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TIME-OF-FLIGHT CIRCUITRY AND TIME-OF-FLIGHT METHOD

TECHNICAL FIELD

The present disclosure generally pertains to time-of-flight circuitry and a time-ot-tlight method

TECHNICAL BACKGROUND

Generally, time-of-tlight (ToF) systems for measuring a distance to a scene are known. It may be
distinguished between direct ToF (dToF) and indirect ToF (1ToF). In the case of dToF, a roundtrip
delay of emutted light is measured and the distance 1s concluded “directly” based on the roundtrip
delay. Generally, dToF sensors may be based, for example, on SPAD (single photon avalanche di-
ode) technology.

In the case of iToF, which may generally be based, e.g., on CAPD (current assisted photonic de-
modulator) technology, a phase shift of emitted light 1s determined by a sampling of a transistor gate

(or multiple transistor gates) included in or coupled to a CAPD.

In the case of 1ToF, a light pulse, e.g. a square light pulse of a predetermined frequency, may be

emitted by a light source, which 1s retlected from a scene (e.g. an object) and recetved by the CAPD.

The CAPD is typically contigured to mix a generated signal (e.g. a photo current) with a demodula-
tion frequency, which may roughly have the same frequency as the light pulse, with different phase
delays, e.g. 0°, 90°, 180°, and 270°, whereby a ToF phase delay can be estimated, for example by us-
ing an ARCTAN function.

Such a measurement may be repeated a second (or a third time or a fourth time, and so on) time
with a second demodulation frequency for decreasing a measurement uncertainty and for concluding

an unambiguous range (i.e. a distance).

Each measurement may be referred to as a micro-frame and a micro-frame measurement may be re-
peated several times (e.g. eight times), wherein each measurement may be combined to determine a
distance, wherein certain parameters are assumed to be constant, for example a retlectance of the

scene, the distance to the scene, and a background illumination (1.e. ambient light).
Although there exist techniques for providing time-of-tlight measurements, it 1s generally desirable

to provide time-of-tlight circuitry and a time-of-tlight method.

SUMMARY

According to a first aspect the disclosure provides time-of-flight circuitry configured to: apply a set

of detection time intervals to at least one light detection event for determining a point of time of the
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at least one light detection event, wherein the set of detection time intervals has a predetermined de-
tection pattern encoding predetermined points of time.

According to a second aspect the disclosure provides a time-ot-tlight method comprising: applying a
set of detection time intervals to at least one light detection event for determining a point of time of
the at least one light detection event, wherein the set of detection time intervals has a predetermined

detection pattern encoding predetermined points of time.

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

BRIEF DESCRIPTION OF THE DRAWINGS

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

which:

Fig. 1 depicts a timing diagram according to the present disclosure;

Fig. 2 shows a timing diagram for driving a light source according to the present disclosure;

Fig. 3 shows a block diagram of a configuration of an image sensor based on CAPD technology;

Fig. 4 depicts a block diagram of a readout circuitry for sequential readout of a pixel including a

SPAD;

Fig. 5 shows a block diagram of a readout circuitry for parallel readout of a pixel including a SPAD;
Fig. 6 depicts a block diagram for driving a Gray Code counter;

Fig. 7 depicts a block diagram of a turther Gray code counter;

Fig. 8 depicts a block diagram of a further embodiment of a Gray Code counter;

Fig. 9 exemplarily shows a data compression diagram according to the present disclosure;
Fig. 10 depicts a block diagram of a method according to the present disclosure;

Fig. 11 depicts a block diagram of a further method according to the present disclosure;
Fig. 12 depicts a block diagram of a first alternative method;

Fig. 13 depicts a block diagram of a second alternative method;

Fig. 14 depicts a block diagram of a further method according to the present disclosure;
Fig. 15 depicts a block diagram of a ToFF camera based on SPADs; and

Fig. 16 depicts a block diagram of a ToF camera based on CAPDs.
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DETAILED DESCRIPTION OF EMBODIMENTS

Before a detailed description of the embodiments under reference of Fig. 1 is given, general explana-

tions are made.

As mentioned in the outset, in the case of dToF which may be based on SPAD technology, a detec-
tion histogram is usually generated, which associates detection times (i.e. times of tlight) with the

number of counts of the respective detection time.

However, it has been recognized that this may use a certain amount of memory and it 1s generally
desirable to reduce the amount of memory used in a time-of-tlight system, for example for increas-

ing the amount of measurements to be performed, to decrease a system size, and the like.

1ToF, on the other hand, may be based on CAPD technology and 1ToF measurements may be noisy

and/or associated with a low level of confidence, such that a measurement may be deteriorated.

It 1s, however, desirable to increase a signal-to-noise ratio and to increase the confidence for improv-

ing a distance determination.

It is, moreover, desirable to compensate for shot noise tfrom background light (1.e. ambient light),
non-linearities in a distance determination, multipath propagation of emitted light, and loss of preci-

sion and accuracy.

For example, as it 1s generally known, a heating of a light source (e.g. a laser) may influence a light
output power, which may have consequences for a measurement accuracy, although a light level

(output power) may be assumed constant.

Moreover, for example a concave corner of a room or of an object and so-called tlying pixels at ob-

ject edges may lead to a mixed signal blurring, thereby deteriorating the accuracy.

Since a Tol measurement principle may be based on analog measurement data, non-linearities may
also reduce the accuracy and, furthermore, analog measurements require a high number of effective

bits for ADC (analog to digital conversion) in each column (or row) of an image sensor.

Additionally, a light detection signal (e.g. a photo current) may be modulated with a duty cycle of
fitty percent, thereby requiring a light source to provide a corresponding light emission scheme,
since typically applying a current or voltage pulse of a duty cycle of fifty percent to e.g. a laser, may

result 1n a shorter duty cycle of the laser (e.g. torty percent).
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Moreover, known systems require a certain processing capacity in order to evaluate a ToF measure-
ment in real-time, since, in order to provide reliable depth information, a filtering between subse-
quent measurements and/or between adjacent pixels may be needed to be performed, for example,

on integer or floating-point level, which may also result in a high power consumption.

