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(57) Abrégé/Abstract:

A method for optical distance measurement is suggested, wherein a first distribution of times-of-flight of light of detected photons of
transmitted measurement pulses is determined, which is stored in a first memory area of a memory unit. The first distribution of
times-of-flight of light is assigned to time intervals of a first plurality of time intervals and frequency portions of the first distribution
above a predetermined cut-off frequency are reduced or suppressed by means of a low pass filter in a reduction step, so that a
second distribution of times-of-flight of light is generated. The second distribution is assigned to time intervals of a second plurality
of time intervals, and the blocking frequency of the low pass filter is selected to be smaller than or equal to half of the reciprocal
value of a smallest interval width of the second plurality of time intervals.
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Abstract

A method for optical distance measurement is suggested, wherein a first

distribution of times-of-flight of light of detected photons of transmitted

5 measurement pulses is determined, which is stored in a first memory area of a
memory unit. The first distribution of times-of-flight of light is assigned to time
intervals of a first plurality of time intervals and frequency portions of the first
distribution above a predetermined cut-off frequency are reduced or suppressed

by means of a low pass filter in a reduction step, so that a second distribution of

10 times-of-flight of light is generated. The second distribution is assigned to time
intervals of a second plurality of time intervals, and the blocking frequency of the

low pass filter is selected to be smaller than or equal to half of the reciprocal

value of a smallest interval width of the second plurality of time intervals.
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Method and Device for Optical Distance Measurement

The present invention relates to a method for optical distance
measurement, in particular by means of time-correlated single photon counting,
wherein several optical measuring pulses are transmitted by at least one
transmitter, wherein the optical measuring pulses are reflected on an object,
wherein photons of the reflected optical measuring pulses are detected by at
least one receiver, wherein a first distribution of times-of-flight of light of the
detected photons is determined, wherein the first distribution of the times-of-
flight of light is stored in a first memory area of a memory unit, and wherein the
first distribution of times-of-flight of light is assigned to time intervals of a first
plurality of time intervals.

The present invention further relates to a device for optical distance

measurement, in particular by means of time-correlated single photon counting.

Technological Background

Optical distance measurements, in particular for use in the driverless
navigation of vehicles, are based on the time-of-flight principle. Most of the time,
a sampling sensor, preferably a LIDAR sensor (abbreviation “Light Detection and
Ranging”) is used, which periodically transmits measuring pulses. The measuring
pulses are reflected by objects and photons of the reflected measuring pulses are
detected. By means of the speed of light, a conclusion can be drawn to the
distance to the objects from the measured distribution of the times-of-flight of
the detected photons of the measuring pules from the transmitter to the objects
and back to the receiver.

A method and a device for optical distance measurement are known from
EP 3 168 641 Al by the applicant. In the case of the method, a transmitter matrix

for transmitting measuring pulses and a receiving matrix for receiving the
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measuring pulses is used, wherein only sub-quantities are activated by
transmitters of the transmitter matrix.

In the case of methods for optical distance measurement by means of
time-correlated single photon counting (abbreviation: TCSPC distance
measurement), a histogram memory, which is filled with events of detected
photons in many integration cycles, is required for the full distance range. An
event is thereby the measured time-of-flight of light of one of the detected
photons. After completion of the integration cycle, the data from the histogram
memory has to be transferred to a data processing unit for the further processing
and evaluation. During the transfer, the histogram memory cannot be used for
further integration cycles. Due to the fact that the distance measurement thus
has to be paused for the duration of the transfer, a significant loss of integration
cycles results and consequently a much deteriorated quality of the distance
measurement.

So-called ping-pong memories are known from the prior art for also
continuing the distance measurement for the duration of the transfer. A ping-
pong memory comprises two memory areas A and B of identical size, wherein the
first memory A is initially filled with data or events, respectively, in a first
integration cycle. The second memory B is filled with data during the transfer of
the data from the memory A to the data processing unit. The use of a ping-pong
memory thus causes a doubling of the memory requirement. This is
disadvantageous in particular in the case of an ASIC integration (Application
Specific Integrated Circuit), because the necessary additional memory requires a
large chip surface and much power.

A further problem of the method for optical distance measurement known
from the prior art is that a high sampling frequency and/or a high resolution of
the distance measurement gives rise to large amounts of data, which have to be
transferred and evaluated within very short time intervals. The high data transfer
rates associated therewith can only be provided in a complex and costly manner.
In the alternative, the sampling frequency and the resolution of the distance

measurement have to be reduced.
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Description of the Invention, Object, Solution, Advantages

The present invention is based on the object of providing a method and a
device for optical distance measurement, in particular by means of time-
correlated single photon counting, wherein the memory requirement and the
loss of integration cycles is reduced. The accuracy of the distance measurement is
to further be improved.

To solve the object on which the invention is based, a method for optical
distance measurement, in particular by means of time-correlated single photon
counting, is proposed, wherein several optical measuring pulses are transmitted
by at least one transmitter, wherein the optical measuring pulses are reflected on
an object, wherein photons of the reflected optical measuring puises are
detected by at least one receiver, wherein a first distribution of times-of-flight of
light of the detected photons is determined, wherein the first distribution of
times-of-flight of light is stored in a first memory area of a memory unit, wherein
the first distribution of times-of-flight of light is assigned to time intervals of a
first plurality of time intervals, wherein frequency portions of the first
distribution of the times-of-flight of light above a predetermined cut-off
frequency are reduced or suppressed by means of a low pass filter in a reduction
step, so that a second distribution of times-of-flight of light is generated, wherein
the second distribution of times-of-flight of light is assigned to time intervals of a
second plurality of time intervals, and wherein a blocking frequency of the low
pass filter is selected to be smaller than or equal to half of the reciprocal value of
a smallest interval width of the second plurality of time intervals.

The transmitter is in particular an optical transmitter and can be formed as
surface emitter or VCSEL (Vertical Cavity Surface Emitting Laser). The receiver can
be formed as SPAD (Single Photon Avalanche Diode).

CA 3067943 2020-01-15
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To counteract alias effects, the Nyquist-Shannon sampling theorem, also
referred to as Nyquist theorem, is preferably satisfied with the selection of the
blocking frequency according to the invention.

Preferably, the blocking frequency of the low pass filter and a smallest
interval width of the second plurality of time intervals are thus selected as a
function of one another. If a blocking frequency is already selected for the low
pass filter, the smallest interval width of the second plurality of time intervals is
to be selected to be smaller than or equal to half of the reciprocal value of the
blocking frequency. If, vice versa, a smallest interval width of the second plurality
of time intervals is selected first, the blocking frequency of the low pass filter is
selected to be smaller than or equal to half of the reciprocal value of the smallest
interval width of the second plurality of time intervals.

If all time intervals of the second plurality of time intervals have the same
interval width, all interval widths of all time intervals of the second plurality of
time intervals are to be selected to be smaller than or equal to half of the
reciprocal value of the blocking frequency.

