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DELTA IMAGE SENSOR WITH DIGITAL
PIXEL STORAGE

REFERENCE TO RELATED APPLICATION

This application is a U.S. National Stage filing of Inter-
national Application PCT/US2021/067333, titled “DELTA
IMAGE SENSOR WITH DIGITAL PIXEL STORAGE”,
filed Jun. 24, 2021, which claims benefit of priority of
European Patent Application Number 20 18 2536.1, filed on
Jun. 26, 2020, each of which is hereby incorporated by
reference herein in its entirety.

The present invention relates to an image sensor com-
prising a plurality of pixel circuits more specifically a delta
image sensor with digital pixel storage and synchronised
sampling.

Image sensors with one ADC per pixel, or per small
sub-set of pixels, are well known. These are typically used
in applications (e.g. X-ray particle track tracing or satellite
imaging) where significant processing is carried out in the
pixel.

Image sensors with a single-slope ADC where each pixel
includes a comparator are known, e.g. Reckleben et al.,
2015, Suarez et al., 2010 and Chi et al., 2010. In particular,
Suarez et al. create an analogue slope and digital code
globally for the pixel arrangement and provide a digital code
to the pixel.

Image sensors, where a representation of the previous
illumination level is digitally stored in the pixel and com-
pared between samples to create event change data, are
known from WO 2014/174498 Al, while Itoh et. al,
“4-Layer 3-D IC with a function of parallel signal process-
ing”, Microelectronic engineering, vol 15, no. 1-4, 1991,
pages 187-190, earlier proposed a conceptually related
structure with a simple single bit pixel comparison to a fixed
level.

Image sensors with event generation using image pixel
level change detection, storage and comparison in the ana-
logue domain are known, e.g. Chi et. al, “CMOS Camera
With In-Pixel Temporal Change Detection and ADC”, IEEE
Journal of Solid-State Circuits, vol. 42, no. 10, 2007, pages
2187-2196. Comparison and storage in the analogue domain
provides advantages over a digital approach (e.g. compact
realisation) and disadvantages (e.g. gradual storage degra-
dation, including “hot-pixels”, sensitivity to mismatch,
reduced flexibility of light to electric conversion function).

Image sensors, which share circuitry between pixels, are
well known, e.g. KR 2020-0029328 A.

The use of stroboscopic effects is generally known, as
well as the suppression of harmonics by averaging or
synchronising over a period of a disturbance (unwanted
signal), e.g. US 2015/358570 Al, where the technique is
applied in a camera to detect and synchronise to a variable
light source and then to suppress the response to the light
source.

Gallego et al.: “Event-based Vision: A Survey”, IEEE
Transactions on Pattern Analysis and Machine Intelligence,
2020, arXiv:1904.08405v3 disclose the synchronisation of
information from multiple event cameras for the purpose
stereoscopic vision with the addition of time-stamps to event
data where the time-stamp reference is provided by an
external time-base.

US 2015/0035949 A1 disclose the use of synchronisation
between multiple cameras based on the modulation of the
light source in the target images.
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WO 2020/080383 A1 discloses an event based dynamic
vision sensor with a filter to ignore events from one pixel,
based on the event status (single bit) of adjacent pixels.

T. Delbruck “Frame-free dynamic digital vision”, Pro-
ceedings of the International Conference on Secure Life
Electronics, Advanced Electronics for Quality Life and
Society, 2008, page 21-26, discloses to filter events from a
dynamic vision sensor based on the time-stamp of the last
event of that pixel, or the time-stamp of adjacent pixels. This
processing is carried out outside the pixel array requiring
transmission of the events out of the array for subsequent
filtering, in a computationally expensive manner (32 bit
time-stamps).

EP 3 313 064 A1 discloses an analogue storage dynamic
vision sensor, where one comparator input is a representa-
tion of the previous value of the pixel illumination, which is
then later used for comparison. This can be considered
analogue feedback from the previous level to control the
subsequent function of the analogue comparator, which is
enabled (sampled), when a digital event output is created.

EP 2 933 995 A1l address the issues of poor mismatch in
the standard analogue storage implementation of the
dynamic vision sensors using transistors in sub-threshold
operation. As operation in this transistor mode only func-
tions correctly over a limited range, they use global analogue
feedback to the analogue part of the acquisition circuits of
the entire array to obtain satisfactory operation.

There may be a need for a delta image sensor comprising
an improved pixel circuit having a digital storage of a
representation of the prior illumination intensity in the pixel.

Such a need may be met with the subject-matter of the
independent claims. Advantageous embodiments are defined
in the dependent claims.

Ideas underlying embodiments of the present invention
may be interpreted as being based, inter alia, on the follow-
ing observations and recognitions:

CMOS (Complementary metal oxide silicon) image sen-
sors are produced in optimised foundry processes in high
volume in specialised processes. CMOS digital logic
devices are produced in optimised foundry processes in high
volume. The density of both processes is increasing, in
particular the density of the logic processes. The increased
density permits increased digital complexity related to a
pixel circuit in an image sensor.

Digital storage of a prior level in a pixel circuit has
advantages in the fidelity of the storage and in the subse-
quent processing of the stored level.

Local processing of the levels has efliciency advantages in
power and area as the propagation and processing of redun-
dant data is limited.

This invention discloses a structure and method in which
digital conversion and storage are combined in pixel circuits
together with local evaluation of the differences over time
and location and preparation and propagation of event
information.

The invention is defined in the independent claims.
Dependent claims describe preferred embodiments thereof.

