The first range as
well as the first and the second threshold value, respectively, implement a hysteresis of the

integrated difference signal avoiding a permanent change of the delay.

According to some implementations of the sensor arrangement, the deviation unit further
comprises an integrator controller configured to reset the differential integrator and/or to

control an overall timing of the integration of the differential integrator.

According to some implementations of the sensor arrangement, the deviation unit
comprises a first pulse generator configured to generate the first steering signal of the at
least one steering signal based on a comparison of the first demodulator signal to a
predefined third threshold value. The deviation unit also comprises a second pulse
generator configured to generate the second steering signal based on a comparison of the

second demodulator signal to the predefined threshold value.
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According to some implementations, the deviation unit comprises a third comparator
configured to compare the value of the first demodulator signal to the third threshold value.
The first pulse generator is configured to generate a pulse in the first steering signal

whenever the value of the first demodulator signal exceeds the third threshold value.

The third threshold value defines the second range. In particular, the third threshold value

is for example the second upper boundary value of the second range.

According to some implementations, the deviation unit is configured to reset the first
demodulator signal depending on the first steering signal. In particular, the deviation unit
may reset the first demodulator signal whenever the first steering signal has a pulse, for

example a logic high pulse.

According to some implementations, the deviation unit comprises a fourth comparator
configured to compare the value of the second demodulator signal to the third threshold
value. The second pulse generator is configured to generate a pulse in the second steering
signal whenever the value of the second demodulator signal exceeds the third threshold

value.

In case the first pulse generator generates a pulse in the first steering signal and the second
portion or to generate a pulse and the second steering signal, the delay unit may be
configured to increase and immediately decrease again the delay or vice versa, effectively

leaving the delay unchanged.

According to some implementations, the deviation unit is configured to reset the second
demodulator signal depending on the second steering signal. In particular, the deviation
unit may reset the second demodulator signal whenever the second steering signal has a

pulse, for example a logic high pulse.

The delay unit is then for example configured to increase the delay whenever the first

steering signal has a pulse, for example a logic high pulse. Further, the delay unit is for
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example configured to decrease the delay when the second steering signal has a pulse, for

example a logic high pulse.

Thus, the first and the steering signals can be regarded as pump up and pump down signals,
respectively, causing the delay unit to increase or decrease the delay, respectively. In
contrast to implementations comprising the differential integrator, the first and the second
demodulator signal are processed independently of each other in implementations

comprising the first and the second pulse generator.

In this way, the energy ratio is regulated to the target ratio by regulating the value of the

first and the second demodulator signal to lie at or below the third threshold value.

According to some implementations of the sensor arrangement, the deviation unit
comprises an analog-to-digital converter configured to convert the first demodulator signal

into a first digital signal and the second demodulator signal into a second digital signal.

In alternative implementations, the analog-to-digital converter is configured to convert the
first and the second demodulator signal into a digital difference signal. The digital
difference signal corresponds for example to a value of the difference between the first and

the second demodulator signal.

According to some implementations of the sensor arrangement, the deviation unit
comprises a digital differentiator configured to generate the at least one steering signal

depending on the first and the second digital signal.

The digital differentiator may for example generate the at least one steering signal
depending on a difference between a value of the first digital signal and a value of the

second digital signal.

In alternative implementations, the digital differentiator is configured to generate the at

least one steering signal depending on the digital difference signal.
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According to some implementations of the sensor arrangement, the photonic demodulator
comprises a first collector configured to generate the first demodulator signal based on the
energy of the radiation detected during the at least one of the first intervals. The photonic
demodulator comprises a second collector configured to generate the second demodulator
signal based on the energy of the radiation detected during the at least one of the second

intervals.

According to some implementations of the sensor arrangement, the photonic demodulator

comprises at least one further collector.

According to the improved concept also a method for determining a time-of-flight of
electromagnetic radiation is provided. The method comprises periodically emitting pulses
of electromagnetic radiation depending on a first clock signal and detecting
electromagnetic radiation during detection intervals. Therein, a timing of the detection
intervals is defined by a second clock signal having a phase difference with respect to the
first clock signal and each of the detection to love comprises a first interval and a second

interval following the first interval.

The method further comprises generating a first demodulator signal depending on energy
of the radiation detected during the at least one of the first intervals and generating a
second demodulator signal depending on energy of the radiation detected during at least
one of the second intervals. Moreover, the method comprises adapting the phase difference
based on the first and the second demodulator signal and generating an output signal being

indicative of the time-of-flight based on the phase difference.

Further implementations of the method are readily derived from the various

implementations and embodiments of the sensor arrangement and vice versa.

In the following, the improved concept is explained in detail with the aid of exemplary
implementations by reference to the drawings. Components that are functionally identical

or have an identical effect may be denoted by identical references.
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Identical components and/or components with identical effects may be described only with
respect to the figure where they occur first and their description is not necessarily repeated

in subsequent figures.

In the drawings,

Figure 1 shows an exemplary implementation of a sensor arrangement according to the

improved concept;

Figure 2A shows a timing diagram of emitted and partially reflected electromagnetic

pulses as well as clock signals in accordance with the improved concept;

Figure 2B shows a further timing diagram of emitted and partially reflected

electromagnetic pulses as well as clock signals in accordance with the improved concept;

Figure 2C shows a further timing diagram of emitted and partially reflected

electromagnetic pulses as well as clock signals in accordance with the improved concept;

Figure 3 shows a further exemplary implementation of a sensor arrangement according to

the improved concept;

Figure 4 shows a further exemplary implementation of a sensor arrangement according to

the improved concept;

Figure 5 shows a further exemplary implementation of a sensor arrangement according to

the improved concept;

Figure 6 shows an exemplary implementation of a delay unit for implementation in a

sensor arrangement according to the improved concept;

Figure 7 shows a further exemplary implementation of a delay unit for implementation in a

sensor arrangement according to the improved concept;
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Figure 8A shows a schematic representation of an exemplary implementation of a photonic
demodulator for implementation in a sensor arrangement according to the improved

concept;

Figure 8B shows a schematic representation of a further exemplary implementation of a
photonic demodulator for implementation in a sensor arrangement according to the

improved concept;

Figure 9 shows a schematic representation of a further exemplary implementation of a
photonic demodulator for implementation in a sensor arrangement according to the

improved concept;

Figure 10A shows a further timing diagram of emitted and partially reflected
electromagnetic pulses as well as clock signals in accordance with the improved concept;

and

Figure 10B shows a further timing diagram of emitted and partially reflected

electromagnetic pulses as well as clock signals in accordance with the improved concept.

Figure 1 shows an exemplary implementation of a sensor arrangement according to the
improved concept. The sensor arrangement comprises an emitter E and a driver DRV
coupled to the emitter E. The sensor arrangement further comprises a photonic
demodulator PDM and a processing circuit PRC coupled to the photonic demodulator
PDM. A first clock signal C1 is supplied to the processing circuit PRC and to the driver
DRV. Furthermore, an external object O is shown, which is not comprised by the sensor

arrangement.

The driver DRV is for example configured to drive the emitter E depending on the first
clock signal C1. The emitter E is configured to emit electromagnetic radiation, in particular
to emit pulses EP of electromagnetic radiation depending on the first clock signal C1. The

electromagnetic radiation is for example light, in particular visible light or infrared light.
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The emitted pulses EP may for example hit the external object O and may be at least
partially reflected from the external object O, resulting in corresponding reflected pulses

RP. The reflected pulses are PR for example detected by the photonic demodulator PDM.