Hence, some embodiments pertain to time-of-tlight circuitry configured to: apply a set of detection
time intervals to at least one light detection event for determining a point of time of the at least one
light detection event, wherein the set of detection time intervals has a predetermined detection pat-

tern encoding predetermined points of time.

The time-of-tlight circuitry may be or include a processor, such as a CPU (central processing unit), a
GPU (graphic processing unit), several coupled CPUs and/or GPUs, and the like. The circuitry may
be or include an FPGA (tield programmable gate array) or any other integrated circuit (IC), included
in or coupled to a time-of-flight image sensor (e.g. a pixel), and the like. The ToF circuitry may also
be part of a ToF camera or system including a ToF sensor and an illumination device (including a

light source, etc.).

The time-of-tlight image sensor may be based on (one or multiple) CAPDs (current assisted photo
diode) (e.g. in the case of 1ToF), (one or multiple) SPADs (single photon avalanche diode) (e.g. in
the case of dToF), and may be based on CCD (charge coupled device) technology, CMOS (comple-
mentary metal oxide semiconductor) technology, and the like, without limiting the present disclosure

to these specific examples.

The time-of-flight image sensor may be or include a single image sensor (e.g. a single pixel), or a plu-

rality (t.e. at least two) of pixels arranged in an array, as it is generally known.

The time-of-tlight circuitry may be configured to apply a set of detection time intervals to at least

one detection event.

It may be applied (to (one or multiple parts of) the ToF image sensor) as a control command, a volt-

age signal, a current signal, a digital signal, an analog signal, and the like.

The set of detection time intervals may include any number of detection time intervals equal to or
above one, such that a ToF measurement may be performed time-etticiently (e.g. if the number is
one or below or equal to a first predetermined threshold) or resolution-etticiently (e.g. if the number

1s equal to or above a second predetermined threshold of a number of time intervals).

It should be noted that the first and the second predetermined threshold may also correspond to

each other.
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The detection time intervals may be (one or more) time intervals, in which a detection 1s performed.
The detection time intervals may be based on a condition, such as a light demodulation frequency, a
transfer gate demodulation frequency, on a distance to a scene (e.g. an object), environmental fac-

tors, such as ambient light, a light condition, and the like.

For example, a start and an end of a detection time interval may be based on the distance to the
scene, such that an expected return of reflected light may be covered, within the detection time in-

terval.

In some embodiments, however, a start and an end of a detection time interval may be based on the

distance, such that the expected return may not be covered.

Due to such a timing of the detection time intervals, an encoding of a roundtrip time may be per-

formed, as will be discussed below.

A light detection event may be or based on, as already discussed, a detection of a return of emitted
light. The light detection event may be or based on an impact of light on the ToF image sensor, a
point of time (or time interval) of a generation of a current in response to the impact of light, a start

of a demodulation, a start of a counting, and the like.

A point of time of the at least one light detection event may be determined by detecting a current
signal, a voltage signal, a power signal, and the like, generated in response to the at least one light de-

tection event.

The generated signal (current, voltage, power, and the like) may be detected by a sampling and/or a
driving of a transistor, a timing of a register circuitry, and the like, in the predetermined detection
pattern, which may be predetermined by a configuration, a program, based on a situation (e.g. a light

condition, a demodulation frequency, and the like, as discussed above), and the like.

The predetermined detection pattern may include a plurality of detection time intervals, which may
be applied consecutively, sequentially, simultaneously, (partly) overlapping, and the like, to the gen-
erated signal, such that the generated signal may be detected in a subset of the detection time inter-

vals and not detected 1n another subset of the detection time intetvals.

Moreover, the plurality of detection time intervals may include detection time intervals, which differ
in at least one of phase and length, such that the predetermined detection pattern may constitute a
unique coding scheme, such that a detection event point of time may be assigned to a subset of the

detection time intervals.
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The coding scheme, which may be represented by a binary code, hex code, and the like, may encode
predetermined points of time, such that a code indicates a combination of the detection time inter-

vals.

For example, in the case of a binary code, each binary digit may indicate, whether the detection

event happens within the detection time interval the respective binary digt refers to.

For example, if there are two detection time intervals within an overall detection time of ten micro-
seconds, a first detection time interval may cover the first five microseconds and a second detection
time interval may cover the last five microseconds. If the detection event happens within the first
tive microseconds, the binary code may be a one followed by a zero, since a positive recognition of
the detection event may be assigned to a binary one and a negative recognition of the detection

event may be assigned to a binary zero, without limiting the present disclosure in that regard.
In some embodiments, the predetermined detection pattern is based on a Gray Code.

The detection time intervals may, thus, be chosen in a way that their successive (or simultaneous, or

(partly) overlapping) application 1s Gray coded.

Moreover, the code, which results (as discussed above) may be a Gray Code, which 1s generally

known.

In some embodiments, the time-of-tlight circuitry 1s further contigured to apply the set of detection
time intervals to a photon counter in the predetermined detection pattern, the photon counter being

coupled to a single photon avalanche diode.

The photon counter may be configured to directly or indirectly determine the number of photons
incident on the SPAD, for example by measuring a photo current and/or voltage being generated in

the SPAD.
In some embodiments, an event based on a digital outcome is detected within the SPAD.

One or several demodulation functions representing the predetermined detection pattern may be
used to compare a number of digital events while a sign of the demodulation function is positive

with a number of events while the sign of the demodulation function 1s negative.

It the number of events while the sign of the demodulation function is positive 1s larger than the
number of events while the sign of the demodulation function 1s negative, a bit may be encoded as
one, whereas when the number of events while the sign of the demodulation function 1s negative is
larger than the number of events while the sign of the demodulation function 1s positive, an encoded

bit may be encoded as zero.
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The comparing of the signs, as discussed above, may be executed in parallel or sequentially.