The present invention relates to a delta image sensor
comprising an arrangement of pixels and a plurality of
acquisition circuits corresponding to at least one pixel and
formed as part of an integrated circuit. Each acquisition
circuit includes at least one sensor circuit comprising a
photosensor configured to generate a sensor signal, VSIG,
depending on a light signal illuminating the photosensor of
the at least one pixel and at least one analogue to digital,
A/D, conversion circuit configured to generate a digital
representation corresponding to a current VSIG. Preferably,
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the A/D conversion circuit is a one single slope analogue to
digital, A/D, conversion circuit. At least one digital storage
circuit is configured to store a representation of at least one
previous VSIG. At least one digital comparison circuit is
configured to compare the level of the stored representation
with the current VSIG to detect whether a changed level is
present. At least one digital output circuit is configured to
generate an event output under the condition of the changed
level. A repeat rate of the analogue to digital conversion is
chosen from one or more repeat rates in correspondence
with a light source modulation of a light signal illuminating
the photosensor.

Various embodiments may preferably implement the fol-
lowing features:

According to an aspect of the invention the repeat rate of
the analogue to digital conversion is chosen with a period to
provide a filtering, preferably one of the following, a sup-
pression, an enhanced response and/or a frequency conver-
sion function with respect to a light source in a target image
taken by the image sensor.

According to another aspect of the invention the repeat
rate of the analogue to digital conversion is chosen to
suppress or minimise the event response to a disturbance.

According to another aspect of the invention the repeat
rate of the analogue to digital conversion is chosen to
maximise the event response to a light source in a target
image taken by the image sensor.

According to another aspect of the invention the repeat
rate of the analogue to digital conversion is chosen to reduce
a frequency of the events generated by a varying light source
in a target image taken by the image sensor, whilst retaining
the information relating to the light source modulation.

The present invention provides a delta image sensor with
digital pixel storage and synchronised sampling. The inven-
tion enables an area optimised in particular small pixel
structure producing a high resolution and cost optimised
image sensor using the advantages of digital in-pixel con-
version and storage.

Each acquisition circuit may be formed as an integrated
circuit or part of an integrated circuit. The acquisition circuit
may also be referred to as pixel circuit throughout the
specification. The at least one sensor circuit may continu-
ously or periodically generate a sensor signal. The analogue
to digital conversion circuit may convert a current VSIG to
a digital signal. The digital storage circuit may accordingly
be configured to store a representation of at least one digital
signal corresponding to a previous VSIG. The digital rep-
resentations of a current and a previous VSIG may be
compared by the at least one digital comparison circuit. The
previous VSIG, or digital representation of the VSIG,
respectively, may correspond to a signal generated in any
previous sample period and stored in the digital storage
circuit. It may also be provided externally and stored as a
reference signal. Also, at least one event output line may be
comprised in the circuit to output the event output from the
delta image sensor. The at least one event output line may
also be shared by multiple digital output circuits.

Preferably, each acquisition circuit is shared between at
least two pixels, wherein preferably the pixels are adjacent
to each other.

Preferably, the sensor circuit is configured to generate
VSIG based on one of the following relationships:

a) a linear dependency on the light intensity,

b) a non-linear, preferably logarithmic, dependency on the

light intensity, and

¢) a combination of a non-linear and a linear dependency

on the light intensity,
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wherein preferably the relationship is changeable in

response to a control signal.

The control signal may be provided from outside the array
of pixels and acquisition circuits. There may be one control
signal for the whole array, or more targeted.

Preferably, the sensor circuit is configured to change the
dependency of VSIG on the light intensity in response to a
control signal during operation, preferably from time to
time, and/or the sensor circuit is configured to change the
dependency of VSIG on the light intensity in response to a
control signal during operation individually for at least one
pixel or a subset of pixels.

The control signal changes from time to time may result
from a change of global light intensity or operating mode.
There may be provided a separate circuit for generating
control signal changes from time to time.

The image sensor may preferably further implement the
following features:

a) the analogue to digital conversion circuit may comprise

a comparator, which is configured to compare the VSIG

with one of the following swept signals:

aa) a swept analogue input signal, and

ab) sequential swept analogue input signals, where
each of the swept analogue signals provides a dif-
ferent difference function,

wherein preferably the input signal is provided for a
plurality of conversion circuits, and/or

b) the analogue to digital conversion circuit may be

further configured to provide at least one digital code in

parallel to the swept analogue signal to at least one

pixel,

ba) wherein preferably the digital code is a gray coded
digital signal, and

bb) wherein preferably the relationship between the

analogue swept signal and the digital code is
changed between a storage ramp and a comparison
ramp.

Furthermore,

a) the swept signal may be a linear ramp, or

b) the swept signal may be a non-linear ramp, or

c¢) the swept signal may be changed during operation,

and/or

d) a period of the swept signal may be changed during

operation, and/or
e) the repeats of the swept signal may be interrupted for
a short or extended period during operation, and/or

f) a repeat rate of the swept signal may be chosen from
one or more repeat rates in correspondence with a light
source modulation of the light signal illuminating the
photosensor, preferably to increase or suppress an event
output.

In particular, under item f) above, a repeat rate of the
swept signal may be chosen from one or more repeat rates
in correspondence with a light source modulation of the light
signal illuminating the photosensor, preferably to increase or
suppress a response to a target, e.g. the light source with a
given frequency or to suppress a response to a disturbance
with a given frequency.