The photonic demodulator PDM is for example implemented as a photonic demodulator or
photonic mixer utilizing two or more photodetectors, photodetector cells, photodetector
units or collectors. The photonic demodulator PDM is for example configured to detect
electromagnetic radiation impinging on the photonic demodulator PDM by means of the
two or more photodetectors or collectors in two or more respective time intervals. In
particular, the photonic demodulator PDM may be implemented as a photonic mixer
device, PMD, a current assisted photonic demodulator, CAPD or a lateral drift-field
photodetector, LDPD.

Consequently, when one of the reflected pulses RP impinges the photonic demodulator
PDM, the photonic demodulator PDM detects the one of the reflected pulses RP, in
particular detects electromagnetic radiation corresponding to the one of the reflected pulses
RP, during a corresponding detection interval. The detection interval comprises a first
interval and the second interval following the first interval. The first and the second
interval have for example the same length. A timing of the detection interval depends on,
in particular is defined by, a second clock signal C2 being generated by the processing
circuit PRC and having a phase difference with respect to the first clock signal C1. Hence,
also a timing of the first and the second interval, in particular a timing of a changeover

from the first to the second interval, is defined by the second clock signal C2.

The photonic demodulator PDM is configured to detect a first portion of energy of the
radiation detected during the first interval and a second portion of energy of the radiation
detected during the second interval. In particular, this holds analogously for any of the
reflected pulses RP being detected by the photonic demodulator PDM during respective

detection intervals comprising respective first and respective second intervals.

The photonic demodulator PDM is further configured to generate a first demodulator
signal DS1 depending on energy of radiation being detected during the first intervals, in

particular depending on the first portion of energy, and a second demodulator signal DS2
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depending on energy of radiation being detected during the second intervals, in particular

depending on the second portion of energy.

The processing circuit PRC comprises a deviation unit DEV connected to the photonic
demodulator PDM and receiving the first and the second demodulator signal DS1, DS2
from the photonic demodulator PDM.

The processing circuit PRC, in particular the deviation unit DEV, is configured to generate
a first steering signal PU and a second steering signal PD depending on the first and the

second demodulator signal DS1, DS2.

The deviation unit DEV may for example differentiate or effectively differentiate the first
and the second demodulator signal DS1, DS2 and generate the first and the second steering
signal PU, PD depending on the differentiation or the effective differentiation.
Alternatively or in addition, the deviation unit DEV may for example subtract or
effectively subtract a value of the first and the second demodulator signal DS1, DS2 from
cach other and generate the first and the second steering signal PU, PD depending on the

subtraction order effective subtraction.

The processing circuit PRC further comprises a delay unit DU connected to the deviation
unit DEV and to the photonic demodulator PDM. The delay unit DU is supplied with the
first clock signal C1.

The processing circuit PRC, in particular the delay unit DU, is configured to generate the
second clock signal C2 depending on the first clock signal C1. To this end, the delay unit is
DU is for example configured to adapt the phase difference based on the first and the
second steering signal PU, PD. The delay unit DU may be configured to generate the
second clock signal C2 by delaying the first clock signal C1 by a delay depending on the
first and the second demodulator signal DS1, DS2, in particular depending on the first and
the second steering signal PU, PD. Consequently, the second clock signal C2 has the phase
difference defined by the delay with respect to the first clock signal Cl1.
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The processing circuit PRC, in particular the delay unit DU, is configured to generate an
output signal OS indicative of a time-of-flight of the emitted and at least partially reflected
pulses EP, RP. The delay unit DU is for example configured to generate the output signal
OS based on the first and the second clock signal C1, C2 and/or based on the phase
difference, particular based on the adapted phase difference. In particular, the phase
difference, in particular the adapted phase difference, may be a measure for the time-of-

flight.

The adaption of the phase difference and the relation of the output signal OS to the time-
of-flight is explained in more detail with respect to figures 2A to 2C.

In some implementations, in particular depending on an actual implementation of the
deviation unit DEV and/or the photonic demodulator PDM, the photonic demodulator
PDM may receive the first and the second steering signal PU, PD for example for resetting
the photonic demodulator PDM. Corresponding connections of outputs of the deviation
unit DEV to the photonic demodulator PDM are shown in Figure 1, however are optional.

For more details, it is referred to Figures 3 to 5, 8A and 8B.

Furthermore, in Figure 1 an optional filter F, in particular optical filter, arranged in front of
the photonic demodulator PDM is shown. The filter F is for example configured and
arranged to limit electromagnetic radiation, in particular light, received by the photonic
demodulator PDM to the same or a similar bandwidth or spectrum as the bandwidth or

spectrum of the emitted pulses EP.

Figure 1 also shows a first optional optics arrangement OP1 configured and arranged to
focus the electromagnetic radiation emitted by the emitter E for example onto the external
object O. Also an optional second optics arrangement OP2 is shown, which is configured
and arranged to focus electromagnetic radiation, for example the at least partially reflected
pulses RP, onto the photonic demodulator PDM and/or on an active region of the photonic

demodulator PDM.

Moreover, in some implementations, the sensor arrangement comprises an optional beam

splitter BS and an optional feedback unit FB connected to the processing circuit PRC, in
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particular to the delay unit DU. The beam splitter BS is for example configured and
arranged to split off split off pulses SP from the emitted pulses EP. The feedback unit FB is
for example configured and arranged to detect the split off pulses SP and to generate a
feedback signal based on the split off pulses SP, in particular on a timing of the split off
pulses SP. In such implementations, the processing circuit PRC, in particular the delay unit
DU may be configured to generate the output signal OS based on the feedback signal or on
the phase difference and the feedback signal. Therein, the feedback signal may for example
be used to determine a starting instance of one of the emitted pulses EP particularly exact.
In particular, the delay unit may also be configured to generate the output signal OS based

on the feedback signal and the second clock signal C2 to determine the time-of-flight.

Figures 2A and 2B show timing diagrams of emitted and partially reflected
electromagnetic pulses as well as clock signals in accordance with the improved concept,
for example as occurring in a sensor arrangement as shown in Figure 1. Shown are, as a
function of time t, the first and the second clock signal C1, C2 as well as a modified second
clock signal C2' being an inverse of the second clock signal C2. Furthermore, a first
emitted pulse EP1 and a corresponding first at least partially reflected pulse RP1 as well as
a second emitted pulse EP2 and a corresponding second at least partially reflected pulse
RP2 are schematically depicted as rectangular a blocks extending over respective time
periods. It is pointed out, that an in particular of the reflected pulses RP1, RP2 is not
necessarily constant during the respective pulses but may vary for example depending on a

structure of the external object O.

The first clock signal C1 is for example a digital signal switching between logic low and

logic high with a duty cycle of for example 50%.

A detection interval DI is defined by the second clock signal C2, wherein the detection
interval DI extends over one period of the second and the modified second clock signal C2,
C2'. In particular, the detection interval DI may begin with a first rising edge of the second
clock signal C2 and end with a second rising edge of the second clock signal C2 following
the first rising edge. The detection interval DI comprises a first interval 11 and a second
interval 12 defined by the second clock signal C2. The first interval 11 corresponds for

example to a time interval during which the second clock signal C2 assumes logic high and
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the second interval 12 corresponds for example to a time interval during which the
modified second clock signal C2' assumes logic high, that the second clock signal C2

assumes logic low.

The first interval I1 corresponds for example to a first half period of the second clock
signal C2. In particular, the first interval 11 begins for example with the first rising edge of
the second clock signal C2 and ends for example with a falling edge of the second clock
signal C2 following the first rising edge and preceding the second rising edge of the second

clock signal C2.