Moreover, the comparing may be realized with two separate photon counters (or event counters),
wherein one of the two counters may count the events while the sign is positive, and wherein the

other counter may count the events while the sign is negative.

The comparing may be realized with one up/down counter, which counts up, when the sign is posi-

tive and counts down when the sign is negative (or vice versa).

The comparing may, moreover, be realized with a thermometric shift register, wherein an edge of
the shift register 1s shifted to a first direction when a positive sign 1s detected and into an opposite

direction when a negative sign 1s detected.

As discussed herein, a SPAD may be used in the case of dToF, which may include an active light il-
lumination system used to determine a distance between an image sensor (including one or multiple
SPADs) and a scene by measuring a roundtrip delay needed by a light pulse to reach the object and

to come back to the sensor.

To evaluate the distance to the scene, a dToF system may record histograms ot detected photons for

a duration (i.e. a detection time), which may be based on the maximum detection range.

The histogram may be discretized in time according to an internal reference clock, for example a
time to digital converter (TDC), without limiting the present disclosure in that regard (wherein the

TDC 1tself is may not be needed for the Gray coding as discussed herein).

A plurality of dToF measurements may be pertormed consecutively (or sequentially) in order to
compensate for noise, e.g. due to ambient light or internal system noise, and added to the histogram,
such that an accumulated histogram may be generated for all measurements or a subset of all meas-

urements.

However, as discussed above, the accumulated histogram may require a certain amount of memory

per pixel.

The histogram may be evaluated according to a coding scheme, such as a Gray Code scheme as dis-
cussed herein, and results of the coding may be stored in one or more memory nodes for each Gray
Code pattern, which in turn may be evaluated sequentially or in parallel, as will be discussed turther

below.

For determining the Gray Code values (i.e. the Gray Code bits), a signal may be stored in two un-

signed counters, which may be compared and the larger value may establish the Gray Code value.
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The Gray Code values may turther be determined by using a single memory storage node with a

signed integer and values may be added or subtracted depending on the Gray Code.

The Gray Code values may also be determined by a processing of the accumulated histogram by us-

ing a bi-directional shift register.

The detection time intervals may be applied to the photon counter, such that the photon counter

may count whether a photon 1s detected within the detection time intervals.

In some embodiments, a plurality of photon counters 1s applied, which are driven simultaneously,
such that the detection time intervals are applied simultaneously, as well, and a coding may etti-

ctently be performed.

In some embodiments, the photon counter is a Gray Code counter, 1.e. a timing of the controller

and a decision whether a photon 1s detected or not may be represented by a Gray Code.

In some embodiments, the time-of-tlight circuitry 1s further contigured to decode the point of time
based on Gray Code information generated in the Gray Code counter indicating a distance to a

scene, as discussed above.

In some embodiments, the time-of-tlight circuitry 1s further contigured to: demodulate a current as-
sisted photonic demodulator, with a set of demodulation patterns, thereby applying the set of detec-

tion time intervals.
Such embodiments may be at hand in the case when a ToF image sensor includes CAPDs.

However, the present disclosure is not limited to the case of CAPDs, as 1t may be also applicable to

photonic demodulators in general.

Generally, in a CAPD charges may be collected by an accumulation in two (or more) detectors,
wherein, depending on a sign of a demodulation function, a charge is transferred to a first detector

or a second detector.

For example, if the sign of the demodulation function is positive, a charge s transferred to the first
detectors, whereas, if the sign 1s negative, a charge 1s transferred to the second detector, such that
the total charge accumulated in the first detector may be compared to the total charge accumulated
in the second detector, such that a one may be encoded, if the total charge in the first detector 1s
larger than in the second detector, and a two may be encoded, if the total charge in the second de-

tector is larger than in the first detector, or vice versa.
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Each demodulation pattern may be included in a micro-trame (as discussed above), and a total of n
micro-frames may be recorded, wherein a system period of a time T may be repeated m times for

each micro-frame.

During each micro-frame, minority carriers (e.g. based on a photo current) may be generated in re-
sponse to received light, which may be mixed with a demodulation signal f; from a total of demodu-

lation signals f, being different for each micro-trame.

Each demodulation signal f; may have a period T; (i.e. a detection time interval) having a certain

phase. The periods T; may be chosen such that they form a Gray Code relationship to each other.

Then, a resulting mixed signal generated by mixing (e.g. multiplying) the photo current signal with
each demodulation signal f; may have a sign (plus or minus) indicating whether it corresponds to a
one (plus) or a zero (minus) in a Gray Code, thereby generating a Gray Code bit value of a distance

to a scene.

For example for eight demodulation signals, 1.e. n is equal to eight, a distance resolution of two-hun-
dred and fifty-six bits may be achieved, resulting in a deviation less than half a percent compared to

an unambiguous distance.

A digital mapping may then provide the possibility to convert from the generated Gray Code to a
standard digital code, wherein an evaluation of a direct digital outcome of a SPAD may also be en-

visaged.

Moreover, a mixed signal may have a norm, e.g. a mean value of a peak, which indicates a certainty

whether the recorded bit is cotrrect or not.

On the other hand, an analog value with its sign (i.e. the Gray Code bit) may be recorded after each
demodulation micro-frame. The norm of the signal may give the confidence level of the ToFF meas-

urement, which may indicate a quality of the performed measurement.

In a case, in which one analog value has a norm below a predetermined threshold compared to the
other analog values deriving from the same measurement, it may be the case that the distance to the
scene 1s at a boundary between two Gray Codes, such that a further refinement of the depth may be

made, which in total may increase the accuracy above the n-bit precision.

Moreover, recording analog values may compensate for offsets caused by voltage followers and cur-

rent sources caused by a readout.