Artificial light sources typically have a regularly varying
intensity, primarily based on the varying voltage of the
mains electrical supply, see for example “FFT Based Inves-
tigations on Light Flicker in New Lighting Systems”,
Tonescu, 2016. According to this paper, the measured inten-
sity variation of incandescent lamps is 14%; of fluorescent
lighting 8%; of LED lighting 9% (with phosphor) with
primary components in all cases at 100 Hz (or 120 Hz)
depending on the mains supply frequency. Higher frequen-
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cies, e.g. 100 kHz, may be encountered in fluorescent
lighting, but generally at a much lower modulation depth.
The change threshold for producing events in dynamic
vision sensors is typically 2% and the response frequency is
much higher than the modulation (100 Hz or 120 Hz), so the
modulation of artificial lighting may create a large number
of redundant events across an entire image.

The modulation of artificial lighting is also a known issue
for standard photography, but can be mitigated by extending
the exposure time to be significantly slower than light
modulation. This approach is not applicable for dynamic
vision sensors.

The use of stroboscopic effects in general is well known,
as well as the suppression of harmonics by averaging or
synchronising to a period of a disturbance (unwanted sig-
nal).

According to the present invention a technique to sup-
press harmonics by averaging or synchronizing to a period
of a disturbance (unwanted signal) is applied to a dynamic
vision sensor (event generating sensor), preferably globally
across a plurality of pixels, with an efficient implementation
(timing of slope generation), which is an inherent part of the
digital storage dynamic vision sensor design.

Where the repeat period is chosen to be a multiple of the
period of the disturbance, the event response to the distur-
bance is completely suppressed.

Where the repeat rate is similar, but not identical to, the
repeat rate of the disturbance, the image data (before event
generation) varies at a lower frequency than the disturbance
(frequency down conversion), which reduces the event and
data rate. This retains the information content, while
decreasing the data volume.

Where the repeat period is chosen to be half the distur-
bance rate, the event output can be maximised.

The modification of the ramp repeat rate is applicable
equally for all pixels without additional electronics and the
global increase in response or suppression function is
achieved efficiently.

It is likely that a significant fraction of an image is
illuminated with the same, varying, light-source or light
sources with similar disturbance characteristics (flicker). In
particular as the cause of the modulation is typically the
mains supply, which is common to multiple light sources,
setting the rate once for all pixels has a significant impact
reducing redundant event generation across the whole
image.

The number of events produced per unit time from the
sensor itself, or an analogue sense pixel signal may provide
a reference signal for synchronisation. There are well known
techniques to synchronise to a frequency component of a
signal, typically implemented as a phase-locked loop, with
a phase comparator, low-pass filter and controlled oscillator.

Preferably, the image sensor further comprises at least one
reference pixel configured to set the swept ramp limits,
wherein preferably the at least one reference pixel is posi-
tioned outside the arrangement of pixels, and/or wherein
preferably the at least one reference pixel is biased under
reference conditions.

Preferably, the digital comparison circuit is configured to
perform comparison with the stored level during the sweep
of the analogue signal, or the digital comparison circuit is
configured to perform comparison with the stored level after
the sweep of the analogue signal.

“During the sweep of the analogue signal” and “during
the swept analogue signal” may denote the same process.

In particular, if the comparison is performed during the
sweep of the analogue signal, the A/D output value does not
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need to be stored, just the result of the comparison. This
results in less memory requirements, but more comparisons.
If the comparison is performed after the sweep of the
analogue signal, the A/D output value does not need to be
stored. This increases the memory requirement but reduces
the number of comparisons required.

Preferably,

a) the digital comparison circuit is configured to perform
comparison using static logic in the pixel circuit, or

b) the digital comparison circuit is configured to perform
comparison using dynamic logic in the pixel circuit,
and/or

¢) the digital comparison circuit is configured to perform
comparison with a hysteresis, and/or

d) the digital comparison circuit is configured to perform
comparison requiring a difference which is changed
from time to time in operation.

Preferably, the output circuit is configured to generate an
output dependent on the comparison result of the compari-
son circuit in adjacent pixels, or the output circuit is con-
figured to generate an output dependent on a function of
adjacent pixels in a fixed configuration or in a configuration
which is changed during operation, wherein preferably the
function is an average function, and/or the output circuit is
configured to generate an output if a rate of change of the
comparison of the comparison exceeds a certain threshold.

Preferably,

a) the output circuit is configured to generate an output
dependent on the output in adjacent pixels, or

b) the output circuit is configured to generate an output
dependent on the stored levels in adjacent pixels, or

c) the output circuit is configured to generate an output
dependent on a plurality of stored values.

Preferably,

a) the output circuit is configured to generate an event
output indicating the direction of the changed level,
and/or

b) the output circuit is configured to generate an event
output indicating only a changed level in one direction,
and/or

¢) the output circuit is configured to generate an event
output indicating the magnitude of the changed level,
and/or

d) the output circuit is configured to generate an event
output indicating the intensity of illumination before
and/or after the changed level.

Preferably,

a) the digital storage circuit is configured to provide the
stored digital representation at output lines of the
arrangement of pixels, and/or

b) the digital storage circuit is configured to provide the
stored digital representation at the output lines of the
arrangement of pixels selectively for pixels having an
event output, and/or

c) the digital storage circuit is configured to provide the
stored digital representation at the output lines using
event column lines, and/or

d) the digital storage circuit is configured to write the
stored digital representation to the pixels, and/or

e) the digital storage circuit is configured to write the
stored digital representation from a data stream, and/or

f) wherein the digital storage circuit is configured to write
the stored digital representation from a data stream
being an event stream.