The second interval 12 corresponds for example to a second half period of the second clock
signal C2. In particular, the second interval 12 begins for example with the falling edge of
the second clock signal C2 and ends for example with the second rising edge of the second
clock signal C2. Hence, the first interval 11 represents a first half of the detection interval
DI and the second interval 12 represents a second half of the detection interval DI. It is
noted, that in Figure 2B an end of the first emitted pulse EP1 coincides with the first rising

edge of the second clock signal C2 only coincidently.

One of the emitted pulses EP is for example emitted at each rising edge of the first clock
signal C1. For example, the first emitted pulse EP1 is emitted starting at a first rising edge
of the first clock signal C1 and the second emitted policy P2 is emitted starting at a second

rising edge of the first clock signal C1.

The second clock signal C2 is delayed with respect to the first clock signal C1 by a delay
DEL defining the phase difference between the first and the second clock signal C1, C2.

The photonic demodulator PDM generates the first demodulator signal DS1 based on
energy detected during the first interval 11 and the second demodulator signal DS2 based
on energy detected during the second interval 12. As shown in Figures 2A and 2B, a first
portion of the first reflected pulse RP1 falls into the first interval 11 and a second portion of
the first detected pulse RP1 falls into the second interval 12. As shown in Figure 2A, the
first and the second portion of the first reflected pulse RP1 have in general different

lengths resulting in different amounts of energy detected by the photonic demodulator
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PDM during the first and the second interval 11, 12, respectively. In other words, an energy
ratio given by a ratio of energy of radiation detected during the first interval 11 to energy of
the radiation being detected during the second interval 12 differs from a predefined target
interval, for example from unity. Consequently, the first and the second demodulation

signal DS1, DS2 have different amplitudes in this case.

However, the processing circuit PRC is configured to regulate the energy ratio to the target
ratio, for example to unity, by adapting the phase difference and/or the delay DEL,
respectively. A result of the regulation is depicted in Figure 2B, wherein the first reflected
pulse RP1 is equally or approximately equally distributed between the first interval 11 and
the second interval 12. In a situation as shown in Figure 2B, the delay DEL is directly
related to the time-of-flight of the emitted and effective pulses EP, RP, for example of the
first emitted pulse EP1 and the first reflected pulse RP1.

In general, the time-of-flight is for example given by a starting instance of one of the
emitted pulses EP, for example of the first emitted pulse EP1, and the corresponding one of
the reflected pulses RP, for example the first reflected pulse RP1. In the situation of Figure
2B, wherein the energy ratio is regulated to the target ratio unity, the time-of-flight can
therefore be calculated directly from the corresponding delay DEL taking into account for
example constant quantities. The constant quantities are for example given by a cycle time
or a frequency of the second clock signal C2 and a length of one of the emitted pulses EP,
for example the first emitted pulse EP1. Therein, the cycle time is the inverse of the
frequency. In particular, the time-of-flight may be calculated as one half times the sum of
the cycle time of the second clock signal C2 and the length of one of the emitted pulses EP

if the energy ratio is regulated to the target ratio unity as shown in Figure 2B.

Consequently, the output signal OS generated by the processing circuit PRC depending on
the phase difference and/or the delay DEL is a measure for the time-of-flight if the energy

ratio is regulated to the target ratio, for example to unity.

Figure 2C shows a further timing diagram of emitted and partially reflected
electromagnetic pulses as well as clock signals in accordance with the improved concept.

The timing diagram of Figure 2C is based on the timing diagram of Figure 2B, wherein, for
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the sake of clarity, the first clock signal C1 and the delay DEL are omitted. Furthermore, a
constant amount of ambient light AL that is for example detected by the photonic

demodulator PDM is shown schematically.

In a realistic situation, the photonic demodulator PDM will not only detect the at least
partially reflected pulses RP but also may detect ambient light AL. The detection of the
ambient light AL may in principle affect the generation of the first and the second
demodulator signal DS1, DS2 and consequently accuracy of the determination of the time-
of-flight. However, since, according to the improved concept, the deviation unit DEV for
example differentiates, effectively differentiates subtracts and/or effectively subtracts the
first and the second demodulator signal DS1, DS2, an effect of the detected ambient light
AL may be compensated or partially compensated. This compensation or partial
compensation is inherent to the improved concept and may make an explicit measurement
and/or compensation of ambient light unnecessary, leading to decreased complexity of the

sensor arrangement according to the improved concept.

Figure 3 shows a further implementation of an exemplary sensor arrangement according to
the improved concept based on the implementation of Figure 1. For the sake of clearness,
the driver DRV, the emitter E, the external object O as well as the optional filter F, the
optional first and second optics arrangements OP1, OP2 and the optional beam splitter BS

are not shown.

In the implementation of Figure 3, the deviation unit DEV comprises a differential
integrator with a differential amplifier A, for example an operational amplifier, and an
integrator capacitor CI. The differential amplifier A has a first input, for example a non-
inverting input, coupled to the photonic demodulator PDM for receiving the first
demodulator signal DS1 and a second input, for example an inverting input, coupled to the
photonic demodulator PDM for receiving the second demodulator signal DS2. The
integrator capacitor CI is for example connected between the first input of the amplifier A
and an output of the amplifier A. Consequently, the differential integrator is configured to
generate an integrated difference signal IDS at the output of the differential amplifier A

integrating a difference between the first and the second demodulator signal DS1, DS2.
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The deviation unit DEV further comprises a first comparator CP1 with a first input, for
example an inverting input, connected to a first reference signal RS1, a second input, for
example a non-inverting input, connected to the output of the differential amplifier A and
an output, for example an inverting output. The deviation unit DEV also comprises a
second comparator CP2 with a first input, for example an inverting input, connected to the
output of the differential amplifier A, a second input, for example a non-inverting input,
connected to a second reference signal RS2 and an output, for example an inverting output.
A value of the second reference signal RS2 is for example greater than a value of the first
reference signal RS1. The output of the differential amplifier A is further connected to a
reference terminal, for example a ground terminal, via a reset switch RS be controlled by a

reset signal RSS.

The first comparator CP1 generates the first steering signal PU depending on a value of the
integrated difference signal IDS being less or greater than the first reference signal RS1. In
particular, the first steering signal PU may assume logic high if the value of the integrated
difference signal IDS is less than the value of the first reference signal RS1 and may
assume logic low if the value of the integrated difference signal IDS is greater than the
value of the first reference signal RS1. Analogously, the second comparator CP2 generates
the second steering signal PD depending on the value of the integrated difference signal
IDS being less or greater than the second reference signal RS2. In particular, the second
steering signal PD may assume logic high if the value of the integrated difference signal
IDS is greater than the value of the second reference signal RS2 and may assume logic low
if the value of the integrated difference signal IDS is less than the value of the second

reference signal RS2.

The delay unit DU generates the second clock signal C2 by delaying the first clock signal
C1 by the delay depending on the first and the second steering signal PU, PD. In particular,
the delay unit DU adapts the delay and consequently the phase difference between the first
and the second clock signal C1, C2, depending on the first and the second steering signal
PU, PD. For example, the delay unit DU increases the delay if the first steering signal PU
assumes logic high and the second steering signal PD assumes logic low. On the other
hand, the delay unit DU for example decreases the delay if the first steering signal PU

assumes logic low and the second steering signal PD assumes logic high.
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The adapted delay in turn results in a shift of the first and the second intervals 11, 12 with
respect to the partially reflected pulses RP, for example the first reflected pulse RP1, and
consequently in a change of the first and the second demodulator signal DS1, DS2. Hence,
also the integrated difference signal IDS is changed accordingly. In this way, the value
integrated difference signal IDS is regulated to a target difference value lying between, for
example in the middle between, the first and the second reference signal RS1, RS2.
Therein, the energy ratio corresponds to the target ratio if the value of the integrated
difference signal corresponds to the target difference value. In this way, the energy ratio is

regulated to the target ratio.