The predetermined cut-off frequency is preferably the blocking frequency
of the low pass filter or the predetermined cut-off frequency corresponds to the
blocking frequency of the low pass filter.

The assignment of the distribution of times-of-flight of light to time
intervals of a first or a second plurality of time intervals, corresponds to a making
of a histogram of the distribution of times-of-flight of light. The assignment can
also take place by storing the first distribution of times-of-flight of light and/or
the second distribution of times-of-flight of light in data structures, wherein the
corresponding data structure is preferably a histogram or a data structure
displaying a histogram, respectively, such as, for example, a list or an array. The
first or second distribution of times-of-flight of light assigned to the time intervals
of a first or of a second plurality of time intervals will also be referred to below as
making of a histogram, histogram or binning. In terms of the present invention,
these terms can be considered and can be used as equivalent.

CA 3067943 2020-01-15
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The pulse duration of the measuring pulses can be suitably selected. The
measuring pulses can in particular be shorter than 100 ns, preferably shorter
than 50 ns, particularly preferably shorter than 20 ns, more preferably shorter
than 10 ns, most preferably shorter than or equal to 5 ns, even more preferably
approx. 1 ns.

It can more preferably be provided that the measuring pulses have a rise
and/or fall time of less than 5 ns, more preferably of less than 2 ns, particularly
preferably of less than or equal to 1 ns, more preferably of less than or equal to
0.5 ns, even more preferably of less than or equal to 0.2 ns, most preferably of
less than or equal to 0.1 ns.

Photons of the optical measuring pulses reflected on an object are
detected by the at least one receiver. A time-of-flight of light can be determined
for each detected photon, starting at a point in time of the transmission of the
corresponding measuring pulse, to the detection of the photon by the receiver. If
a plurality of optical measuring pulses is transmitted and a plurality of photons of
the transmitted measuring pulses is thus received, a first distribution of times-of-
flight of light of the detected photons can be determined.

The first distribution of times-of-flight of light is preferably determined in
several integration cycles and is stored in the first memory area of the memory
unit.

The first distribution of times-of-flight of light can be stored in a data
structure. The data structure is preferably a histogram or a data structure
displaying a histogram, respectively, such as, for example, a list or an array.

The first distribution of the times-of-flight of light determined in this way
can have statistical fluctuations and noise signals, which, however, do not include
any distance or range information.

Due to the fact that it is technically impossible to transmit a perfect Dirac
pulse from a transmitter, for example from a VCSEL transmitter, a measuring
pulse always has a minimum duration. This minimum duration can be extended,
but not shortened, by the measuring section. A, preferably pulsed, laser beam
transmitted by the transmitter thus has a finite cross section perpendicular to the

CA 3067943 2020-01-15



10

15

20

25

30

propagation direction. If the measuring pulse or the laser beam, respectively, hits
a slanted object, the reflection area is increased in the propagation direction and
the first distribution of the times-of-flight of light is thus stretched with respect to
the detected measuring pulse duration. A widening of the first distribution of the
times-of-flight of light further results due to the Doppler Effect at a relative speed
of transmitter and/or receiver to the object. In addition, a transmitter, such as a
laser, for example a laser diode or VCSEL laser, has a certain rise and fall time,
which is usually in the magnitude of between 0.1 ns and 5 ns. Signal portions on
timescales below the rise and fall time thus do not carry any range information.
Due to these relationships, it can be assumed that there is a cut-off frequency
corresponding to or proportional to the reciprocal value of a smallest time
interval, above which range information of the measuring pulse is no longer
available.

The statistical fluctuations or noise signals in the first distribution of the
times-of-flight of light can be interpreted as frequency portions of the first
distribution of times-of-flight of light, for example as part of a Fourier
decomposition. By performing reduction step, whereby frequency portions of the
first distribution of times-of-flight of light above a predetermined cut-off
frequency are reduced or suppressed by means of a low pass filter, so that a
second distribution of times-of-flight of light is generated, these frequency
portions, in particular the statistical fluctuations or the noise signals, can be
reduced or suppressed without range information for the distance measurement
getting lost. A reduction of the data quantity can be attained thereby without the
quality of the distance measurement deteriorating significantly.

The attained second distribution of times-of-flight of light can have a
smaller memory requirement, so that in particular the use of a ping-pong
memory can be forgone. It is a further advantage of the reduced memory
requirement that the time for the data transfer, during which the distance
measurement has to be paused, can be reduced.

The low pass filter can also be formed as bandpass filter. A bandpass filter

only allows signals of a certain frequency band or passband to pass. The
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frequency areas below and above the passband area are thereby blocked or
significantly weakened. A bandpass filter with respect to the frequency areas
above the passband area thus acts like a low pass filter.

The smallest interval width of the second distribution of times-of-flight of
light is preferably larger than at least one interval width of the time intervals of
the first distribution of times-of-flight of light.

It can preferably be provided that the second distribution of times-of-flight
of light is stored in a second memory area of the memory unit, wherein the
second memory area is more preferably smaller than the first memory area.

The second distribution of times-of-flight of light can also be stored in a
data structure. The data structure is preferably a histogram or a data structure
forming a histogram, respectively, such as, for example, a list or an array.

By performing the reduction step, in which frequency portions of the first
distribution of times-of-flight of light above a predetermined cut-off frequency
are reduced or suppressed by means of a low pass filter, the first distribution of
times-of-flight of light can be smoothened, so that the second distribution of
times-of-flight of light has a smoother course. Statistical fluctuations and noise
signals can in particular be filtered out or reduced, respectively.

In the case of a histogram display of the second distribution of times-of-
flight of light, fewer time intervals or bins, respectively, are thus required. For the
data structure for storing the second distribution of times-of-flight of light, this
means that the memory requirement required for this storing can be reduced.
The second memory area can thus be selected to be smaller than the first
memory area. Due to the use of a smaller second memory area for storing the
second distribution of times-of-flight of light, the entire memory requirement is
thus reduced, so that the disadvantages of the use of a ping-pong memory are
overcome, without resulting in a deterioration of the measuring result. The
transfer of the smoothened distribution of the times-of-flight of light into the
second memory area and/or out of the second memory area further requires less
time, so that the distance measurement has to be interrupted or paused for a

shorter period of time as compared to the method from the prior art.
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The second memory area is preferably smaller than the first memory area
by at least 25%, more preferably by at least 50%, particularly preferably by at
least 75%, most preferably by at least 87.5%.

The second memory area is preferably smaller than the first memory area
by a decimation factor of at least 1.33, more preferably of at least 2, particularly
preferably of at least 4, more preferably of at least 8.

In response to the generation of the second distribution of times-of-flight
of light in the reduction step, no use information for the distance measurement
gets lost, which is also why this can be referred to as a loss-free compression.

It can further be provided that no optical measuring pulses are
transmitted and/or detected while performing the reduction step.