The output lines may be provided in single or multiple

number. They may also be shared between output circuits.
There may also be provided an output circuit.
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Furthermore, the stored digital representation in the
acquisition circuit may also be written from outside the
array. A previous output may be written back into the stored
pixel digital levels to provide a changing reference for the
circuit. The circuit will then only report changes with respect
to the reference. Normally image data would represent all of
the pixels. An event stream, however, only includes changes,
and therefore less data. Writing an event stream back there-
fore allows for lower data rates.

Preferably, the sensor circuit receives a feedback from the
digital storage circuit corresponding to the stored digital
level, or the stored digital level of adjacent pixels, and the
sensor circuit is configured to generate VSIG depending on
the feedback. The A/D circuit may receive feedback from
the stored digital level, or the stored digital level of adjacent
pixels, and may be configured to adjust the output signal
depending on the feedback.

Preferably, the sensor circuit is configured to provide
VSIG, and/or the image sensor is constructed of multiple
semiconductor layers, wherein each level is optimised for
the function of that layer.

In particular, an analogue representation or an analogue
level of VSIG may be provided and directly read out from
the circuit or the array.

Groups of acquisition circuits may be connected to a
common, or multiple common, event output lines.

A group of acquisition circuits may share at least one of
the following circuit elements, (a) digital output circuit, (b)
digital comparison circuit, (¢) additionally digital storage
circuit, (d) additionally analogue to digital conversion cir-
cuit. The figures are representative, other combinations of
shared elements are not excluded.

The disclosure may also encompass an implementation of
analogue to digital conversion using a comparator with a
swept analogue signal and a digital code.

The present invention provides event generation on a
multi silicon layer device, which is not disclosed in Itoh et.
al identified above.

Sharing circuitry between pixels in image sensors (e.g.
KR 2020-0029328 A) is critical in image sensor design to
create a dense pixel array and a high pixel resolution. The
current invention uses digital storage and event calculation
in a time sequential manner, which is particularly suited to
the sharing of resources between pixels without performance
degradation.

Further, the present invention extends the use of the
technique disclosed by US 2015/358570 Al to dynamic
vision sensors, where the use of digital storage and process-
ing with a global timing is efficient and the impact in
reduction of number of generated events is important to the
power consumption and subsequent processing.

The present invention enabled by in-pixel digital storage,
may selectively create events based on the stored digital
levels (multiple bits) in adjacent pixels. A particular con-
figuration of this selective filtering may be used to achieve
the same result as the single bit filtering disclosed by WO
2020/080383 Al.

In addition, in comparison with, e.g., T. Delbruck iden-
tified above, the present invention has an inherent time-base
due to the A/D conversion technique for reduced time-stamp
complexity and enables local, digital, temporal filtering of
the events with no further transmission.

The present invention modulates the analogue circuit
parameters based on the stored digital level or event output,
as this feedback is efficiently realised (surface area) with
switches under digital control, which differs from the above
described disclosure of EP 3 313 064 Al.
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In comparison to EP 2 933 995 Al described above, the
present invention proposes modulation of the analogue
circuit parameters based on the locally stored pixel digital
level or event output, as this feedback is efficiently realised
(surface area) with switches under digital control. This is
different in function (pixel local), implementation (digital
control) and purpose with respect to EP 2 933 995 Al.

As mentioned above, Gallego et al. disclose the synchro-
nisation of information from multiple event cameras for the
purpose stereoscopic vision with the addition of time-stamps
to event data where the time-stamp reference is provided by
an external time-base. The synchronisation source (external
time-base) and the purpose (combination of multiple
images) are different to the present invention.

US 2015/0035949 A1 disclose the use of synchronisation
between multiple cameras based on the modulation of the
light source in the target images. However, US 2015/
0035949 Al neither relates to event cameras or the purpose
of synchronisation of sampling in the present invention
(suppression or increase of flicker derived event output).

The invention is further described with reference to the
figures. Therein,

FIGS. 1 to 4 show exemplary embodiments of the present
invention.

FIG. 1 schematically illustrates a first exemplary configu-
ration of a delta image sensor in accordance with the present
invention.

FIG. 2 schematically illustrates further exemplary con-
figurations of a delta image sensor in accordance with the
present invention, wherein FIG. 2a shows the sharing of the
event generation circuit, FIG. 25 shows the sharing of the
event generation circuit and digital comparison circuit, FIG.
2¢ shows the sharing of event generation circuit, digital
comparison circuit and digital storage circuit, FIG. 2d shows
the sharing of the event generation circuit, digital compari-
son circuit, digital storage circuit and A/D conversion cir-
cuit.

FIG. 3 illustrates an exemplary embodiment, wherein the
conversion from analogue (VSIG) to digital representation is
carried out using a comparator in a pixel circuit and an
analogue swept signal is applied to the pixel circuit.

FIGS. 4a, b and ¢ are schematic diagrams each showing
a periodic signal as an example of a disturbing light and
respective sampling times.

The same reference numerals denote same or similar
components in the figures. Redundant description will there-
fore be omitted.