The deviation unit DU may further comprise an integrator controller (not shown)

configured to generate the reset signal RSS to reset the differential integrator.

Figure 4 shows a further implementation of an exemplary sensor arrangement according to
the improved concept based on the implementation of Figure 1. For the sake of clearness,
the driver DRV, the emitter E, the external object O as well as the optional filter F, the
optional first and second optics arrangements OP1, OP2 and the optional beam splitter BS

are not shown.

In the implementation of Figure 4, the deviation unit DEV comprises a third comparator
CP3 with a first input, for example a non-inverting input, coupled to the photonic
demodulator PDM for receiving the first demodulator signal DS1 and a second input, for
example an inverting input, connected to a third reference signal RS3. Further, the
deviation unit DEV comprises a fourth comparator CP4 with a first input, for example a
non-inverting input, coupled to the photonic demodulator PDM for receiving the second
demodulator signal DS2 and a second input, for example an inverting input, connected to

the third reference signal RS3.

The deviation unit DEV also comprises a first pulse generator PG1 connected to an output
of the third comparator CP3 and configured to generate the first steering signal PU
depending on an output signal of the third comparator CP3. The deviation unit DEV

further comprises a second pulse generator PG2 connected to an output of the fourth
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comparator CP4 and configured to generate the second steering signal PD depending on an

output signal of the fourth comparator CP4.

The third comparator CP3 for example generates the output signal of the third comparator
CP3 for example to assume logic high if the value of the first demodulator signal DS1 is
greater than a value of the third reference signal RS3 and logic low if the value of the first
demodulator signal DS1 is less than the value of the third reference signal RS3.
Analogously, the fourth comparator CP4 for example generates the output signal of the
fourth comparator CP4 for example to assume logic high if the value of the second
demodulator signal DS2 is greater than a value of the third reference signal RS3 and logic
low if the value of the second demodulator signal DS2 is less than the value of the third

reference signal RS3.

The first pulse generator PG1 may for example generate a pulse, in particular a logic high
pulse, of the first steering signal PU if the output signal of the third comparator CP3

assumes logic high and the second pulse generator PG2 may for example generate a pulse,
in particular a logic high pulse, of the second steering signal PD if the output signal of the

fourth comparator CP4 assumes logic high.

The delay unit DU may increase the delay in response to a pulse, for example a logic high
pulse, of the first steering signal PU and decrease the delay in response to a pulse, for
example a logic high pulse, of the second steering signal PD. Apart from that, the delay
unit DU may generate the second clock signal C2 analogously as explained with respect to

Figure 3.

As explained earlier, the adapted delay in turn results in a shift of the first and the second
intervals 11, 12 with respect to the partially reflected pulses RP, for example the first
reflected pulse RP1, and consequently in a change of the first and the second demodulator
signal DS1, DS2. In this way, the values of the first and the second demodulator signal
DSI1, DS2 are both regulated to the value of the third reference signal RS3. Therein, the
energy ratio corresponds to the target ratio if the value of the first demodulator signal DS1
and the second demodulator signal DS2 both correspond to the value of the third reference

signal RS3. In this case, the first and the second pulse generator PG1, PG2 may for
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example both generate pulses, for example logic high pulses, in the first and the second
steering signal PU, PD, respectively. In this way, the energy ratio is regulated to the target

ratio.

An output of the first pulse generator PG1 is for example connected to the photonic
demodulator PDM for resetting or partially resetting the photonic demodulator PDM, in
particular for resetting the first demodulator signal DS1, depending on the first steering
signal PU. An output of the second pulse generator PG2 is for example connected to the
photonic demodulator PDM for resetting or partially resetting the photonic demodulator
PDM, in particular for resetting the second demodulator signal DS1, depending on the
second steering signal PD. For further details on the resetting of the first and the second

demodulator signal DS1, DS2, it is referred to Figure 8B.

Figure 5 shows a further implementation of an exemplary sensor arrangement according to
the improved concept based on the implementation of Figure 1. For the sake of clearness,
the driver DRV, the emitter E, the external object O as well as the optional filter F, the
optional first and second optics arrangements OP1, OP2 and the optional beam splitter BS

are not shown.

In the implementation of Figure 5, the deviation unit DEV comprises an analog-to-digital
converter ADC connected to the photonic demodulator PDM for receiving the first and the
second demodulator signal DS1, DS2. The deviation unit further comprises a digital
differentiator DDF with at least one input connected to at least one output of the analog-to-

digital converter.

The analog-to-digital converter ADC is for example configured to convert the first
demodulator signal DS1 and to a first digital signal and the second demodulator signal DS2
into a second digital signal. The digital differentiator DFF is for example configured to
generate at a first output the first steering signal PU and at a second output of the second
steering signal PD. To this end, the differentiator DFF may compare the first and the
second steering signal PU, PD to each other and/or subtract the first and the second
steering signal PU, PD from each other and evaluate their difference. For example, the

digital differentiator may generate a pulse, for example a logic high pulse, in the first
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steering signal PU, if the first digital signal exceeds the second digital signal by at least a
tolerance value and may generate a pulse, for example a logic high pulse, the second
steering signal PD, if the second digital signal exceeds the first digital signal by at least the

tolerance value or vice versa.

Then, the operation of the delay unit DU and the regulation of the energy ratio to the target

ratio is for example performed as explained with respect to Figure 4.

The first output of the digital differentiator DFF is for example connected to the photonic
demodulator PDM for resetting or partially resetting the photonic demodulator PDM, in
particular for resetting the first demodulator signal DS1, depending on the first steering
signal PU. The second output of the digital differentiator is for example connected to the
photonic demodulator PDM for resetting or partially resetting the photonic demodulator
PDM, in particular for resetting the second demodulator signal DS1, depending on the
second steering signal PD. For further details on the resetting of the first and the second

demodulator signal DS1, DS2, it is referred to Figure 8B.

Figure 6 shows an exemplary implementation of a delay unit for implementation in a
sensor arrangement according to the improved concept, for example an implementation as

shown in Figures 1 and/or 3 to 5.

The delay unit DU comprises a programmable delay element DE connected to the
deviation unit DEV for receiving the first and the second steering signal PU, PD. The
programmable delay element DE has a control input connected to the first clock signal C1.
The programmable delay element DE is for example implemented as a programmable
delay line. In some implementations, the programmable delay element DE is comprised by

or is implemented as a delay-locked-loop circuit.

The delay unit DU further comprises a time-to-digital converter TDC with a first input
connected to the first clock signal C1 and a second input connected to the programmable

delay element DE for receiving the second clock signal C2.
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The programmable delay element DE is configured to generate the second clock signal C2
by delaying the first clock signal C1 by the delay, as described with respect to Figures 1 to
5. The programmable delay element DE may be configured to increase the delay
depending on the first steering signal PU and to decrease the delay depending on the
second steering signal PD. For example, the programmable delay elements DE may be
configured to increase the delay if the first steering signal PU assumes logic high, as
described with respect to Figure 3, or if the first steering signal PU has a pulse, in
particular a logic high pulse, as described with respect to Figures 4 and 5. Analogously, the
programmable delay element DE2 may be configured to decrease the delay if the second
steering signal PD assumes logic low, as described with respect to Figure 3, or if the
second steering signal PD has a pulse, in particular a logic high pulse, as described with

respect to Figures 4 and 5.