The energy requirement and the required computing power of a device for
carrying out the method can be reduced with this measure.

It can preferably be provided that no optical measuring pulses are
transmitted by the at least one transmitter and/or that no first distribution of
times-of-flight of light is determined and/or that no first distribution of times-of-
flight of light is stored in the first memory area during the reduction step and/or
the storing of the second distribution of times-of-flight of light in the second
memory area.

In other words, the data collection can be briefly interrupted during the
reduction step and/or during the storing of the second distribution of times-of-
flight of light in the second memory area. This has the advantage that no
additional memory area is required, in which a further first distribution of times-
of-flight of light has to be temporarily stored during the reduction step and/or
the storing of the second distribution of times-of-flight of light in the second
memory area. The read-out of the first distribution of times-of-flight of light from
the first memory area for the purpose of reducing and storing the reduced,
second distribution of times-of-flight of light into the second memory area, has to
in particular not be interrupted for write operations of a further first distribution

of times-of-flight of light into the first memory area.
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It can furthermore be provided that the second distribution of times-of-
flight of light is read out from the second memory area, wherein optical
measuring pulses are transmitted by the at least one transmitter during the read-
out of the second memory area, and/or an, in particular further, first distribution
of times-of-flight of light of detected photons is determined, and/or an, in
particular further, first distribution of times-of-flight of light is stored in the first
memory area of the memory unit, wherein the, in particular further, first
distribution of times-of-flight of light is assigned to time intervals of the first
plurality of time intervals.

The second distribution of times-of-flight of light can be read out from the
second memory area and can be transmitted to a computing unit or data
processing unit for further processing. From the second distribution of times-of-
flight of light, the computing unit or data processing unit can determine for
example an average time-of-flight of light and, by using the value of the speed of
light, can determine therefrom a range to the object, on which the optical
measuring pulses were reflected.

Parallel to reading out the second distribution of times-of-flight of light, a
further first distribution of times-of-flight of light can be determined in a further
cycle of the method. The advantage resulting therefrom is that the data
collection does not have to be interrupted for reading out the second distribution
of times-of-flight of light and the determination of the object range. Due to the
fact that the reduced second distribution of times-of-flight of light requires less
memory than the first distribution of times-of-flight of light, the secand memory
area can be significantly smaller than the first memory area. The memory
requirement is reduced in particular as compared to a ping-pong memory. Less
time is furthermore required for reading out the second distribution from the
second memory area, so that the required data processing resources can be
reduced and can be used for other tasks, such as, for example, the data
collection. It can more preferably be provided that the second plurality of time

intervals comprises fewer time intervals than the first plurality of time intervals.
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The combination of reduction step and making of a histogram with
reduction of the number of time intervals can also be referred to as decimation
or sample rate conversion or “downsampling”, respectively.

Decimation methods, methods for sample rate conversion or
downsampling methods, respectively, are thus particularly preferably used for
the first distribution of times-of-flight of light, in particular for the first
distribution of times-of-flight of light, for which a histogram was made, i.e. for
the first distribution of times-of-flight of light stored in a corresponding data
structure.

By using decimation methods and/or downsampling methods, the
memory requirement for the second memory area can be reduced without the
quality of the distance measurement deteriorating.

In contrast to a range resolution, which is reduced from the outset, i.e. an
increase of the time intervals of the first plurality of time intervals, the
decimation or sample rate conversion has the advantage that a larger portion of
the equally distributed noise is eliminated or reduced, respectively, by the
decimation in the first distribution of the times-of-flight of light.

Due to the fact that the second plurality of time intervals comprises fewer
time intervals than the first plurality of time intervals, a smaller memory
requirement is further required in the second memory area for the
corresponding data structure, so that an, in particular loss-free, compression of
the distribution of times-of-flight of light is made possible.

This advantage is based on the knowledge that the first distribution of
times-of-flight of light can be interpreted as telecommunication signal, for which
telecommunication means and methods can be used. This surprising knowledge
is not known from the prior art in the field of methods for optical distance
measurement, in particular by means of time-correlated single photon counting.

It can more preferably be provided that the times-of-flight of light of the
detected photons are correlated with a point in time of the transmission of the

respective optical measuring pulse.
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Due to the correlation, the time-of-flight of light corresponds of the
detected photons corresponds to the sum of the distances from the transmitter
to the object and from the object to the receiver, divided by the speed of light.

It can more preferably be provided that the time intervals of the first
plurality of time intervals and/or of the second plurality of time intervals are of
different sizes.

The first plurality of time intervals can thus have time intervals of a first
interval width corresponding to a first distance resolution, and time intervals of a
second interval width corresponding to a second distance resolution. For a near
field resolution, time intervals corresponding to a 4 cm resolution can be
selected, for example, while time intervals corresponding to a distance resolution
of 8 cm can be selected for middle and far field resolution.

The second plurality of time intervals can likewise have time intervals of a
first interval width corresponding to a first distance resolution, and time intervals
of a second interval width corresponding to a second distance resolution.

Due to the fact that a very high resolution is not necessary in particular in
the far or middle field, the memory requirement can be further reduced by the
corresponding differently selected interval widths.

The individual time intervals in the first memory area and in the second
memory area can in particular be addressed via an address LSB (Least Significant
Bit) of the corresponding data structure.

An address LSB preferably corresponds to a distance step on the higher
resolution. A distance reduction by the factor 2 can be attained, for example, by
ignoring the address LSB.

The reduction step is preferably only performed for a subarea of the first
distribution of times-of-flight of light and/or of the first plurality of time intervals,
and/or different cut-off frequencies are selected for different subareas of the
first distribution of times-of-flight of light and/or of the first plurality of time
intervals.

It is possible, for example, that time intervals of a first interval width

corresponding to a first distance solution, in particular corresponding to a near
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field resolution, and time intervals of a second interval width corresponding to a
second distance resolution, in particular corresponding to a middle and/or far
field resolution, are provided for the first plurality of time intervals, and that a
higher cut-off frequency is selected for the time intervals of the first interval
width than for the time intervals of the second interval width. After the reducing
step, the memory requirement is thus reduced in particular for the far field. The
selection of different cut-off frequencies is also possible, when all time intervals
of the first plurality of time intervals have the same interval width. If a lower cut-
off frequency is selected for the middle and/or far field resolution, the memory
requirement of the second distribution of time intervals is reduced. It is generally
also possible to select the cut-off frequencies for the near field and the middle or
far field in such a way that the second distribution of times-of-flight of light over
the entire detection area of near, middle and far field has a uniform distance
resolution.

It is particularly preferably provided that the predetermined cut-off
frequency is selected as cut-off or blocking frequency of the low pass filter and is
determined by a pulse width and/or a pulse rise time of the optical measuring
pulses.