Furthermore, it may be envisaged to provide a low offset comparator in each pixel (e.g. an opti-
mized sense-amplifier which may be synchronous or asynchronous), such that a Gray Code bit may

be immediately generated for each micro-frame.
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As 1t 1s generally known, there may be a bit error occurring since each measurement may have a cer-

tain probability to be wrong.

For example, if the bit error is 10 and ten bits (i.e. n = 10) are measured, there may roughly be a
chance of one out of thousand to have a wrong bit in a full frame including ten micro-frames, such
that applying the time-of-flight circuitry according to the present disclosure may deliver a more pre-

cise measurement than known systems.

Moreover, non-linearities may (roughly) have no eftect to the coding scheme of the present disclo-

sure.

In the case that the recerved light pulse is centered around an edge of a demodulation function, a
statistic spread of the outcome of that one bit may be used to refine a distance estimate above the n-

bit precision, as discussed above.

Since a Gray Code may be utilized, only one Gray Code bit at a time may lay on an edge of a de-

modulation function.

Moreover, a wrong bit may be singled out by considering consecutive frames, wherein each bit may
be checked on its behavior in subsequent frames, and moreover by considering a confidence (as dis-

cussed above).

In some embodiments, a sign of an average of the mixed signal may be evaluated, wherein, in some

embodiments, the sign may be based on a direct digital outcome of a ToF measurement.

In the case that the scene moves (or the camera moves) (e.g. slower than a predetermined thresh-
old), a temporal filter may be applied, for example, on a (single) bit level, or on the full distance de-

termination (i.e. on all bits).

Moreover, measurement data from an adjacent pixel (or multiple adjacent pixels) may be used for a

digital filter, either on bit level or on the full distance determination, or on both.

It should be noted that since it may be possible according to the present disclosure to pertorm bit

level manipulation, bit level filtering may also become possible.
Filtering may be provided directly in a pixel or in a parallel layer, in a case of a stacked image sensor.
By applying a filter as discussed herein, it may lead to a reduction of illumination power.

Moreover, a bit level operation may generally not be as elaborate than an operation on a complex

analog signal.
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In some embodiments, a macro-pixel 1s provided, whereby an area of the scene may get diffused
onto a grid of an image sensor (e.g. a grid of three times three pixels, also discussed with respect to

Fig. 3), wherein to each sub-pixel an own demodulation function may be applied.

Thereby, each micro-frame may generate a full distance determination resulting in nine bits resolu-

tion.

Thereby, a ToF measurement may be performed time-ettficiently with a direct digital distance deter-

mination, which may also save processing power.

As 1t 1s generally known, for example in the field of 1ToF, a signal generated in a CAPD may be read
out by modulating one or multiple transter gates of one or multiple transter transistors included in

or coupled to the CAPD.

According to some embodiments of the present disclosure, the demodulation of the transter gate

may be performed with a set of demodulation patterns.

For example, in the case of one transfer gate, at a first time interval, a first demodulation pattern
may be applied, e.g. with a first demodulation frequency, and at a second time interval, a second de-
modulation pattern may be applied, e.g. with a second demodulation trequency, without limiting the

present disclosure to a set of two demodulation patterns.

On the other hand, the set of demodulation patterns may be applied to a plurality of transter gates

(roughly) simultaneously.

In some embodiments, the time-of-flight circuitry 1s further contigured to mix at least one demodu-
lation signal including the set of demodulation patterns with a light detection signal being indicative
of the at least one detection event, thereby generating a mixed signal, and wherein the mixed signal

encodes the predetermined points of time.

The at least one demodulation signal may be an electric signal, e.g. a voltage signal, for driving the at

least one transter gate, as it is generally known.

The light detection signal may be a voltage signal, current a current signal, a power signal, a digital
signal, an analog signal, and the like being generated in response to a light detection event. For ex-
ample, a photo current being generated in response to light incident on the CAPD may be consid-

ered as a light detection signal.

The light detection signal and the at least one demodulation signal may be electrically mixed, e.g.
added, multiplied, multiplexed, and the like, such that a resulting signal (1.e. the mixed signal) 1s gen-

erated.
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By means of the mixed signal, the predetermined points of time may be encoded, as already dis-

cussed above.

For example, if the light detection signal lies within a logical high of the demodulation signal, the
mixed signal may have a value above a predetermined threshold, such that a one may be encoded,
whereas, if the light detection signal lies within a logical low of the demodulation signal, the mixed
signal may have a value below (or equal) to the predetermined threshold, such that a zero may be

encoded, without limiting the present disclosure in that regard.

By mixing the light detection signal with a plurality of demodulation signals or applying the set of
detection time intervals, respectively, a time-resolution of a ToF detection may be influenced (e.g.

increased).

In some embodiments, the time-of-flight circuitry 1s turther contigured to apply the set of demodu-

lation patterns sequentially to the at least one light detection event.

Assuming that multiple detection events may be detected sequentially and that the shape of the re-
spective light detection signals are roughly the same, an encoding may be performed signal-to-noise-
efticiently, since the generated detection current may be detected only once for each measurement,

such that a signal-to-noise ratio may be kept above a predetermined threshold.

However, in some embodiments the time-ot-tlight circuitry is further configured to apply the set of

demodulation patterns simultaneously to the at least one light detection event.

Thereby, the light detection signal, e.g. a photo current, may be split up to be detected at multiple
transfer gates, 1.e. mixed with multiple demodulation signals at the same time, such that an encoding

may be performed time-efticiently.

In some embodiments, the time-of-tlight circuitry 1s further contigured to control a light source to

emit light in a predetermined emission pattern based on the predetermined detection pattern.

The light source may be any light source suitable to emut light patterns, such as a diode laser, an

LED (laser), any kind of modulated light source, and the like.