The first clock signal C1 may for example act as a start signal for the time-to-digital
converter TDC and the second clock signal C2 may for example act as a stop signal for the
time-to-digital converter TDC. That is, for example the time-to-digital converter TDC may
for example be configured to determine an elapsed time between a rising edge of the first
clock signal C1 and a subsequent rising edge of the second clock signal C2. Therein, the
rising edge of the first clock signal C2 may indicate a start of one of the emitted pulses EP.
The rising edge of the second clock signal C2 has a fixed relation to the start of the
corresponding one of the reflected pulses RP, if the energy ratio is regulated to the target
ratio, as described with respect to Figure 2B. The time-to-digital converter TDC may for

example generate the output signal OS depending on the determined elapsed time.

In this way, the delay unit DU may effectively determine the time-of-flight, in particular
generate the output signal OS being indicative of the time-of-flight, as described with

respect to Figures 1 to 5.

In alternative implementations, the first input of the time-to-digital converter is connected
to the feedback signal. In such implementations, the feedback signal may act as the start
signal and the second clock signal C2 may act as the stop signal. As the rising edge of the
first clock signal C1, also the feedback signal is indicative of the start of the one of the
emitted pulses EP and may therefore be used by the time-to-digital converter TDC to



10

15

20

25

30

WO 2017/089159 PCT/EP2016/077576
-33-

generate the output signal OS. This may for example lead to a further improved accuracy

of the time-of-flight determination.

Figure 7 shows a further exemplary implementation of a delay unit DU for implementation
in a sensor arrangement according to the improved concept, for example an

implementation as shown in Figures 1 and/or 3 to 5.

The delay unit DU comprises a plurality of n delay elements D1, D2, D3, D4, D5, D6, ...,
Dn connected in series, wherein n is equal to or greater than two. A first delay element D1
of the n delay elements receives the first clock signal C1 at an input. At least some of the
delay elements D1, D2, D3, D4, DS, D6, ..., Dn may for example be implemented as or
comprise inverters. It is highlighted, that the depiction of seven or more delay elements in
Figure 7 does not imply that n must be seven or more. In particular, additional delay
clements are straightforwardly to be removed from the representation of Figure 7 in case
the respective implementation of the delay unit DU comprises less than seven delay

elements.

The delay unit DU further comprises a control unit CU connected to the deviation unit
DEYV for receiving the first and the second steering signal PU, PD and a multiplexer MUX
with at least n inputs connected to respective outputs of the n delay elements D1, D2, D3,
D4, D5, D6, ..., Dn. The control unit CU is configured to generate a selection signal SEL
based on the first and the second steering signal PU, PD. The multiplexer has a control

input for receiving the selection signal SEL.

Each of the delay elements D1, D2, D3, D4, D5, D6, ..., Dn may for example be
configured to generate a respective intermediate clock signal by delaying a respective input
signal by an intermediate delay. For example, the first delay element D1 may be
configured to generate a first intermediate clock signal by delaying the first clock signal C1
by the intermediate delay and supply the first intermediate clock signal to the multiplexer
MUX. The second delay element D2 may be configured to generate a second intermediate
clock signal by delaying the first intermediate clock signal by the intermediate clock signal

and supply the second intermediate clock signal to the multiplexer MUX, and so forth.
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Consequently, the first intermediate clock signal is for example delayed with respect to the
first clock signal C1 by the intermediate delay, the second intermediate clock signal is for
example delayed by twice the intermediate delay and so forth. The n-th delay element Dn
may be configured to generate an n-th intermediate clock signal by delaying the (n-1)-th
intermediate clock signal by the intermediate delay and supply the n-th intermediate clock
signal to the multiplexer MUX. Thus, the n-th intermediate clock signal is delayed with

respect to the first clock signal C1 by n times the intermediate delay.

The multiplexer MUX is for example configured to generate the second clock signal C2 by
selecting one of the at least two intermediate clock signals depending on the selection
signal SEL. In particular, the selection signal SEL may indicate an index i being an integer
number which is at least one and smaller or equal to n. The multiplexer MUX is for
example configured to select the one of the intermediate clock signals being delayed with
respect to the first clock signal C1 by i times the intermediate delay. The delay of the
second clock signal C2 with respect to the first clock signal C1 is then given by i times the

intermediate delay.

The control unit CU is for example configured to increase the index i by one if the first
steering signal PU assumes logic high, as described with respect to Figure 3, or if the first
steering signal PU has a pulse, in particular a logic high pulse, as described with respect to
Figures 4 and 5. Analogously, the control unit CU is for example configured to decrease
the index i by one if the second steering signal PD assumes logic low, as described with
respect to Figure 3, or if the second steering signal PD has a pulse, in particular a logic

high pulse, as described with respect to Figures 4 and 5.

The delay unit DU, for example the control unit CU, is for example configured to generate

the output signal OS depending on the index i.

The delay elements D1, D2, D3, D4, D5, D6, ..., Dn, the multiplexer MUX and/or the

control unit CU are for example comprised by a time-to-digital converter.
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An implementation of the delay unit DU as described with respect to Figure 7 may further
reduce the complexity of the sensor arrangement by combining several components or all

components of the delay unit DU into a single time-to-digital converter.

Furthermore such implementations may have the advantage that a value of the phase
difference of the second clock signal C2 with respect to the first clock signal C1 is directly
available in the sensor arrangement as the index 1. In particular in conjunction with an
analog-to-digital converter, for example an analog-to-digital converter ADC as shown in
the implementation of the deviation unit DU of Figure 5, the sensor arrangement may also
be able to perform advanced functions such as speech shifting of the phase difference. This
may be particularly advantageous with the use of more than two phases of demodulation as

described with respect to Figures 9, 10A and 10B respectively.

Figure 8A shows a schematic representation of an exemplary implementation of a photonic
demodulator PDM for implementation in a sensor arrangement according to the improved

concept, for example in an implementation as described with respect to Figures 1 and 3.

The photonic demodulator PDM comprises a first collector with a first collector diode CD1
and a first collector capacitor CC1 coupled with a first electrode to the first collector diode
CD1 and with a second electrode to a first reference terminal, for example a ground

terminal. The photonic demodulator PDM also comprises a second collector with a second
collector diode CD2 and a second collector capacitor CC2 coupled with a first electrode to
the second collector diode CD2 and with a second clectrode to a second reference terminal,

for example the ground terminal.

The photonic demodulator PDM comprises also a photocurrent generating device, for
example one or more photodetectors, being represented in Figure 8 A by a current source
CS.

The photonic demodulator PDM further comprises an inverter INV configured to generate
the modified second clock signal C2' by inverting the second clock signal. Furthermore,
the photonic demodulator PDM comprises a first collector switch CS1 being controlled by
the second clock signal C2 and coupling the first collector diode CD1 to an output of the
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current source CS as well as a second collector switch CS2 being controlled by the
modified second clock signal C2' and coupling the second collector diode CD2 to the
output of the current source CS. It is highlighted, that the polarities of the first and the
second collector diodes CS1, CS2 as shown in Figure 8A are chosen as examples only. In
particular, the polarities of the first and the second collector diodes CS1, CS2 may be
inverted depending on the specific implementation of the sensor arrangement, in particular

of the deviation unit DEV and/or the photocurrent generating device.

The current source CS, or the photocurrent generating device, respectively, may be
configured to generate at its output a photocurrent when electromagnetic radiation, in
particular one of the at least partially reflected pulses RP, for example the first reflected

pulse RP1, impinges onto the photocurrent generating device.