FIG. 1 schematically illustrates a first exemplary configu-
ration in accordance with the present invention. A delta
image sensor, also called image sensor, comprises an
arrangement of pixels and at least one acquisition circuit (1).
The acquisition circuit (1) may also be called pixel circuit.
The circuits are formed as part of an integrated circuit. The
acquisition circuit (1) of each pixel comprises at least one
sensor circuit (11) comprising a photosensor, which gener-
ates a sensor signal (VSIG) dependent on a light signal
illuminating the photosensor of the at least one pixel or the
illumination intensity and at least one analogue to digital
conversion circuit (12, A/D converter). The digital conver-
sion circuit (12) may be connected to the output of the sensor
circuit (11). At least one digital storage circuit (13) is
configured to store a representation of at least one digital
signal corresponding to a previous VSIG. The digital storage
circuit (13) may be connected to the output of the A/D
converter (12). At least one digital comparison circuit (14)
is configured to compare the level of the stored representa-
tion with the current VSIG to detect whether a changed level
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is present. The digital comparison circuit (14) may be
connected to the output of the digital storage circuit (13) and
the output of A/D converter (12). At least one digital output
circuit (15) or digital event generation circuit is configured
to generate an event output under the condition of the
changed level. The output circuit (15) may be connected to
the output of the digital comparison circuit (14).

At least one event output line (16) may be comprised in
the pixel circuit (1) or outside the pixel circuit (1) to output
the event output from the delta image sensor. The at least one
event output line (16) may also be shared by multiple digital
output circuits (15).

This first exemplary pixel configuration enables the detec-
tion of a changed illumination intensity over an interval.
Where the digital comparison circuit (14) detects a differ-
ence in the digital representation of the stored signal and the
digital representation after the interval and this difference
meets a given criterion, an event is generated and the fact of
the change is reported as event information at the output of
the image sensor.

A digital storage of the level may be preferential in a
range of applications, as (i) the stored level does not degrade
with time, (ii) the storage circuit (13) can be physically
smaller, (iii) the value can be easily used in adjacent cells,
(iv) the value can be more flexibly used to the realisation of
combination functions with other pixels or previous values.

In a further exemplary configuration, as illustrated in FIG.
2, parts of the pixel circuit are shared between sub-set of
pixels. The use of the shared elements is then carried out in
a time sequential manner.

FIG. 2a shows the sharing of the event generation circuit
(15), FIG. 25 the sharing of the event generation circuit (15)
and digital comparison circuit (14), FIG. 2¢ the sharing of
event generation circuit (15), digital comparison circuit (14)
and digital storage circuit (13), FIG. 2d the sharing of the
event generation circuit (15), digital comparison circuit (14),
digital storage circuit (13) and A/D conversion circuit (13).

Please note that other sharing configurations are possible
and the above listing does not exclude these possibilities. It
is also possible to share different functions to a different
extent, e.g. the A/D conversion circuit (12) over 4 pixels and
the event generation circuit (15) over 16 pixels. Other
configurations may also be advantageous.

One exemplary embodiment of the invention converts the
optical illumination intensity signal to an analogue electrical
signal with a linear relationship. This embodiment is advan-
tageous at low light illumination levels which integrate the
charge on a photodiode mode and use commercial standard
cells optimised for image capture applications.

A further exemplary embodiment of the invention con-
verts the optical illumination intensity signal to an analogue
electrical signal with a logarithmic relationship. This
embodiment is advantageous with a high dynamic range of
optical illumination signals as the output analogue signal
does not saturate over a wide range of illumination intensi-
ties.

A further exemplary embodiment of the invention uses a
combination of conversion using linear and logarithmic
functions, or similar non-linear function combinations as a
response curve. This embodiment is advantageous to enable
both good low light illumination performance and a high
dynamic range. A first embodiment uses a fixed configura-
tion with a combined function.

A further exemplary embodiment allows a configuration
so that the response curve is changed during operation for
the full arrangement of pixels. This is preferably carried out
dependent on the global illumination conditions or operating
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mode of the image sensor application. A further embodiment
allows a configuration so that the response curve is changed
during operation independently for subsets of pixels. This is
preferably carried out dependent on the local illumination
conditions or focus of attention of the image sensor appli-
cation.

In one exemplary embodiment, according to FIG. 3, the
conversion from analogue (VSIG) to digital representation is
carried out using a comparator in the pixel circuit (1) and
analogue swept signal applied to the pixel circuit. A digital
representation is copied to the digital storage circuit (13)
dependent on the point at which the comparator output
toggles.

In a derived embodiment, the analogue swept signal is a
linear ramp; in a further embodiment the analogue swept
signal is a non-linear ramp, e.g. an exponential ramp.

As the swept signal may be generated centrally, the
implementation of a non-linear ramp is advantageous as the
additional complexity for this circuit is only required once
on the device, providing (i) an area saving and (ii) matched
function for all pixels.

In particular the modification of the ramp may be used to
compensate for non-idealities in the sensor circuit (11), or
for variation over temperature or other environmental con-
ditions.

In particular, the modification may be carried out by
analogue or digital means.

In particular, the modification may be carried out with
reference to test cells on the device. This implementation is
advantageous as the compensation of non-idealities reflected
in the test cells is automatic.

In one exemplary embodiment, the same analogue swept
ramp is provided simultaneously to the entire pixel arrange-
ment. In a derived embodiment, different analogue swept
ramps are applied to subsets of the arrangement.

The use of different ramps is advantageous where the
characteristics of the sensor circuits (11) vary across the
pixel arrangement (deliberate cell variation or due to process
or optical configuration) and this variation is compensated
with the provision of different ramps.

In a further embodiment the analogue swept ramp is
modified according to the operating mode of the image
sensor from time to time during operation.

In one exemplary embodiment, a changing digital code is
provided simultaneously with the analogue ramp. The digi-
tal code stored in the digital storage circuit (13) is the value
of the digital code when the comparator output toggles. In a
first embodiment, the code is a binary code.

In a derived embodiment the digital code is a gray code.
A gray code is advantageous as (i) synchronisation with the
digital storage is not required as only one edge changes at a
time and the codes either side of the edge are valid and (ii)
the gray code has fewer edges over a cycle and the power
consumption is reduced.