The predetermined emission pattern may be based on the demodulation pattern or vice versa. The
emission pattern and the demodulation pattern may be correlated in their frequencies, 1.e. for each
emission pulse, there may be a corresponding demodulation pulse (i.e. a detection time interval),
without limiting the present disclosure in that regard. The emission pattern and the demodulation
pattern may further correspond in their phase or may be phase shifted, such that an emission pulse
may be detected within a demodulation pulse considering an assumed time of flight of emitted light

(which may depend on a detection range, and the like).
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The frequency and/or the phase correspondence may, however, be not limited to a one to one cor-
respondence, and it may depend on external factors, e.g. a2 maximum emission frequency versus a
maximum demodulation frequency, a pre-exposure, in which no demodulation may be performed,

and the like.

Furthermore, the emission pattern may have different shapes, for example a short light pulse syn-
chronized with the system period T (discussed above), a square pulse, a rectangular pulse, a saw

tooth pulse, and the like.

In some embodiments, the light pulse width 1s twenty five percent of the system period T, without
limiting the present disclosure to this specific value and any other light pulse width may be imple-

mented.

For each demodulation function, separate emission patterns may be provided, resulting in a multi-

tude of (maximally) n emission patterns (also discussed with respect to Fig. 2 turther below).

On the other hand, in embodiments, in which a short light pulse (1.e. a light peak) 1s used for each
micro-frame, a deterioration due to a multipath operation may be reduced, for example when a re-
tlected light signal deriving from a direct light path has a larger amplitude than (the sum of) reflected

signals of indirect light paths.

Moreover, non-linearities and noise may be reduced while at the same time, an average light power

may be decreased (e.g. two to eight times), thereby saving power on the illumination side.

Some embodiments pertain to a photo gate system, wherein the set of detection time intervals may
be applied by applying a voltage on transparent gates (photo gates), thereby directing photo-gener-

ated carriers to a respective detector, adjacent to each of the transparent gates.

Some embodiments pertain to a modulation of a transfer gate of a transfer transistor with the set of
demodulation patterns, thereby applying the set of detection time intervals.Some embodiments per-
tain to a time-of-tlight method comprising: applying a set of detection time intervals to at least one
light detection event for determining a point of time of the at least one light detection event,
wherein the set of detection time intervals has a predetermined detection pattern encoding predeter-

mined points of time, as described herein.
The method may be pertormed with time-of-tlight circuitry, as discussed herein.

In some embodiments, the predetermined detection pattern is based on a Gray Code, as discussed
herein. In some embodiments the time-of-flight method, further includes applying the set of detec-
tion intervals to a photon counter in the predetermined detection pattern, the photon counter being

coupled to a single photon avalanche diode, as discussed herein. In some embodiments, the photon
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counter is a Gray Code counter, as discussed herein. In some embodiments, the time-of-flight
method further includes decoding the point of time based on Gray Code information generated in
the Gray Code counter indicating a distance to a scene, as discussed herein. In some embodiments,
the time-of-tlight method further includes demodulating a current assisted photonic demodulator,
with a set of demodulation patterns, thereby applying the set of detection time intervals, as discussed
herein. In some embodiments, the time-ot-flight method further includes mixing at least one de-
modulation signal including the set of demodulation patterns with a light detection signal being in-
dicative of the at least one detection event, thereby generating a mixed signal, and wherein the mixed
signal encodes the predetermined points of time, as discussed herein. In some embodiments, the
time-of-flight method, further includes applying the set of demodulation patterns sequentially to the
at least one light detection event, as discussed herein. In some embodiments, the time-of-tlight
method further includes applying the set of demodulation patterns simultaneously to the at least one
light detection event, as discussed herein. In some embodiments, the time-of-tlight method further
includes controlling a light source to emit light in a predetermined emission pattern based on the

predetermined detection pattern.

The methods as described herein are also implemented in some embodiments as a computer pro-
gram causing a computer and/or a processor to perform the method, when being carried out on the
computer and/or processor (which may be part of a ToF camera or system). In some embodiments,
also a non-transitory computer-readable recording medium 1s provided that stores therein a com-
puter program product, which, when executed by a processor, such as the processor described

above, causes the methods described herein to be performed.

Returning to Fig. 1, there 1s depicted a timing diagram 1 according to the present disclosure in the
case of an implementation in a CAPD based image sensor, without limiting the timing itself to the
CAPD case, since the timing may also be applied in embodiments pertaining to SPADs. However,
the timing diagram 1 includes demodulation patterns for modulating a (at least one) transfer gate of

a CAPD 1n the present example.

The timing diagram 1 includes two detection periods T. Fach detection period 1s initiated with a

light emission peak P. In response to a detection of a retlection of the light emission peak, a record-
ing current I; (L.e. a photo current) i1s generated. The time (interval) between the light emission peak
P and the generation of the recording current I, corresponds to the time of flight (ToF) of the emit-

ted light.

The recording current I, is detected with four demodulation signals fi, fo, f5, and f4 each including re-

spective detection time intervals T4, Tz, Ts, and Ty, wherein each demodulation signal f; to fy differs
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in one of phase, frequency, and number of detection time intervals, and wherein each demodulation

signal lies between a logical low (minus one) and a logical high (plus one).

In this embodiment, f; and f> have the same number of detection time intervals (i.e. two), but a dif-
terent phase (ninety degrees phase shift), whereas f3 has the double frequency than f; and f: (and
thereby the double number of detection time intervals) and is ninety degrees phase shifted with re-
spect to f2, and f; has the double frequency than 5 (and thereby the double number of detection

time intervals) and 1s ninety degrees phase shifted with respect to fs.
Thereby, the demodulation signals f; to f4 are Gray coded.

By multiplying the recording current I; with each demodulation signal f; to fs, coding currents I, I,
I, and L4 (i.e. mixed signals, as discussed herein) are generated resembling whether the recording

current I, lies within a logical high or a logical low of the respective demodulation function f; to f.

The coding current I has a negative peak (i.e. a dip), resembling that the recording current I, lies
within a logical low of the demodulation signal f;, whereas the coding currents I» to I4 each have
positive peaks resembling that the recording current I, lies within a logical high of the demodulation

signals > to fu.