With the determination of the cut-off or blocking frequency by the pulse
rise time and/or the pulse width, the first distribution of times-of-flight of light or
the histogram determined therefrom, respectively, or the corresponding data
structure can be reduced and/or decimated in such a way that only the spectral
portion, which includes pulse energy or range information for the distance
measurement, respectively, has to be stored and evaluated in the form of the
second distribution of times-of-flight of light.

A smallest interval width of the second plurality of time intervals can
initially be selected to be equal to half the pulse width or to half the pulse rise
time of the optical measuring pulses. The blocking frequency of the low pass filter
is then selected in such a way that it is smaller than or equal to half of the
reciprocal value of the smallest interval width. The blocking frequency is then

smaller than or equal to the reciprocal value of the pulse width or of the pulse
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rise time of the optical measuring pulses. The low pass filter thus does not allow
the pass-through of any frequency portions of the optical pulses, which take
place on shorter timescales than the frequency portions of the pulse width or of
the pulse rise time of the optical measuring pulses. With the combined selection
of blocking frequency of the low pass filter and smallest interval width of the
second plurality of time intervals, the Nyquist-Shannon theorem, also referred to
as Nyquist theorem, is satisfied at the same time.

The cut-off or blocking frequency of the low pass filter can further be
selected in such a way that it corresponds to the highest frequency carrying the
range information in the measuring pulse or in the first distribution of the times-
of-flight of light, respectively.

It can further be provided that the cut-off frequency corresponds to a
frequency of a Fourier decomposition of the first distribution of the times-of-
flight of light, wherein frequencies above the cut-off frequency contribute
preferably less than 20%, more preferably less than 10%, particularly preferably
less than 5%, most preferably less than 1%, to the first distribution of the times-
of-flight of light.

The first and/or the second distribution of times-of-flight of light or the
histograms or data structures determined therefrom, respectively, can be
interpreted as telecommunication signals, which can be analyzed by means of a
Fourier decomposition in the frequency domain. Only frequency portions thereby
carry range information for the distance measurement, which lies below a cut-off
frequency, which is determined, for example, by the rise time or by the pulse
width.

Simultaneously or alternatively, the cut-off frequency cannot only be
determined by the pulse rise time or the pulse width, but it can also be selected
in such a way that only a predetermined signal portion of the distribution of the
times-of-flight of light, which is interpreted as telecommunication signal, is

suppressed or reduced.
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The cut-off or blocking frequency of the low pass filter can be a frequency,
at which the signal is attenuated by less than 5 dB, preferably less than 4 dB,
particularly preferably less than 3 dB, in particular preferably less than 2 dB.

The selection of the cut-off frequency can further also be a function of
further factors. Weather effects can thus also be used to define the cut-off
frequency. Weather effects present themselves in the pulse form or in the course
of the distribution of the times-of-flight of light, respectively.

The blocking frequency preferably corresponds to half the distance
resolution of the second plurality of time intervals or of the corresponding
histogram, respectively.

The blocking frequency of the low pass filter can be selected in such a way
that an attenuation of at least 20 dB, preferably of at least 40 dB, particularly
preferably of at least 60 dB, takes place above the blocking frequency.

If the low pass filter is formed as bandpass filter, the cut-off or blocking
frequency of the low pass filter is to preferably be understood as the upper cut-
off or blocking frequency of the bandpass filter. The blocking frequency of the
low pass filter is to thus preferably be understood as the upper blocking
frequency of the bandpass filter.

A DC or direct current noise offset can preferably be removed from the
first distribution of times-of-flight of light by means of a high pass filter, in
particular when the passband area of the, in particular combined, high pass and
low pass filters lies at the frequency of the maximally expected pulse width.

It can more preferably be provided that the low pass filter is a polyphase
filter and/or that the low pass filter performs a polyphase decomposition of the
first distribution of the times-of-flight of light. The low pass filter and/or the
polyphase filter can further be formed as wave digital filter or as polyphase-
decomposed wave digital filter.

The low pass filter can further also be formed as median filter. Further
suitable designs of the low pass filter are also conceivable.

By forming the low pass filter as polyphase filter or by performing a
polyphase decomposition of the first distribution of the times-of-flight of light,

14
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the time period required for performing the reduction step can be significantly
reduced. The time period during which no integration of measuring pulses is
performed, can thus also be reduced. The method for optical distance
measurement is thereby accelerated and the quality of the measuring results is
increased.

The use of a polyphase decomposition advantageously leads to a
reduction of the multiplication steps, which are necessary for the reduction and
suppression of the higher frequency portions. Computing time can be saved
thereby.

It can particularly preferably be provided that several transmitters and/or
several receivers are provided, and that several first distributions of times-of-
flight of light are determined, and that frequency portions of the several first
distributions of times-of-flight of light above at least one predetermined cut-off
frequency are reduced or suppressed by means of at least one low pass filter in
the reduction step, so that several second distributions of times-of-flight of light
are generated.

In a particularly preferred way, a device, which is suitable for the method,
can thereby have several transmitters and/or several receivers, which are more
preferably arranged in the form of a transmitter matrix and/or of a receiver
matrix. A transmitter matrix or a receiver matrix, respectively, thereby consists of
a line- and row-shaped arrangement of transmitters or receivers, respectively. A
device, which is suitable for the methad, comprising a transmitter matrix and a
receiver matrix generates extremely high data rates and requires correspondingly
high data processing resources for processing the distributions of times-of-flight
of light or the corresponding histograms, respectively, or data structures. As
calculation example, a device can be assumed, which has 100 x 128 transmitters
and/or 100 x 128 receivers in a transmitter matrix or in a receiver matrix,
receptively. To reach a resolution of the distance measurement of 4 cm, the time
resolution of the histograms has to be 266 ps, corresponding to a sample rate of
3.76 GHz. A histogram, which covers a distance of 200 m, thus comprises 5,000
histogram bins. The histogram bins can have an 8-bit resolution. If a sample rate
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of 25 Hz is assumed, 320,000 histograms per second are to be transferred,
corresponding to a data rate of 12.8 Gbit/s. Such a high data rate places
extremely high demands on the electronic components as well as on the power
consumption and the data processing speed of the device.

If the reduction steps are thus performed for the several first distributions
of times-of-flight of light, the data transfer rate can be drastically lowered,
whereby the costs for the method and for a device implementing the method can
be lowered.

It can further preferably be provided that the reduction or suppression of
the frequency portions is performed in a parallelized manner in the reduction
step.

The reduction step can in particular be used in a parallelized manner for
the histogram, which is generated from the first distribution of times-of-flight of
light, or for the corresponding data structure, respectively. The reduction step
can thereby be performed in parallel on different subquantities of the histogram
bins, i.e. on a subquantity of the time intervals of the first plurality of time
intervals.

If the device, which is provided for performing the method, is formed with
a transmitter matrix and a receiver matrix, so that a separate first distribution of
times-of-flight of light or a separate first histogram, respectively, is determined
and stored in particular for every transmitter of the transmitter matrix, the
plurality of first distributions of times-of-flight of light or the plurality of
histograms, respectively, can be decimated or compressed in parallel in the
reduction step. The parallelized performance of the reduction step can take place
by means of a corresponding hardware, for example by means of several
computing units, which are formed accordingly, of the data processing unit, or as
part of a software implementation.