During the first interval 11, the first collector switch CS1 is for example closed while the
second collector switch CS2 is open and the first collector capacitor CC1 is charged via the
first collector diode CD1 by the photocurrent. During the second interval 12, the second
collector switch CS2 is for example closed while the first collector switch CS1 is open and
the second collector capacitor CC2 is charged via the second collector diode CD2 by the
photocurrent. In this way, the first demodulator signal DS1 may be generated at the first
electrode of the first collector capacitor CC1 and the second demodulator signal DS2 may

be generated at the first electrode of the second collector capacitor CC2.

In alternative implementations, the first collector capacitor CCl1 is for example discharged
via the first collector diode CD1 by the photocurrent during the first interval 11 and the
second collector capacitor CC2 is for example discharged via the second collector diode

CD2 by the photocurrent during the second interval 12.

Figure 8B shows a schematic representation of a further exemplary implementation of a
photonic demodulator PDM for implementation in a sensor arrangement according to the
improved concept, for example in an implementation as described with respect to Figures

1,4 and 5.
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The photonic demodulator PDM of Figure 8B is based on the implementation described
with respect to Figure 8A. In addition, the first electrode of the first collector capacitor
CC1 is connected via a first collector reset switch CRS1, which is controlled by the first
steering signal PU, to a pre-charging voltage VP and the first electrode of the second
collector capacitor CC2 is connected via a second collector reset switch CRS2, which is

controlled by the second steering signal PD, to the pre-charging voltage VP.

Initially the first and the second collector capacitor CC1, CC2 may be charged by the pre-
charging voltage VP. During the first interval 11, the first collector switch CS1 is for
example closed while the second collector switch CS2 is open and the first collector
capacitor CCl1 is discharged via the first collector diode CD1 by the photocurrent. During
the second interval 12, the second collector switch CS2 is for example closed while the first
collector switch CS1 is open and the second collector capacitor CC2 is discharged via the
second collector diode CD2 by the photocurrent. In this way, the first demodulator signal
DS1 may be generated at the first electrode of the first collector capacitor CC1 and the
second demodulator signal DS2 may be generated at the first electrode of the second

collector capacitor CC2.

When the first steering signal PU has a pulse, in particular a logic high pulse, the first
collector reset switch CRS1 is temporarily closed resetting the first collector, in particular
resetting the first demodulator signal DS1, by re-charging the first collector capacitor CC1
with the pre-charging voltage. Analogously, when the second steering signal PD has a
pulse, in particular a logic high pulse, the second collector reset switch CRS2 is
temporarily closed resetting the second collector, in particular resetting the second
demodulator signal DS2, by re-charging the second collector capacitor CC2 with the pre-

charging voltage.

Figure 9 shows a schematic representation of a further exemplary implementation of a
photonic demodulator for implementation in a sensor arrangement according to the
improved concept, for example in an implementation as described with respect to Figures 1

and 3 to 5.
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The photonic demodulator PDM of Figure 9 is based on the implementation described with
respect to Figure 8A. Instead of the second clock signal C2, a third clock signal C3
controls the first collector switch CS1 and instead of the modified second clock signal C2',

a modified third clock signal C3' controls the second collector switch CS2.

The photonic demodulator PDM further comprises a third collector with a third collector
diode CD3 and a third collector capacitor CC3 coupled with a first electrode to the third
collector diode CD3 and with a second electrode to a third reference terminal, for example
the ground terminal. The photonic demodulator PDM also comprises a third collector

switch CS3 being controlled by a further modified third clock signal C3".

Instead of or in addition to the inverter INV shown in Figures 8A and 8B, the photonic
demodulator PDM comprises a switch control unit (not shown) configured to generate the
third clock signal C3, the modified third clock signal C3' and the further modified third
clock signal C3" based on the second clock signal C2.

In such implementations, the detection interval DI as well as the first and the second
interval I1, 12 are for example defined by the third and the modified third clock signal C3,
C3'. A third interval I3 is for example defined by the further modified third clock signal
C3". The first interval I1 corresponds for example to a time interval during which the third
clock signal C3 assumes logic high, the second interval 12 corresponds for example to a
time interval during which the modified third clock signal C3' assumes logic high and the
third interval 13 corresponds for example to a time interval during which the further

modified third clock signal C3" assumes logic high.

For further details of the third, the modified third and the further modified third clock
signal C3, C3', C3" and their relation to the second clock signal C2, it is referred to Figures

10A and 10B.

During the first interval 11, the first collector switch CS1 is for example closed while the
second and the third collector switch CS2, CS3 are open and the first collector capacitor
CC1 is charged via the first collector diode CD1 by the photocurrent. During the second

interval 12, the second collector switch CS2 is for example closed while the first and the
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third collector switch CS2, CS3 are open and the second collector capacitor CC2 is
charged via the second collector diode CD2 by the photocurrent. During the third interval
13, the third collector switch CS3 is for example closed while the first and the second
collector switch CS1, CS2 are open and the third collector capacitor CC3 is charged via the
third collector diode CD3 by the photocurrent. In this way, the first demodulator signal
DS1 may be generated at the first electrode of the first collector capacitor CC1, the second
demodulator signal DS2 may be generated at the first electrode of the second collector
capacitor CC2 and a third demodulator signal DS3 may be generated at the first electrode
of the third collector capacitor CC3.

Figure 10A shows a timing diagram of emitted and partially reflected electromagnetic
pulses as well as clock signals in accordance with the improved concept, for example as
occurring in a sensor arrangement with a photonic demodulator PDM as shown in Figure
9. Shown are, as a function of time t, the first, the second, the modified second, the third,
the modified third and the further modified third clock signal C1, C2, C2', C3, C3', C3".
Furthermore, a first emitted pulse EP1 and a corresponding first at least partially reflected
pulse RP1 as well as a second emitted pulse EP2 and the corresponding second at least
partially reflected pulse RP2 are schematically depicted as rectangle a blocks covering

respective time periods.

As described with respect to Figures 2A and 2B, the first and the second clock signal C1,
C2 are for example digital signals switching between logic low and logic high with a duty
cycle of for example 50%. On the other hand, the third clock signal C3 is for example a
digital signal switching between logic low in logic high at a duty cycle differing from 50%.

In the example of Figure 10A, the duty cycle of the third clock signal C3 is one third. The
third clock signal C3 is for example in phase with the second clock signal C2, that is every
rising edge of the third clock signal C3 coincides with a rising edge of the second clock
signal C2 and vice versa. In the example shown in Figure 10A, the modified third clock
signal C3' corresponds to the third clock signal C3 up to a phase shift. The phase shift of
the modified third clock signal C3' with respect to the third clock signal C3 is for example
2n/3. Analogously, the further modified third clock signal C3" corresponds to the modified
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third clock signal C3' up to a phase shift. The phase shift of the further modified third clock
signal C3" with respect to the modified third clock signal C3'is for example 27/3.

The operation of a sensor arrangement with a photonic demodulator PDM as shown in
Figure 9 and with third, modified third and further modified third clock signals C3, C3',
C3" as an Figure 10A similar to the operation described earlier with respect to Figures 1 to

&B.

The processing circuit PRC is for example configured to perform an initial measurement to
determine during which of the intervals 11, 12, I3, the photonic demodulator PDM shows a
maximum response, for example due to the first reflected pulse RP1 impinging on the
photonic demodulator PDM. Then, depending on a result of the initial measurement, the
processing circuit PRC, in particular the delay unit DU may pre-adjust the delay between
the second clock signal C2 and the first clock signal C1. In particular, the delay may be
pre-adjusted such that the energy ratio is already relatively close to the target ratio. In this

way, particularly fast regulation of the entry ratio to the target ratio may be achieved.