In this embodiment, a dip 1s assigned to a logical zero and a (positive) peak is assigned to a logical
one, thereby encoding the recording current I, to a sequence ot 0111, thereby indicating a smallest

detection time interval, in which the time of tlight of the emitted light peak lies within.
Fig. 2 shows a timing diagram 10 for driving a light source according to the present disclosure.

The light source 1s configured to output modulated light and detect it with an associated demodula-

tion signal.

In this embodiment, the light source emuts a first modulated light signal Pous, which 1s detected with
the first demodulation signal t;. Moreover, a second modulated light signal Poue is emitted, which 1s
detected with the second demodulation signal f>. A third modulated light signal Poys 1s detected with
the third demodulation signal f; and a fourth modulated light signal Peus 1s detected with the fourth

demodulation signal f.

The emuission and detection of the respective modulated light signals s, in this embodiment, per-
formed sequentially, 1.e. emission and detection of Pou2 1s performed after the emission and detec-

tion of Poue (and Pouy after Pous atter Pouwg), without imiting the present disclosure in that regard.

In this embodiment, Pou 1s the same as Pou, such that Poue 18 similar to fa, but Poua 1s phase-shifted

compared to f1, which provides a smooth operation.
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Moreover, in this embodiment, there 1s no need to make a short strong light pulse every period T,
but it is sufficient to generate a square (or rectangular) pulsed waveform each with the same average

power.

Fig. 3 shows a block diagram of a contiguration of a macro image sensor 20 including multiple pix-

els 21 each including a CAPD.

The embodiment shown in Fig. 3 provides an implementation of ditferent demodulation signals t;

to fo to be applied at simultaneously.

For example, for each pixel 21 it is assumed that (roughly) the same recording current (as discussed
with reference to Fig. 1) is generated (i.e. the signal shape and intensity ot the recording current may

be roughly the same).

Hence, for each pixel, a different demodulation signal f; to fo may be applied, such that the genera-
tion of a coding current (as discussed with reference to Fig. 1) 1s generated simultaneously, as well,
such that a ToF measurement performed with an image sensor according to this embodiment may

be performed time-efticiently and signal-to-noise-efticiently.
Fig. 4 depicts a block diagram 30 of a readout circuitry for a pixel 31 including a SPAD.

A current signal generated in the pixel 31 1s sampled (32), 1.e. time-to-digital converted, as it 1s gener-

ally known, wherein the conversion 1s timed with a time-to-digital converter (IDC) clock 33.

In response to the sampling 32, a signal 1s transmitted to a Gray Code (GC) counter 34, which 1s
controlled by a GC controller 35 in a way that it corresponds to a sequential application of the tim-
ing of the demodulation signals f; to fy described with respect to Fig, 1, and it 1s, thus, detected
whether a photo current lies within a detection time, and, 1f a photo current 1s detected, a logical one
1s saved 1n a GC bit storage 36, and, it no photo current is detected, a logical zero 1s saved in the GC

bit storage 36.

In the embodiment described with reference to Fig. 4, a subsequent measurement may be timed dif-
terently (e.g. a first iming may correspond to the timing of the demodulation signal f; and a second
timing may correspond to the timing of the demodulation signal f of Fig. 1, and so on), such that in

this embodiment, a sequential processing is performed.

On the other hand, in Fig. 5, there 1s shown a block diagram 40 of an embodiment, in which parallel

processing 1s performed.

The embodiment of Fig. 5 differs of the embodiment of Fig. 4 in that there are multiple (at least
two) GC counters being controlled by multiples GC controllers, which are controlled simultane-

ously, 1.e. parallel, such that a ToF measurement can be performed time-etficiently.
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Fig. 6 depicts a block diagram 50 for driving a Gray Code counter 51. The Gray code counter 1s fed
with a sampling signal 52 from a sampling, as discussed above, and a control signal 53 trom a Gray

Code controller, as discussed above.

The control signal 53 controls a switch 54 to be set in one of two positions according to a timing as
discussed above. In a first position, the switch 54 1s coupled to a Gray Code zero counter 55 (GC 0).

In a second position, the switch 55 1s coupled to a Gray Code one counter 56 (GC 1).

Resulting signals from the Gray Code zero counter 55 and the Gray Code one counter 56 are com-
pared in a comparator 57, and a resulting GC value is generating in a GC value generation unit 58,
which 1s appended to an existing GC bit code in a GC bit value generation unit 59, in case there is

already a GC bit code generated, or is initiated, in case there is no GC bit code generated yet.

Fig. 7 depicts a block diagram 60 of a further embodiment of a GC counter 61 being fed with a sam-
pling signal 62 and a control signal 63, wherein the sampling signal 62 and the control signal 63 are
compared by a comparator 64 and the resulting value is fed to a GC value generation unit 65, which,

as discussed with respect to Fig. 6, teeds its result to a GC bit value generation unit 66.

Fig. 8 depicts a block diagram 70 of a further embodiment of a GC counter 71 being fed with a sam-
pling signal 72 and a control signal 73. The sampling signal 72 is fed to a bi-directional shift register
74 and the control signal 73 is fed to a Forward/Reverse unit 75, which in turn feeds its signal to the
bi-directional shift register 74 for controlling the direction in which the bits are shifted in the bi-di-
rectional shift register, which is configured to compare the two signals and generate a Gray Code

value.
The generated GC value is then supplied to a GC bit value generation unit 76.
Fig. 9 shows a data compression diagram 77 according to the present disclosure.

For illustrational purposes only, a histogram 78 1s shown, as it is generally known in the field of
dToF. It should, however, be noted that it is not necessary to generate a histogram according to the
present disclosure. As mentioned in the outset, such a histogram may use a certain amount of
memory. The histogram includes, on an abscissa a measured roundtrip delay (i.e. a time) and on an
ordinate a number how many times this roundtrip delay is detected (1.e. counts), as it is generally

known.