It is further preferably provided that at least one maximum is determined
in the second distribution of times-of-flight of light, preferably by means of a
matching filter.
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The maximum of the distribution of times-of-flight of light preferably
corresponds to the time-of-flight of light of the measuring pulses from the
transmitter to the object back to the receiver.

Due to the fact that all range information for the distance measurement is
contained in the second distribution of times-of-flight of light or in the
corresponding histogram, respectively, or the data structure, the matching filter
or a pulse finding algorithm, respectively, can be used for the decimated,
compressed or reduced data of thee second distribution of times-of-flight of
light. This reduces the computing effort by the decimation or compression factor.

It can more preferably be provided that values of the second distribution
of times-of-flight of light, which are assigned to the second plurality of time
intervals, are interpolated.

Based on the interval width of the time intervals of the second plurality of
time intervals, the second plurality of time intervals corresponds to a distance
resolution. Due to interpolation of the values, the finer distance resolution of the
first plurality of time intervals can be reestablished completely or can even be
raised beyond the original distance resolution of the first plurality of time
intervals, because more exact information about the pulse position, in particular
about the position of the maximum, in the second distribution of times-of-flight
of light can be obtained by means of the probability distribution in the bins, in
particular by means of the use of information about the pulse width and pulse
rise time of the measuring pulses. An interpolation of this type is also referred to
as “upsampling” or interpolation filtering or sample rate conversion, respectively.

A limited area around the maxima, which are preferably found by means
of the matching filter, can thus subsequently be interpolated again in the second
distribution of times-of-flight of light, in order to obtain the original or even a
higher distance resolution. For the interpolation, the matching filter can be used
directly at the high frequency, i.e. the high distance resolution, because said
matching filter is preferably also a low pass filter. The matching filter can in

particular be formed to identify pulses in the form of a Gaussian curve.
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It is preferably provided that values of the second distribution of the
times-of-flight of light are determined, in particular interpolated, between
support values of the second distribution of the times-of-flight of light, wherein
the support values preferably correspond to central values of the time intervals
of the second plurality of time intervals.

The interpolation, however, can also be used for the first distribution of
times-of-flight of light, so that values of the first distribution of times-of-flight of
light assigned to the first plurality of time intervals are interpolated. A more exact
distance resolution can thus be attained even without first performing a
reduction step.

it is then preferably provided that values of the first distribution of the
times-of-flight of light between support values of the first distribution of the
times-of-flight of light are determined, in particular interpolated, wherein the
support values preferably correspond to central values of the time intervals of
the first plurality of time intervals.

it can further preferably be provided that the determination of the, in
particular interpolated, values is performed by means of a low pass filter,
wherein the low pass filter is preferably the matching filter.

A method of this type is also referred to as upsampling. The upsampling
can thereby preferably be performed in a limited area or intervals around a
maximum, which is found by means of the matching filter, of the second
distribution of times-of-flight of light.

it can preferably be provided that short or strongly localized pulses,
preferably maxima, are determined in the first distribution of times-of-flight of
light prior to performing the reduction step.

Short or highly localized pulses can appear when the object, from which
the measuring pulses are reflected, is a strong reflector. A strong reflector
reflects many photons of the transmitted measuring pulses, so that a significant
maximum in the first distribution of times-of-flight of light can already be

determined after one or a few interaction cycles. A maximum, which is so high
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and localized sharply, is suitable for quickly determining a distance to an object in
a particularly advantageous manner.

It is thus advantageous to use a detection algorithm on the first
distribution of times-of-flight of light or on the corresponding data structure,
respectively, prior to or parallel to performing the reduction step, so as to
identify short and/or strongly localized maxima. The strongly localized maxima
can then be processed and/or evaluated without performing the reduction step,
preferably in a separate data processing path.

it is preferably provided that the reduction step is performed on the
complete histogram, in particular comprising the short and/or highly localized
maxima.

It can more preferably be provided that the determined short and/or
highly localized pulses and the first distribution of times-of-flight of light and/or
the second distribution of times-of-flight of light are evaluated in separate data
processing paths and/or evaluating steps. It is also possible that the determined
short and/or highly localized pulses are joined with the second distribution of
times-of-flight of light again prior to the further evaluation.

A further solution of the object on which the invention is based, lies in the
provision of a device for optical distance measurement, in particular by means of
time-correlated single photon counting, which is formed in particular for carrying
out an above-described method, comprising at least one optical transmitter and
at least one optical receiver, a data processing unit and a memory device
comprising at least two memory areas, wherein the data processing unit is
formed to determine a first distribution of times-of-flight of light of detected
photons and to store the first distribution of the times-of-flight of light in a first
memory area of the memory unit, wherein the data processing unit is formed to
assign the first distribution of times-of-flight of light to time intervals of a first
plurality of time intervals, wherein the data processing unit has a low pass filter
and/or wherein a low pass filter is implemented in the data processing unit,
wherein the data processing unit is formed to reduce or to suppress frequency
portions of the first distribution of the times-of-flight of light above a
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predetermined cut-off frequency by means of the low pass filter in a reduction
step, so that a second distribution of times-of-flight of light is generated, wherein
the data processing unit is formed to assign the second distribution of times-of-
flight of light to time intervals of a second plurality of time intervals, and wherein
a blocking frequency of the low pass filter is smaller than or equal to half of the
reciprocal value of a smallest interval width of the second plurality of time
intervals.

The device, more particularly the data processing unit or the memory
device can in particular be formed to perform the method steps according to the
above-described method.

It is preferably provided that the data processing unit is formed to store
the second distribution of times-of-flight of light in a second memory area,
wherein the second memory area is more preferably smaller than the first
memory area.

In particular in the case of an implementation of the device with an ASIC,
the high costs associated with the use of a ping-pong memory can be reduced.

It can more preferably be provided that the device is formed to not
transmit any optical measuring pulses while performing the reduction step.

It can additionally be provided that the low pass filter is a polyphase filter
and/or that the low pass filter performs a polyphase decomposition of the first
distribution of the times-of-flight of light.

The polyphase filter can thereby be formed as FIR filter or as polyphase FIR
filter. The low pass filter and/or the polyphase filter can further be formed as
wave digital filter or as polyphase-decomposed wave digital filter.

It can further be provided that several transmitters and/or several
receivers are provided and that several first distributions of times-of-flight of light
are determined, and that frequency portions of the several of first distributions
of the times-of-flight of light above at least a predetermined cut-off frequency
are reduced or suppressed by means of at least one low pass filter in the
reduction step.
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It is preferably furthermore provided that the several transmitters and/or
the several receivers are arranged in a transmitter matrix and/or a receiver
matrix, wherein a detection area can be sampled, preferably sequentially,
preferably by means of selectively controlling subquantities of the several
transmitters and/or of the several receivers.