In a derived embodiment the analogue and digital code
sweeps are separated sequentially into storage and compari-
son sweeps, or multiple comparison sweeps. The relation-
ship between the analogue signal level and the digital code
is varied between the reference and comparison sweeps.
This approach is advantageous as a simpler digital compari-
son logic is required in the pixel. This might reduce the
required area.

In a derived embodiment, a different relationship between
the analogue swept level and the digital code is created for
different subsets of pixels.

This approach is advantageous as a digital code can be
varied in either (i) calculation or in (ii) timing with a digital
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circuit. This provides an area saving over the generation of
multiple analogue ramps and improved flexibility and
enables the compensation or change of function of sub-sets
of the arrangement of pixels.

In one exemplary embodiment, the digital comparison
between the stored level and the current level is carried out
continuously during the analogue sweep. The comparison
result is related to the timing of the toggling of the analogue
comparator output and the digital comparison. In this
embodiment the implementation of hysteresis, or differing
event generation thresholds, is carried out based on the
relative timing.

In one exemplary embodiment the variation in timing is
generated based on a clock. In a further exemplary embodi-
ment, the variation is generated with a timer circuit within
the pixel circuit.

In a further exemplary embodiment, the digital compari-
son between the stored level and the current level is carried
out following the analogue voltage sweep. This embodiment
is advantageous where the logic can use sequential, e.g.
bitwise, elements repeatedly providing a silicon area saving.

In one exemplary embodiment the sequential logic is
performed with static logic.

In a further exemplary embodiment, the sequential logic
is performed with dynamic logic. In a derived embodiment
the digital comparison is carried out with feedback from the
previous result. This is typically used to implement hyster-
esis in the comparison and is advantageous in the suppres-
sion of noise and reduction of spurious events.

In a derived embodiment the digital comparison and event
generation is carried out requiring a different difference (>1)
in order to generate an event. This may be advantageous to
(i) reduce the number of events, or to (ii) improve the
resolution of the production of events.

The required difference may be dependent on (i) the signal
level (ii) the operation mode, e.g. region of interest (iii) the
adjacent pixels levels (iv) the pixel previous levels (v) the
pixel previous events (vi) the events of adjacent pixels.

In a derived embodiment a rate of event generation below
a certain rate is suppressed within the pixel circuit. This is
advantageous as this information is less useful for subse-
quent image processing and the event suppression reduces
the power and processing requirement.

In one exemplary embodiment, the digital condition for
event generation is dependent on the event generation of
adjacent pixel circuits. This operation enables, for example,
filtering of the events to reduce the number of spurious
events.

In one exemplary embodiment, the digital condition for
event generation is dependent on the stored levels of adja-
cent pixel circuits. This operation enables, for example,
filtering of the events to provide increased sensitivity near to
an edge.

In one exemplary embodiment, the digital condition for
event generation is dependent on multiple stored levels of
the pixel circuit. This operation enables, for example, fil-
tering of analogue noise to reduce the number of spurious
events.

In one exemplary embodiment, the sample rate is chosen
to synchronise with the flicker frequency of a disturbing
light source. This is advantageous as it allows the suppres-
sion of events due to this light source.

FIGS. 4a, b and c¢ are schematic diagrams each showing
a periodic signal as an example of a disturbing light and
respective sampling times.

As shown in FIG. 4a the flicker frequency of the disturb-
ing light source results in a sensor signal VSIG having a
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corresponding period. The repeat rate of the analogue to
digital conversion is chosen to be substantially the same as
the flicker frequency of the disturbing light. In this example
the sampling and the analogue to digital conversion is done
at a time, when the signal reaches its maximum value as
illustrated by a respective point. In this example a repeat rate
corresponds to the frequency of a light source modulation of
a light signal illuminating the photosensor.

FIG. 4b shows the same sensor signal VSIG as FIG. 4a.
In this example the repeat rate of the analogue to digital
conversion is chosen to be substantially twice the frequency
as the flicker frequency of the disturbing light. In this
example the sampling and the analogue to digital conversion
is done at a time, when the signal reaches its maximum value
and when the signal reaches its minimum value as illustrated
by respective points. In this example a repeat rate corre-
sponds to the double of the frequency of a light source
modulation of a light signal illuminating the photosensor.

Where the repeat period is chosen to be the same, as
shown in FIG. 4a, or a multiple of the period of the
disturbance, as shown in FIG. 45, the event response to the
disturbance is completely suppressed.

FIG. 4¢ shows the same sensor signal VSIG as FIG. 4a
and FIG. 4b. In this example the repeat rate of the analogue
to digital conversion is chosen to be higher, in this example
the sampling frequency, f(sampling), is about 8/7 of the
flicker frequency, f(flicker), of the disturbing light, i.e.
f(sampling)=8/7*f(flicker). In this example the sampling
and the analogue to digital conversion is done at time points
which are illustrated by respective points. In this example a
repeat rate is higher than the frequency of a light source
modulation of a light signal illuminating the photosensor.

Where the repeat rate is similar, but not identical to, the
repeat rate of the disturbance, as an example the repeat rate
can be higher as shown in FIG. 4c¢, the image data (before
event generation) varies at a lower frequency than the
disturbance (frequency down conversion), which reduces
the event and data rate. This retains the information content,
while decreasing the data volume. Similarly, the repeat rate
can also be chosen to be smaller than the repeat rate of the
disturbance.