In order to reduce the necessary amount of memory, the histogram i1s Gray coded according to the
present disclosure, which 1s illustrated in a Gray Code histogram 79, which includes the same axes as

the histogram 78, wherein due to the Gray coding discussed in the following, there 1s no need to
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generate the histogram 78 and also not the Gray Code histogram 79. The histogram 78 and the Gray

Code histogram 79 are only presented for illustration purposes.

From the Gray code histogram, which has tive bits in this embodiment, a Gray Code can be read

out, which indicates the roundtrip delay and thereby the distance to the scene.
Fig. 10 depicts a block diagram of a method 80 according to the present disclosure.
In 81, a set of detection intervals 1s applied to a photon counter, as discussed herein.

In 82, a predetermined point of time indicating a distance to a scene is decoded based on a detection

based on the application of the set of detection time intervals, as discussed herein.
Fig. 11 depicts a block diagram of a method 90 according to the present disclosure.

In 91, a set of demodulation patterns including the detection time intervals 1s applied to a transter

gate, as discussed herein.

In 92, a mixed signal (or multiple mixed signals) 1s generated by mixing a current generated in re-

sponse to the detection event with the demodulation patterns, as discussed herein.

Fig. 12 depicts a block diagram of a method 90’ as a first alternative of the method 90, which difters
trom the method 90 in that 91 1s replaced with 91’, in which the set of demodulation patterns is ap-

plied sequentially, as discussed herein.

Fig. 13 depicts a block diagram of a method 907 as an alternative of the method 90, which ditfers
trom the method 90 in that 91 1s replaced with 91’, in which the set of demodulation patterns is ap-

plied simultaneously, as discussed herein.

Fig. 14 depicts a block diagram of a method 100, which includes the method 90. Additionally, the
method 100 includes, 1n 101, to control a light source to emit light in a predetermined emission pat-

tern, as discussed herein.
Fig. 15 depicts a block diagram of a ToF camera 110 according to the present disclosure.

The ToF camera 110 includes an image sensor 111, which 1s based on multiple SPADs, a coding
unit 112 configured to sample the image sensor and code the photo detection event, as discussed
above with respect to any of the Figs. 4 to 8. Moreover, the TolFF camera 110 includes a ToF cir-
cuitry 113 configured to apply the detection time intervals to the coding unit 112, as discussed
herein. The ToF camera 110 further includes a light source configured to emit light, which 1s re-

tlected from a scene and detected by the image sensor 111.

Fig. 16 depicts a block diagram of a ToF camera 120 according to the present disclosure.
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The ToF camera 120 includes an image sensor 121, which 1s based on multiple CAPDs, a demodula-
tion unit 122 configured to sample a transfer gate (or multiple transter gates) of the image sensor by
applying one or multiple demodulation signals and code the photo detection event, as discussed
above with respect to any of the Figs. 1 to 3. Moreover, the TolFF camera 120 includes a ToF cir-
cuitry 123 configured to apply the detection time intervals to the demodulation unit 122 and to con-
trol the demodulation unit 122 to sample the image sensor 121 as discussed herein. The ToF camera
120 turther includes a light source configured to emit light, which is retlected from a scene and de-

tected by the image sensor 121.

The ToF circuitry 123 1s further configured to control the light source to emit light in a light emis-

sion patterns, as discussed herein.

It should be recognized that the embodiments describe methods with an exemplary ordering of
method steps. The specific ordering of method steps is however given for illustrative purposes only
and should not be construed as binding. For example the ordering of 101 and 91 in the embodiment
of Fig. 13 may be exchanged. Other changes of the ordering of method steps may be apparent to
the skilled person.

Please note that the division of the ToF camera 110 or 120 into units 111 to 114 or 121 to 124 1s
only made for illustration purposes and that the present disclosure 1s not limited to any specific divi-
ston of functions in specific units. For instance, the demodulation unit 122 and the ToF circuitry
123 could be implemented by a respective programmed processor, tield programmable gate array

(FPGA) and the like.

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

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

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

puter program 1s provided are envisaged as aspects of the present disclosure.
Note that the present technology can also be configured as described below.

(1) Time-of-tlight circuitry configured to:
apply a set of detection time intervals to at least one light detection event for determining a
point of time of the at least one light detection event, wherein the set of detection time intervals has

a predetermined detection pattern encoding predetermined points of time.
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) The time-of-flight circuitry of (1), wherein the predetermined detection pattern is based on a
Gray Code.

(3) The time-of-flight circuitry of anyone of (1) and (2) being further configured to apply the set
of detection intervals to a photon counter in the predetermined detection pattern, the photon coun-

ter being coupled to a single photon avalanche diode.
“ The time-of-flight circuitry of (3), wherein the photon counter 1s a Gray Code counter.

(5) The time-of-flight circuitry of anyone of (3) and (4) being further configured to decode the
point of time based on Gray Code information generated in the Gray Code counter indicating a dis-

tance to a scene.

(6) The time-of-flight circuitry of anyone of (1) to (3) being turther contigured to apply the set

of detection intervals sequentially to the at least one light detection event.

(7) The time-of-flight circuitry of anyone of (1) to (3) being turther contigured to apply the set

of detection intervals simultaneously to the at least one light detection event.

(8) The time-of-flight circuitry of anyone of (1) and (2) being further configured to:
demodulate a current assisted photonic demodulator, with a set of demodulation patterns,

thereby applying the set of detection time intervals.

9) The time-of-tlight circuitry of (8) being further configured to mix at least one demodulation
signal including the set of demodulation patterns with a light detection signal being indicative of the
at least one detection event, thereby generating a mixed signal, and wherein the mixed signal en-

codes the predetermined points of time.

(10)  The time-of-tlight circuitry of anyone of (8) and (9) being turther configured to apply the set

of demodulation patterns sequentially to the at least one light detection event.