By using several transmitters and several receivers in the form of a matrix
and by means of the sequential sampling of the detection area, a very large
number of first distributions of times-of-flight of light are generated. The high
data rates required thereby for transferring the data can be significantly reduced
by using the low pass filter or low pass filters of the device, so that a quicker and
less computationally intensive distance measurement is made possible. The time
period during which no integration cycles can be performed, is in particular highly
reduced. It can further be provided that the data processing unit is formed to
perform the reduction or suppression of the frequency portions in a parallelized
manner.

It can further be provided that the data processing unit has a detection
algorithm for determining short or highly localized pulses, preferably maxima, in
the first distribution of times-of-flight of light, and that the data processing unit is
preferably formed to transfer and/or to evaluate the determined short pulses
and the first distribution of times-of-flight of light and/or the second distribution
of times-of-flight of light in separate data pressing paths.

A further solution of the object on which the invention is based consist of
a computer program product, which comprises a computer-readable memory
medium, on which a program is stored, which makes it possible for a computer,
after it has been loaded into the memory of the computer, to perform an above-

described method, optionally in interaction with an above-described device.
Brief Description of the Figures

The invention will be described in more detail below on the basis of the

figures, in which
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Fig. 1 shows a device for optical distance measurement, in particular by
means of time-correlated single photon counting, comprising a low pass filter,

Fig. 2 shows a graphic illustration in the form of a first histogram of a first
distribution of times-of-flight of light,

Fig. 3 shows a graphic illustration in the form of a second histogram of a
second distribution of times-of-flight of light,

Fig. 4 shows a graphic illustration in the form of a third histogram of a
third distribution of times-of-flight of light,

Fig. 5 shows a flowchart for a method for optical distance measurement,

Fig. 6 shows a graphic illustration in the form of a further histogram of a
distribution of times-of-flight of light comprising a highly localized maximum, and

Fig. 7 shows a diagram of the evaluation of a distribution of times-of-
flight of light in two data paths.

Detailed Description of the Figures

Fig. 1 shows a device 100 for optical distance measurement, in particular
by means of time-correlated single photon counting.

The device 100 has a transmission matrix 10 and a receiver matrix 11. The
transmitter matrix comprises transmitters 12, which are formed as VCSEL diodes
13.

The receiver matrix comprises receivers 14, which are formed as Single
Photon Avalanche Diodes (SPAD) 15. The transmitters 12 of the transmitter
matrix 10 are arranged in rows 16 and columns 17. The receivers 14 of the
receiver matrix 11 are likewise arranged in rows 18 and columns 19. For the sake
of clarity, not all transmitters 12 and receivers 14 are shown. The device 100 is
formed in such a way that subgroups of the transmitters 12 can be activated
sequentially and that subgroups of the receivers 14 can be activated sequentially.

The correspondingly activated transmitters 12 thereby transmit optical
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measuring pulses, which are reflected on an object and which are detected by
the receivers 14 in the form of reflected photons.

Transmitter matrix 10 and receiver matrix 11 are connected to a data
processing unit 22 via data lines 20, 21.

The data processing unit 22 is formed to determine a first distribution 23
of times-of-flight of light from the measured times-of-flight of light of the
photons and to store them in a memory unit 24. The memory unit comprises a
first memory area 25 and a second memory area 26, wherein the second memory
area 26 has a lower capacity than the first memory area 25. The data processing
unit 22 is formed to assign the determined first distribution 23 of times-of-flight
of light to time intervals of a first plurality of tine intervals and to store them in a
data structure in the first memory area 25, wherein the data structure displays a
first histogram 27.

The data processing unit 22 is further formed to process the first
distribution 23 stored in the first memory area 25 of times-of-flight of light or the
first stored histogram 27, respectively, as telecommunication signal. For this
purpose, a low pass filter 28 is provided in the data processing unit 22 or is
implemented by means of software, which has a cut-off or blocking frequency.
Frequency portions of the first distribution 23 of times-of-flight of light above a
predetermined cut-off frequency are reduced or suppressed by means of the low
pass filter 28 in a reduction step, so that a second distribution 29 of times-of-
flight of light is generated. The data processing unit 22 is formed to assign the
second distribution 29 of times-of-flight of light to time intervals of a second
plurality of time intervals and to store them in a data structure in a second
memory area 26, wherein the data structure displays a second histogram 30.
While performing the reduction step and the transfer of the data from the first
memory area 25 into the second memory area 26, no measuring pulses are
preferably transmitted by the transmitter unit 10.

The reduction step performed by the data processing unit 22 will be

described in more detail below.
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Fig. 2 shows the first histogram 27 generated by assignment of the first
distribution 23 of times-of-flight of light to time intervals of a first plurality of
time intervals. The first histogram 27 is represented by a corresponding data
structure in the data processing unit 22 and the memory unit 24. The first
histogram 27 is thus a graphic representation of the first distribution 23 of times-
of-flight of light stored in the first memory area 25. The time-of-flight of light t is
shown on the X axis of the histogram 27, the number N of the photons detected
in a time interval of the time-of-flight of light is shown on the Y axis of the
histogram 27. The time axis t of the histogram 27 is divided into bins 31
corresponding to the time intervals. The value N in each bin 31 corresponds to
the number of photons detected over several integration cycles with a time-of-
flight of light t. The interval width 32 of each bin 31 is identified with At. The first
distribution of the times-of-flight of light 23 has a concise maximum 33. The
distance to the object can be determined from the time-of-flight of light
corresponding to the position of the maximum 33 and from the speed of light.
The distribution 23 of times-of-flight of light, for which a histogram was made,
has statistical fluctuations 34. Noise signals 35 can further be detected, which
cannot be assigned to the measuring pulse. The fluctuations 34 or the noise
signals 35, respectively, appear on shorter time scales than the pulse width 36 of
the measuring pulse. Viewed in the frequency domain, for example after a
Fourier decomposition, these fluctuations 34 and noise signals 35 correspond to
signal portions of a higher frequency. It is essential that the fluctuations 34 and
noise signals 35 do not include any range information for the distance
measurement.

According to the invention, the first distribution 23 of times-of-flight of
light illustrated in the histogram 27 is interpreted as telecommunication signal
and is decimated by the low pass filter 28 in a reduction step. For this purpose, a
cut-off or blocking frequency of the low pass filter 28 is defined in such a way
that the higher frequencies, which correspond to the fluctuations 34 and the

noise signals 35, are suppressed. The cut-off or blocking frequency is in particular
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selected in such a way that it corresponds to the inverse of the pulse width 36 or
the pulse rise time 37 of the measuring pulses.