In the following operation of the sensor arrangement, the third clock signal C3 assumes the
role of the second clock signal C2 and the modified third clock signal C3' assumes the role
of the modified second clock signal C2'. Apart from that, the operation of the sensor

arrangement is analogous to what has been described with respect to Figures 1 to 8B.

Figure 10B shows a timing diagram of emitted and partially reflected electromagnetic
pulses as well as clock signals in accordance with the improved concept, for example as
occurring in a sensor arrangement with a photonic demodulator PDM as shown in Figure

9. The timing diagram of Figure 10B is based on the timing diagram of Figure 10A.

Also here, the third clock signal C3 is for example in phase with the second clock signal
C2, that is every rising edge of the third clock signal C3 coincides with a rising edge of the
second clock signal C2 and vice versa. In the example of Figure 10B, the duty cycle of the
third clock signal C3 is for example one fourth or approximately one fourth. The modified
third clock signal C3' corresponds for example to the third clock signal C3 up to a phase
shift. The phase shift of the modified third clock signal C3' with respect to the third clock
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signal C3 is for example n/2. The further modified clock signal C3" corresponds for
example to the third clock signal C3 of the phase shift. The phase shift of the further
modified third clock signal C3" with respect to the third clock signal C3 is for example 7.
The duty cycle of the further modified third clock signal C3" is for example 50%.

Consequently, the first and the second interval 11, 12

being defined for example by the third clock signal C3 and the modified third clock signal
C3', respectively, being logic high have for example equal length. On the other hand, the
third interval I3 being defined for example by the further modified third clock signal C3"
being logic high may have a length being twice the length of the first and the second

interval I1, I3.

The processing circuit PRC is for example configured to perform an initial measurement to
determine during which of the intervals 11, 12, I3, the photonic demodulator PDM shows a
maximum response, for example due to the first reflected pulse RP1 impinging on the
photonic demodulator PDM. Then, the phase difference between the second and the first
clock signal C2, C1 is for example adapted such that the tools shorter intervals 11, 12 lie
around the maximum response. In this way, particularly fast regulation of the entry ratio to

the target ratio may be achieved.

By means of a sensor arrangement and/or and method according to the improved concept,

complexity and/or power consumption of the time-of-flight determination may be reduced.

Furthermore, in realistic situations, the at least partially reflected pulses RP may not be
clean square waves as the emitted pulses EP may be but may vary representing for
example a convolution of different surfaces of the external object. Errors or inaccuracies
resulting thereof may for example be reduced or avoided by means of the improved

concept, in particular by regulating the energy ratio to the target ratio.

It is pointed out that the number of collectors of the photonic demodulator PDM is not
limited to two or three. In analogy to the implementations described with respect to Figures
8A — 9, also photonic demodulators with four or more collectors may be utilized for

implementing the improved concept.
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Claims

1. Sensor arrangement for determining a time-of-flight of electromagnetic radiation

comprising

- an emitter (E) configured to periodically emit pulses of electromagnetic radiation
depending on a first clock signal (C1);

- aphotonic demodulator (PDM) configured to
- detect electromagnetic radiation during detection intervals, wherein a timing of the
detection intervals is defined by a second clock signal (C2) having a phase difference
with respect to the first clock signal (C1) and each of the detection intervals comprises
a first interval and a second interval following the first interval;
- generate a first demodulator signal (DS1) depending on energy of the radiation
detected during at least one of the first intervals; and
- generate a second demodulator signal (DS2) depending on energy of the radiation
detected during at least one of the second intervals; and

- aprocessing circuit (PRC) configured to adapt the phase difference based on the first
and the second demodulator signal (DS1, DS2) and to generate an output signal (OS)
being indicative of the time-of-flight based on the phase difference.

2. Sensor arrangement according to claim 1, wherein the processing circuit (PRC) is
configured to regulate an energy ratio to a target ratio by adapting the phase difference,
wherein the energy ratio is a ratio of energy of the radiation, which is being detected
during the first interval of one of the detection intervals, to energy of the radiation, which

is being detected during the second interval of the one of the detection intervals.

3. Sensor arrangement according to one of claims 1 or 2, wherein the processing circuit
(PRC) comprises a delay unit (DU) configured to generate the second clock signal (C2) by
delaying the first clock signal (C1) by a delay, the delay depending on the first and the
second demodulator signal (DS1, DS2).

4. Sensor arrangement according to one of claims 1 to 3, wherein the processing circuit
(PRC) comprises a time-to-digital converter (TDC) configured to generate the output
signal (OS) based on the first and the second clock signal (C2).
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5. Sensor arrangement according to one of claims 1 to 3, wherein the processing circuit

(PRC) comprises

- adelay line (D1, D2, ..., Dn) configured to generate at least two intermediate clock
signals by delaying the first clock signal (C1); and

- amultiplexer (MUX) configured to generate the second clock signal (C2) by selecting
one of the at least two intermediate clock signals depending on the first and the second

demodulator signal (DS1, DS2).

6. Sensor arrangement according to one of claims 1 to 5, wherein the processing circuit

(PRC)

- comprises a deviation unit (DEV) configured to generate at least one steering signal
(PU, PD) based on the first and the second demodulator signal (DS1, DS2); and

- 1s configured to adapt the phase difference based on the least one steering signal (PU,

PD).

7. Sensor arrangement according to claim 6, wherein the at least one steering signal (PU,

PD) indicates

whether a difference value of the first and the second demodulator signal (DS1, DS2)
lies within a predefined first range; or

- indicates whether a value of the first demodulator signal (DS1) lies within a
predefined second range and/or a value of the second demodulator signal (DS2) lies

within the predefined second range.

8. Sensor arrangement according to one of claims 6 or 7, wherein the deviation unit (DEV)

comprises a differential integrator configured to generate an integrated difference
signal (IDS) depending on a difference between the first and the second demodulator
signal (DS1, DS2); and

- 1is configured to generate the at least one steering signal (PU, PD) depending on the

integrated difference signal (IDS).

9. Sensor arrangement according to claim 8, wherein the deviation unit (DEV) comprises
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- afirst comparator (CP1) configured to generate a first steering signal (PU) of the least
one steering signal (PU, PD) based on a comparison of a value of the integrated
difference signal (IDS) to a predefined first threshold value; and

- asecond comparator (CP2) configured to generate a second steering signal (PD) of the
least one steering signal (PU, PD) based on a comparison of the value of the integrated

difference signal (IDS) to a predefined second threshold value.

10. Sensor arrangement according to one of claims 6 or 7, wherein the deviation unit

(DEV) comprises

- afirst pulse generator (G1) configured to generate a first steering signal (PU) of the
least one steering signal (PU, PD) based on a comparison of the first demodulator
signal (DS1) to a predefined third threshold value; and

- asecond pulse generator (G2) configured to generate a second steering signal (PD) of
the least one steering signal (PU, PD) based on a comparison of second demodulator
signal (DS2) to the predefined third threshold value or to a predefined fourth
threshold.

11. Sensor arrangement according to one of claims 6 or 7, wherein the deviation unit
(DEV) comprises an analog-to-digital converter (ADC) configured to convert the first and
the second demodulator signal (DS1, DS2) into a first and a second digital signal,

respectively, or into a digital difference signal.