(11)  The time-of-tlight circuitry of anyone of (8) and (9) being turther configured to apply the set

of demodulation patterns simultaneously to the at least one light detection event.

(12)  The time-of-tlight circuitry of anyone of (8) to (11) being turther contigured to control a
light source to emit light in a predetermined emission pattern based on the predetermined detection

pattern.

(13) A time-of-tlight method comprising:
applying a set of detection time intervals to at least one light detection event for determining
a point of time of the at least one light detection event, wherein the set of detection time intervals

has a predetermined detection pattern encoding predetermined points of time.
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(14)  The time-of-tlight method of (13), wherein the predetermined detection pattern is based on
a Gray Code.

(15)  The time-of-tlight method of anyone ot (13) and (14), further comprising applying the set of
detection intervals to a photon counter in the predetermined detection pattern, the photon counter

being coupled to a single photon avalanche diode.
(16)  The time-of-tlight method of (15), wherein the photon counter is a Gray Code counter.

(17)  The time-of-tlight method of anyone ot (15) and (16), further comprising decoding the point
of time based on Gray Code information generated in the Gray Code counter indicating a distance

to a scene.

(18)  The time-of-tlight method of anyone of (13) to (15) turther comprising: applying the set of

detection intervals sequentially to the at least one light detection event.

(19)  The time-of-tlight method of anyone of (13) to (15) turther comprising: applying the set of

detection intervals simultaneously to the at least one light detection event.

(20)  The time-of-flight method of (13), further comprising demodulating a current assisted pho-
tonic demodulator, with a set of demodulation patterns, thereby applying the set of detection time

intervals.

(21)  The time-of-flight method of (20), further comprising mixing at least one demodulation sig-
nal including the set of demodulation patterns with a light detection signal being indicative of the at
least one detection event, thereby generating a mixed signal, and wherein the mixed signal encodes

the predetermined points of time.

(22)  The time-of-tlight method of anyone ot (20) and (21), further comprising applying the set of

demodulation patterns sequentially to the at least one light detection event.

(23)  The time-of-flight method of (20) and (21), further comprising applying the set of demodula-

tion patterns simultaneously to the at least one light detection event.

(24)  The time-of-tlight method of anyone ot (20) to (23), further comprising controlling a light
source to emit light in a predetermined emission pattern based on the predetermined detection pat-

tern.

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

according to anyone of (13) to (24), when being carried out on a computer.
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(26) A non-transitory computer-readable recording medium that stores therein a computer pro-
gram product, which, when executed by a processor, causes the method according to anyone of (13)

to (24) to be performed.
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CLAIMS

1. Time-of-tlight circuitry configured to:
apply a set of detection time intervals to at least one light detection event for determining a
point of time of the at least one light detection event, wherein the set of detection time intervals has

a predetermined detection pattern encoding predetermined points of time.

2. The time-of-flight circuitry of claim 1, wherein the predetermined detection pattern 1s based

on a Gray Code.

3. The time-of-flight circuitry of claim 1 being further configured to apply the set of detection
intervals to a photon counter in the predetermined detection pattern, the photon counter being cou-

pled to a single photon avalanche diode.

4. The time-of-flight circuitry of claim 3 being further configured to apply the set of detection

time intervals sequentially to the at least one light detection event.

5. The time-of-flight circuitry of claim 3 being further configured to apply the set of detection

time intervals simultaneously to the at least one light detection event.

6. The time-of-flight circuitry of claim 1 being further contigured to:
demodulate a current assisted photonic demodulator, with a set of demodulation patterns,

thereby applying the set of detection time intervals.

7. The time-of-flight circuitry of claim 6 being further contigured to mix at least one demodula-
tion signal including the set of demodulation patterns with a light detection signal being indicative of
the at least one detection event, thereby generating a mixed signal, and wherein the mixed signal en-

codes the predetermined points of time.

8. The time-of-flight circuitry of claim 6 being further configured to apply the set of demodula-

tion patterns sequentially to the at least one light detection event.

9. The time-of-flight circuitry of claim 6 being further configured to apply the set of demodula-

tion patterns simultaneously to the at least one light detection event.

10. The time-of-flight circuitry of claim 6 being further configured to control a light source to

emit light in a predetermined emission pattern based on the predetermined detection pattern.

11. A time-of-flight method comprising:
applying a set of detection time intervals to at least one light detection event for determining
a point of time of the at least one light detection event, wherein the set of detection time intervals

has a predetermined detection pattern encoding predetermined points of time.
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12 The time-of-tlight method of claim 11, wherein the predetermined detection pattern 1s based

on a Gray Code.

13. The time-of-flight method of claim 11, further comprising applying the set of detection in-
tervals to a photon counter in the predetermined detection pattern, the photon counter being cou-

pled to a single photon avalanche diode.

14.  The time-of-tlight method of claim 13, further comprising: applying the set of detection time

intervals sequentially to the at least one light detection event.

15, The time-of-tlight method of claim 13, further comprising: applying the set of detection time

intervals simultaneously to the at least one light detection event.

16.  The time-of-tlight method of claim 11, further comprising demodulating a current assisted
photonic demodulator, with a set of demodulation patterns, thereby applying the set of detection

time intervals.

17. The time-of-tlight method of claim 16, further comprising mixing at least one demodulation
signal including the set of demodulation patterns with a light detection signal being indicative of the
at least one detection event, thereby generating a mixed signal, and wherein the mixed signal en-

codes the predetermined points of time.

18.  The time-of-tlight method of claim 16, further comprising applying the set of demodulation

patterns sequentially to the at least one light detection event.

19.  The time-of-tlight method of claim 16, further comprising applying the set of demodulation

patterns simultaneously to the at least one light detection event.

20. The time-of-tlight method of claim 16, further comprising controlling a light source to emit

light in a predetermined emission pattern based on the predetermined detection pattern.
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