The second distribution 29 of times-of-flight of light attained by use of the
low pass filter 28 is shown in Fig. 3. The second distribution 29 of times-of-flight
of light is illustrated in the form of a second histogram 30. The bins 38 of the
second histogram 30 have a larger interval width 39 than the bins 31 of the first
histogram 27. The interval width 39 of the bins 38 of the second histogram 30 is,
for example, half the pulse width 35 or half the pulse rise time 36 of the
measuring pulse. As can be seen in the illustration of Fig. 3, the fluctuations 34
and noise signals 35 from the first histogram 27 are highly suppressed in the
second distribution 29 of times-of-flight of light generated by the low pass filter
28 or are no longer present. Due to the larger interval width 39 of the bins 38 of
the second histogram 30, less memory is required in the second memory area 26
of the memory unit 24 for storing the data structure corresponding to the second
histogram 30. The second distribution 29 of times-of-flight of light displayed in
the second histogram 30 thereby contains all of the range information.

The position of the maximum 40 of the second distribution 29 of times-of-
flight of light can be determined by the data processing unit 22 by means of a
matching filter. For this purpose, the resolution of the first distribution 23 of
times-of-flight of light can be recovered by means of interpolation of the events
N of the second distribution 29 of times-of-flight of light. It is even possible to
raise the resolution beyond the resolution of the first distribution 23 of times-of-
flight of light.

This can take place as follows. A second low pass filter can be used for the
second distribution 29 of times-of-flight of light or to the second histogram 30,
respectively. The second low pass filter is preferably the matching filter. The use
of the second low pass filter or of the matching filter, respectively, provides
intermediate values between the central values of the bins 38, which are
illustrated in Fig. 4 in the form of a third distribution 41 of times-of-flight of light.
The values of the third distribution 41 of times-of-flight of light can likewise be
represented by means of a third histogram 42.
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As can be seen clearly in Fig. 4, the use of the second low pass filter for the
second distribution 29 of times-of-flight of light leads to a better distance
resolution, that is, to a more exact determination of the position of the maximum
43 of the measuring pulse. For this purpose, information about the pulse form
can be included in the matching filter, whereby the higher resolution is made
possible.

The significance of the method, which is implemented by means of the
device 100, is that the first distribution 23 of times-of-flight of light is interpreted
and processed as telecommunication signal. By means of the reduction step,
which can also be referred to as decimation step, sample rate conversion or a
“downsampling”, the data quantity, which has to be transferred from the first
memory area 25 into the second memory area 26, can be reduced. Due to the
smaller data quantity, which has to be transferred from the first memory area 25
into the second memory area 26 and which is stored in the second memory area
26, the transfer time from the second memory area 26 for the further processing
is shortened. In the alternative or simultaneously, the reduction of the data
quantity can also be used to reduce the data transfer speed, i.e. the bandwidth of
the data transfer. The second memory area 26 can furthermore be formed to be
significantly smaller than the first memory area 25.

During the transfer of the data from the first memory area 25 into the
second memory area 26, the transmission of measuring pulses has to generally
be interrupted, because a storing of the detected events in the first memory area
25 is not possible during the transfer. Due to the accelerated transfer of the data
by means of the reduction step, this time period can be shortened greatly.

Fig. 5 shows a flowchart for a method for optical distance measurement, in
particular by means of time-correlated single photon counting.

In a first method step S1, several optical measuring pulses are transmitted
by at least one transmitter 12. The optical measuring pulses are reflected by an
object in a second method step S2, and photons of the reflected optical
measuring pulses are detected by at least one receiver 14 in a third method step
S$3. A first distribution 23 of times-of-flight of light of the detected photons is
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determined, preferably by a data processing unit 22, in a fourth method step 54,
and is stored in a first memory area 25 of a memory unit 24. The data can
thereby be stored in a data structure, which represents a first histogram 27.
Frequency portions of the first distribution 23 of times-of-flight of light above a
predetermined cut-off frequency are reduced or suppressed by means of a low
pass filter 28 in a method step S5, which is formed as reduction step, so that a
second distribution 29 of times-of-flight of light is generated. The second
distribution 29 of times-of-flight of light is stored in a second memory area 26 of
the memory unit 24 in a further method step S6. The second distribution 29 of
times-of-flight of light is stored in a data structure, which corresponds to a
second histogram 30, wherein the interval widths 39 of the second histogram 30
are larger than the interval widths 31 of the first histogram 27. The second
memory area 26 can thus be smaller than the first memory area 25.

The position of a maximum 40 of the pulse can be determined in a next
method step S7, optionally by using a matching filter, for the second distribution
29, from which the distance to the object can be determined by using the speed
of light.

It can optionally further be provided that the matching filter is used to
perform an upsampling of the second distribution 29 of times-of-flight of light by
means of interpolation in a further method step S8. Due to the fact that further
information about the pulse form is present in the individual bins 38 of the
second histogram 30 of the second distribution 29 of times-of-flight of light, the
accuracy of the distance measurement can even be increased beyond the
accuracy of the first distribution 23 of times-of-flight of light by means of the
interpolation step. A cut-off frequency, which corresponds to the higher
frequency of the desired higher resolution, is selected for the interpolation step.

Fig. 6 shows a special case. A first maximum 44 and a second maximum 45
of measuring pulses can be seen in the histogram illustrated in Figure 6, wherein
the first maximum 44 is localized particularly strongly. The first maximum 44 and
the second maximum 45 are localized spaced apart from one another in the

histogram. The two maxima 44, 45 can generally also overlap one another.
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Maxima 44, which are localized so strongly or which are so short, appear when
the object is a strong reflector, so that a very large number of photons of the
measuring pulses is reflected and is detected. Such a high maximum 44 is suited
particularly well for the distance measurement. It is thus not necessary to
perform the reduction step for the first maximum 44, in particular because there
is the risk that the first maximum 44, which is strongly localized and thus
corresponds to a high frequency, is also suppressed in the reduction step. The
reason for the strong localization of the first maximum 44 can be saturation
effects of the receivers 14, which have the result that only the rising edge of the
reflected measuring pulses is detected.

To utilize the first maximum 44 for the distance measurement, said
maximum can be identified by means of a corresponding detection algorithm.
The identified first maximum 44 is subsequently further processed without using
the reduction step. For this purpose, a second data processing path 47, in which
the first maximum 44 is evaluated in parallel, can be provided in addition to a
first data processing path 46 for the second histogram 30 obtained by using the
low pass filter 28.