In one exemplary embodiment, the event output is a single
event bit, e.g. up event, no event. In other words, the up
event corresponds to an increased light intensity.

In a further embodiment, the event output is a two bit, e.g.
up and down. In other words, the event output may indicate
whether the light intensity or sensor signal VSIG is bigger
or smaller than the stored light intensity level or stored
VSIG.

In a further exemplary embodiment, the event output
includes the digital representation of the magnitude of the
change. This embodiment is advantageous as it enables the
perfect reconstruction of the image from the event informa-
tion.

In a further exemplary embodiment, the event output
includes the illumination intensity representation before
and/or after the change. In one embodiment it is additionally
possible to read out the level of the stored values in the pixel
array.

In a derived embodiment the digital stored values from a
target area selectively read, i.e. via random access.

In a further exemplary embodiment, the digital level is
read over the existing common event output lines. In one
embodiment the stored digital levels can be written into the
arrangement of pixels to provide a new or intentionally
modified reference for comparison. In a derived embodi-
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ment, a stream of data is written into the stored digital levels
to intentionally provide a time dependent reference for event
generation.

In related derived embodiment, the stream of data is an
event stream similar to that normally generated by the
Sensor.

In one embodiment the sensor circuit (11) has a feedback
from the stored digital level, or the stored digital level of the
adjacent pixels, to adjust the VSIG level of that pixel. This
embodiment may be advantageous to realise, e.g. a hyster-
esis function, in a minimal surface area.

In one exemplary embodiment the comparator circuit has
a feedback from the stored digital level, or the stored digital
level of the adjacent pixels, to adjust the function of the
comparator, typically to add an offset. This embodiment may
be advantageous to realise, e.g. a hysteresis function, in a
minimal surface area.

In one exemplary embodiment the sample rate is electri-
cally configurable or electrically changed from time to time
in operation.

The power consumption and event generation rate may be
dependent on the sample rate. Reducing the sample rate
enables a very low power mode under quiet conditions.
Additionally, a low sample rate in combination with inte-
grating sensor circuit (11) behaviour enables operation in
low light conditions.

In one exemplary embodiment the sampling is entirely
interrupted for an extended period.

The power consumption and event generation rate may be
dependent on the sample rate. Interrupting the sampling for
aperiod, e.g. 1 s, enables very low power operation, but due
to the digital storage retains the fidelity of the recorded
image.

In one exemplary embodiment, the analogue signal levels
(VSIG) can be read out of the pixel arrangement. This
embodiment may be realised using the common event
column lines.

In one exemplary embodiment the image sensor is con-
structed of multiple semiconductor layers, where the semi-
conductor process type of each level is optimised for the
function of that layer. This implementation is advantageous
as the optimisation for function of the semiconductor pro-
cesses allows (1) improvements in performance, (ii) reduc-
tion of silicon area and following (ii) a) device size and (ii)
b) device cost. The altered physical structure improves the
optical performance for (i) fill factor (ii) quantum efficiency
and reduces electrical disturbance between controlling sig-
nal lines and the photosensor circuit.

The plurality of pixels is typically organised in a two
dimensional grid with “rows” and “columns”. It should be
noted that the definition of “rows” and “columns” can be
interchanged without affecting the invention. It should also
be noted that other geometrical configurations are possible
which map to a two dimensional grid, without impacting the
applicability of the invention.

Finally, it should be noted that the term “comprising” does
not exclude other elements or steps and the “a” or “an” does
not exclude a plurality. Also, elements described in associa-
tion with different embodiments may be combined. It should
also be noted that reference signs in the claims should not be
construed as limiting the scope of the claims.

The invention claimed is:

1. A delta image sensor comprising an arrangement of
pixels and a plurality of acquisition circuits corresponding to
at least one pixel of the pixel arrangement and formed as part
of an integrated circuit, each acquisition circuit including:
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at least one sensor circuit comprising a photosensor
configured to generate sensor signals, VSIG, depending
on a light signal illuminating the photosensor of the at
least one pixel;

at least one analogue to digital conversion, A/D, circuit,
configured to generate a digital representation corre-
sponding to a current sensor signal VSIG;

at least one digital storage circuit configured to store a
representation of at least one digital signal correspond-
ing to a previous sensor signal VSIG;

at least one digital comparison circuit configured to
compare a level of the stored representation with the
current sensor signal VSIG to detect whether a changed
level is present; and

at least one digital output circuit configured to generate an
event output under a condition of the changed level,

wherein the image sensor is configured to choose a repeat
rate of the generating of the digital representations by
the at least one analogue to digital conversion circuit
from one or more repeat rates in correspondence with
a light source modulation of a light signal illuminating
the photosensor.

2. The image sensor of claim 1, wherein the image sensor
is configured to choose the repeat rate with a period to
provide filtering.

3. The image sensor of claim 1, wherein the image sensor
is configured to choose the repeat rate to suppress or
minimise an event response to a disturbance.

4. The image sensor of claim 1, wherein the image sensor
is configured to choose the repeat rate to maximise an event
response to a source of the light signal.

5. The image sensor of claim 1, wherein the image sensor
is configured to choose the repeat rate to reduce a frequency
of the event output generated by a varying source of the
signal, whilst retaining information relating to modulation of
the source.

6. The image sensor of claim 1, wherein each acquisition
circuit is shared between at least two pixels of the arrange-
ment of pixels.

7. The image sensor of claim 1, wherein the at least one
sensor circuit is configured to generate the sensor signal
VSIG based on one of the following relationships:

a) a linear dependency on intensity of the light signal,

b) a non-linear dependency on an intensity of the light
signal, and

¢) a combination of a non-linear and a linear dependency
on an intensity of the light signal.