12. Sensor arrangement according to claim 11, wherein the deviation unit (DEV)
comprises a digital differentiator configured to generate the at least one steering signal
(PU, PD) depending on at least one of the first digital signal, the second digital signal and
the digital difference signal.

13. Sensor arrangement according to one of claims 1 to 12, wherein the photonic
demodulator (PDM) comprises a first collector configured to generate the first
demodulator signal (DS1) based on the energy of the radiation detected during the at least
one of the first intervals and a second collector configured to generate the second
demodulator signal (DS2) based on the energy of the radiation detected during the at least

one of the second intervals.
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14. Method for determining a time-of-flight of electromagnetic radiation comprising

periodically emitting pulses of electromagnetic radiation depending on a first clock
signal (C1);

detecting electromagnetic radiation during detection intervals, wherein a timing of the
detection intervals is defined by a second clock signal (C2) having a phase difference
with respect to the first clock signal (C1) and each of the detection intervals comprises
a first interval and a second interval following the first interval;

generating a first demodulator signal (DS2) depending on energy of the radiation
detected during at least one of the first intervals;

generating a second demodulator signal (DS2) depending on energy of the radiation
detected during at least one of the second intervals;

adapting the phase difference based on the first and the second demodulator signal
(DS1, DS2); and

generating an output signal (OS) being indicative of the time-of-flight based on the

phase difference.

15. Method according to claim 14, wherein the phase difference is adapted to control an

energy ratio to a target ratio by the adapting of the phase difference, wherein the energy

ratio is a ratio of energy of the radiation being detected during the first interval of one of

the detection intervals to energy of the radiation being detected during the second interval

of the one of the detection intervals.



WO 2017/089159 1/4 PCT/EP2016/077576
FIG. 1 PRC . .
1 |C2 I
T | PU :
pom (P31 ] pey ou 2.
DS2 ! PD, .
L | - :
FC—— - F-F--- -
OP2 c1
FB
RP %
EP
E DRV
BS OP1
DEL
FIG. 2A Y
Cl_
1 | [
ep [EPT] _ [Ep2
RP : ' RP1 : RP?2
Q2 —I——— I 1 __
e
:%)Q_'Zz:
>
t
DEL,
FIG. 2B ¢ | S
ep [EPT EP2
RP i [RP1] ! RP2
(ov N e I E—
c T L— 11
:5 1 e 12 a\:
t
FIG. 2C .
EP [EP1_] ' [Ep2
RP _ ! RP1 ! RP2 ] — AL
c2__ — L
c— L L
e 11l S 12 o
DI

t



0S
—

PCT/EP2016/077576

2/4

FIG. 3

WO 2017/089159

2 — r
o ) (@] v
(] [ (®)
v
o~ — Oa
(W)
(] -] Q
||||||||||||||||||||| —
] 1 O -] O
r 1 - [m]
1 N e N, S R
& o 1 ! !
! C+ i + \Y $ ! “ “
T LT | || 2 2 |
1 | 1 o [a 1 >} [an]
| — o 1 ! 1 o o
| v wn | 1 — o 1 N |I|||II||I|m
| o o | ! O O ! | I
1 A 1 | o o ! 1 1
1 N 1 | < 1 1
“ = /]! ARk S I | _
! %) _“ ! C+ , T _C 1 “ w “
1 o' I “ “ 1 ) |
L | | _ _ | | 2 |
O - | X ! |
“C <C “ 1 8 % w_ ! (®) V_
_ + ot ! o e o “ =] @)
N R (=] P I ey IR R _—— I < [a]
— ™~ =l R .
ﬂ 9 T} (%2 (V2 (Va)
()] o] (] (] () (]
s =
[m] N w ()] <
o o o
< LN
) O
o L



WO 2017/089159 3/4 PCT/EP2016/077576
FIG. 6
bu
PU
2
pE [ e |-,
PD : T
c1
FIG. 7
D
c1 by
PU
— D1 D2D3 D4 D5 D6  Dn
\ 0sS
cu —
PD SEL MUX
—_—
c2
FIG. 8A
c2
| PDM
D" c2’
ps1, CD1 l l CD2  DS2
Cs1 CS2
CCl=— o ==CC2
wA CS
= RP B
FIG. 8B
c2
INV . PDM
PU | o C2 - PD
l ps1, CD1 l l CD2  DS2 l
| P B NG _—¥__ Il g
vP—=, — VP
CRS1 ™~ 1
1 == cs1 o Cs2 L, CRS2
~I>» _Jcs




PCT/EP2016/077576

4/4

WO 2017/089159

FIG.9

DS2

cc2

CD2
>

Cs1

CS2

o

cc1

FIG. 10A

C1lI1
EP
RP

EP2

EP1 |

RP2

\P1

R

r i

V¥

FIG. 10B

EP2

RP2

C1

EP1

EP
RP

13

DI



INTERNATIONAL SEARCH REPORT

International application No

PCT/EP2016/077576

A. CLASSIFICATION OF SUBJECT MATTER

INV. GO1S7/486 GO1S17/36
ADD.

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

GO1S

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal, INSPEC, WPI Data

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

15 May 2003 (2003-05-15)
Y abstract; figures 1,4,5
paragraphs [0016] - [0020]

3 March 2010 (2010-03-03)

paragraphs [0038],
[0056]

[0044],

abstract; figure 1

paragraphs [0013], [0014]

X DE 101 53 742 Al (SIEMENS AG [DE])

X EP 2 159 603 Al (SICK AG [DE])
Y abstract; claims 1,4; figures 1-3
[0050] -

Y US 2010/244921 A1l (BARBIER JEAN
30 September 2010 (2010-09-30)

[FR]) 5

Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

6 February 2017

Date of mailing of the international search report

14/02/2017

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Unterberger, Michael

Form PCT/ISA/210 (second sheet) (April 2005)

page 1 of 2




INTERNATIONAL SEARCH REPORT

International application No

PCT/EP2016/077576

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

8 October 2015 (2015-10-08)

figures 1,2,5-7

paragraphs [0020] - [0039], [0048] -
[0060]

Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
Y US 20127212273 Al (NGUYEN NHON [TW] ET AL) 5
23 August 2012 (2012-08-23)
abstract; figure 2
Y WO 2011/100480 Al (LAMB BRIAN [US]; 8
TETELBAUM VLADIMIR [US]; FISCHER MIKE
[US]; LEVITSKY)
18 August 2011 (2011-08-18)
paragraph [0038]; figure 14
A US 2015/285623 Al (TACHIBANA MAKOTO [JP]) 1-15

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

page 2 of 2




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/EP2016/077576
Patent document Publication Patent family Publication
cited in search report date member(s) date
DE 10153742 Al 15-05-2003  NONE
EP 2159603 Al 03-03-2010 AT 533070 T 15-11-2011
EP 2159603 Al 03-03-2010
US 2010244921 Al 30-09-2010  NONE
US 2012212273 Al 23-08-2012 CN 102647543 A 22-08-2012
TW 201236021 A 01-09-2012
US 2012212273 Al 23-08-2012
WO 2011100480 Al 18-08-2011 US 2011228098 Al 22-09-2011
WO 2011100480 Al 18-08-2011
US 2015285623 Al 08-10-2015  NONE

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - description
	Page 42 - description
	Page 43 - description
	Page 44 - description
	Page 45 - claims
	Page 46 - claims
	Page 47 - claims
	Page 48 - claims
	Page 49 - drawings
	Page 50 - drawings
	Page 51 - drawings
	Page 52 - drawings
	Page 53 - wo-search-report
	Page 54 - wo-search-report
	Page 55 - wo-search-report