Fig. 7 shows such a parallel processing. The first distribution 23 of times-
of-flight of light is stored in the first memory area 25 as data structure for a first
histogram 27. The reduction step is used for the first distribution 23 of times-of-
flight of light in a first data processing path 46 by means of the low pass filter 28.
A sharply localized first maximum 44 in the first distribution 23 of times-of-flight
of light is detected in parallel via a second data processing path 46 by means of a
first software module 48 for a detection algorithm. The sharply localized
maximum 44 is subsequently isolated by a second software module 49. The data
processing paths 46, 47 are joined and the joined data is stored in the second

memory area 26 as histogram and is subsequently further processed.
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List of Reference Numerals

100 device

10 transmitter matrix
11 receiver matrix

12 transmitter

13 VCSEL diode

14 receiver

15  SPAD

16 row

17 column

18 row

19 column

20 data line

21 data line

22 date processing unit
23 first distribution

24 memory unit

25 first memory area
26 second memory area
27 first histogram

28 low pass filter

29 second distribution
30 second histogram
31 bin

32 interval width

33 maximum

34  fluctuation
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39

40
41
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noise signal
pulse width
pulse rise time
bin

interval width

maximum

third distribution
third histogram
maximum

first maximum
second maximum
first data path
second data path
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What is Claimed Is:

A method for optical distance measurement, wherein several optical
measuring pulses are transmitted by at least one transmitter, wherein the
optical measuring pulses are reflected on an object, wherein photons of
the reflected optical measuring pulses are detected by at least one
receiver, wherein a first distribution of times-of-flight of light of the
detected photons is determined, wherein the first distribution of the
times-of-flight of light is stored in a first memory area of a memory unit,
wherein the first distribution of times-of-flight of light is assigned to time
intervals of a first plurality of time intervals,

wherein frequency portions of the first distribution of times-of-flight of
light above a predetermined cut-off frequency are reduced or suppressed
by means of a low pass filter in a reduction step, so that a second
distribution of times-of-flight of light is generated,

wherein the second distribution of times-of-flight of light is assigned to
time intervals of a second plurality of time intervals, and that the cut-off
frequency of the low pass filter is selected to be smaller than or equal to
half of the reciprocal value of a smallest interval width of the second

plurality of time intervals.

The method according to claim 1, wherein the second distribution of
times-of-flight times is stored in a second memory area of the memory
unit, wherein the second memory area is smaller than the first memory

area.

The method according to claim 1 or 2, wherein during the reduction step
and/or the storing of the second distribution of times-of-flight of light in
the second memory area no optical measuring pulses are transmitted by

the at least one transmitter and/or that no first distribution of times-of-
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flight of light is determined and/or that no first distribution of times-of-

flight of light is stored in the first memory area.

The method according to any one of claims 1 to 3, wherein the second
plurality of time intervals comprises fewer time intervals than the first

plurality of time intervals.

The method according to any one of claims 1 to 4, wherein the reduction
step is only performed for a subarea of the first distribution of times-of-
flight of light of the first plurality of time intervals, and/or the reduction
step is performed such that different cut-off frequencies are selected for
different subareas of the first distribution of times-of-flight of light of the

first plurality of time intervals.

The method according to any one of claims 1 to 5, wherein the
predetermined cut-off frequency is selected as cut-off frequency of the
low pass filter and is determined by a pulse width and/or a pulse rise time
of the optical measuring pulses, and/or that the cut-off frequency
corresponds to a frequency of a Fourier decomposition of the first
distribution of the times-of-flight of light, wherein frequencies above the
cut-off frequency contribute less than 20% to the first distribution of the
times-of-flight of light.

The method according to any one of claims 1 to 6, wherein several
transmitters and/or several receivers are provided, and that several first
distributions of times-of-flight of light are determined, and that frequency
portions of the several first distributions of times-of-flight of light above at
least one predetermined cut-off frequency are reduced or suppressed by
means of at least one low pass filter in the reduction step, so that several

second distributions of times-of-flight of light are generated.

32

Date Regue/Date Received 2023-08-31



10

15

20

25

30

10.

11.

The method according to any one of claims 1 to 7, wherein the reduction
or suppression of the frequency portions is performed in a parallelized
manner in the reduction step, and/or that at least one maximum is

determined in the second distribution of times-of-flight of light.

The method according to any one of claims 1 to 8, wherein values of the
second distribution of the times-of-flight of light are determined between
support values of the second distribution of the times-of-flight of light,
wherein the support values correspond to central values of the time
intervals of the second plurality of time intervals, wherein the
determination of the values of the second distribution between the
support values of the second distribution is performed by means of a low

pass filter.

The method according to any one of claims 1 to 9, wherein short or
strongly localized pulses are determined in the first distribution of times-
of-flight of light prior to performing the reduction step, wherein the
determined short or strongly localized pulses and the first distribution of

times-of-flight of light are evaluated in separate data processing paths.

A device for optical distance measurement formed for carrying out a
method according to one of the afore-mentioned claims, comprising at
least one optical transmitter and at least one optical receiver, a data
processing unit and a memory device comprising at least two memory
areas, wherein the data processing unit is formed to determine a first
distribution of times-of-flight of light of detected photons and to store the
first distribution of the times-of-flight of light in a first memory area of the
memory unit, wherein the data processing unit is formed to assign the first
distribution of times-of-flight of light to time intervals of a first plurality of

time intervals,
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wherein the data processing unit has a low pass filter and/or wherein a
low pass filter is implemented in the data processing unit, wherein the
data processing unit is formed to reduce or to suppress frequency portions
of the first distribution of the times-of-flight of light above a
predetermined cut-off frequency by means of the low pass filter in a
reduction step, so that a second distribution of times-of-flight of light is
generated,

wherein the data processing unit is formed to assign the second
distribution of times-of-flight of light to time intervals of a second plurality
of time intervals, and that the cut-off frequency of the low pass filter is
smaller than or equal to half of the reciprocal value of a smallest interval
width of the second plurality of time intervals, wherein the data
processing unit has a low pass filter to determine values of the second
distribution between support values of the second distribution, and
wherein the data processing unit has a detection algorithm for
determining short or highly localized pulsed in the first distribution of
times-of-flight of light.

The device according to claim 11, wherein the data processing unit is
formed to store the second distribution of times-of-flight of light in a
second memory area, wherein the second memory area is smaller than the

first memory area.

The device according to claim 11 or 12, wherein the low pass filter is a
polyphase filter and/or that the low pass filter performs a polyphase
decomposition of the first distribution of the times-of-flight of light.

The device according to any one of claims 11 to 13, wherein several
transmitters and/or several receivers are provided, and that several first
distributions, of times-of-flight of light are determined, and that frequency

portions of the several first distributions of times-of-flight of light above at
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least one predetermined cut-off frequency are reduced or suppressed by
means of at least one low pass filter in the reduction step, and/or that the
several transmitters and/or the several receivers are arranged in a
transmitter matrix and/or a receiver matrix, wherein a detection area is
sampled, by means of selectively controlling subquantities of the several

transmitters and/or of the several receivers.

A computer program product, which comprises a non-transitory computer-
readable memory medium, on which a program is stored, which makes it
possible for a computer, after it has been loaded into the memory of the

computer, to perform a method according to claim 1.

A computer program product, which comprises a non-transitory computer-
readable memory medium, on which a program is stored, which makes it
possible for a computer, after it has been loaded into the memory of the
computer, to perform a method according to one of claims 1 to 10, in

interaction with a device according to one of claims 11 to 14.
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