8. The image sensor of claim 7, wherein the at least one
sensor circuit is configured to change the dependency of the
sensor signals VSIG on the intensity of the light signal in
response to a control signal during operation, or

wherein the at least one sensor circuit is configured to
change the dependency of the sensor signals VSIG on
the intensity of the light signals in response to a control
signal during operation individually for at least one of
the pixels or collectively for a subset of the pixels.

9. The image sensor of claim 1,

a) wherein the least one analogue to digital conversion
circuit comprises a comparator, which is configured to
compare the sensor signals VSIG with one of the
following swept signals:
aa) a swept analogue input signal, and
ab) a sequence of swept analogue input signals, where

each of the swept analogue signals provides a dif-
ferent difference function,

b) wherein the at least one analogue to digital conversion
circuit is further configured to provide to the at least
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one pixel at least one digital code in parallel to a swept
analogue signal or a sequence of swept analogue sig-
nals.

10. The image sensor of claim 9,

a) wherein the swept signal or the sequence of swept
analogue signals is characterized by a linear ramp, or

b) wherein the swept signal or the sequence of swept
analogue signals is characterized by a non-linear ramp,
or

c) wherein the swept signal or the sequence of swept
analogue signals is changed during operation, or

d) wherein a period of the swept signal or the sequence of
swept analogue signals is changed during operation, or

e) wherein repeats of the swept signal or the sequence of
swept analogue signals can be interrupted for a short or
extended period during operation, or

f) wherein a repeat rate of the swept signal or the sequence
of swept analogue signals is chosen from one or more
repeat rates in correspondence with the modulation of
the light signal illuminating the photosensor.

11. The image sensor of claim 9, wherein the image sensor
further comprises at least one reference pixel configured to
set ramp limits of the swept signals or each swept signal of
the sequence of swept signals.

12. The image sensor of claim 9, wherein the at least one
digital comparison circuit is configured to perform the
comparison with the level of the stored representation during
the sweep of the analogue signal, or

wherein the at least one digital comparison circuit is
configured to perform the comparison with the level of
the stored representation after the sweep of the ana-
logue input signal or one of the sequence of swept
signals.

13. The image sensor of claim 1,

a) wherein the at least one digital comparison circuit
configured to perform the comparison using static
logic, or

b) wherein the at least one digital comparison circuit is
configured to perform the comparison using dynamic
logic, or

¢) wherein the at least one digital comparison circuit is
configured to perform the comparison with a hysteresis,
or

d) wherein the at least one digital comparison circuit is
configured to perform the comparison requiring a dif-
ference which is changed as a function of time.

14. The image sensor of claim 1, wherein the at least one
output circuit is configured to generate the event output
dependent on a comparison result of the at least one com-
parison circuit in adjacent pixels of the least one pixel, or

wherein the at least one output circuit is configured to
generate the event output dependent on a function of
adjacent pixels of the at least one pixel in a fixed
configuration or in a configuration which is changed
during operation, or

wherein the at least one output circuit is configured to
generate the event output if a rate of change of the
comparison exceeds a certain threshold.

15. The image sensor of claim 1,

a) wherein the at least one output circuit is configured to
generate the event output dependent on the event output
in adjacent pixels of the at least one pixel, or
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b) wherein the at least one output circuit is configured to
generate the event output dependent on the stored
levels in adjacent pixels of the at least one pixel, or

¢) wherein the at least one output circuit is configured to
generate the event output dependent on a plurality of
stored values.

16. The image sensor of claim 1,

a) wherein the at least one output circuit is configured to
generate the event output indicating a direction of a
changed level, or

b) wherein the at least one output circuit is configured to
generate the event output indicating only a changed
level in one direction, or

¢) wherein the at least one output circuit is configured to
generate the event output indicating a magnitude of a
changed level, or

d) wherein the at least one output circuit is configured to
generate the event output indicating an intensity of the
light signal before or after a changed level.

17. The image sensor of claim 1,

a) wherein the at least one digital storage circuit is
configured to provide the stored digital representation
at output lines of the arrangement of pixels, or

b) wherein the at least one digital storage circuit is
configured to provide the stored digital representation
at the output lines of the arrangement of pixels selec-
tively for pixels having an event output, or

c) wherein the at least one digital storage circuit is
configured to provide the stored digital representation
at the output lines using event column lines, or

d) wherein the at least one digital storage circuit is
configured to write the stored digital representation to
the at least one pixels, or

e) wherein the at least one digital storage circuit is
configured to write the stored digital representation
from a data stream, or

f) wherein the at least one digital storage circuit is
configured to write the stored digital representation
from a data stream being an event stream.

18. The image sensor of claim 1, wherein the at least one
sensor circuit receives a feedback from the at least one
digital storage circuit corresponding to a level of the at least
one stored digital representation, or a level of the at least one
stored digital representation of adjacent pixels of the
arrangement of pixels, and the at least one sensor circuit is
configured to generate sensor signals VSIG depending on
the feedback, or

wherein the A/D circuit receives feedback from a level of
the stored digital representation, or a level of the stored
digital representation of adjacent pixels of the arrange-
ment of pixels, and is configured to adjust an output
signal depending on the feedback.

19. The image sensor of claim 1, wherein the at least one
sensor circuit is configured to provide analogue representa-
tions of sensor signals VSIG, or

wherein the image sensor is constructed of multiple
semiconductor layers, wherein each level is optimised
for a function of that layer.
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