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A QVGA 143 dB Dynamic Range Frame-Free PWM
Image Sensor With Lossless Pixel-Level Video

Compression and Time-Domain CDS
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Abstract—The biomimetic CMOS dynamic vision and image
sensor described in this paper is based on a QVGA (304 240)
array of fully autonomous pixels containing event-based change
detection and pulse-width-modulation (PWM) imaging circuitry.
Exposure measurements are initiated and carried out locally by
the individual pixel that has detected a change of brightness in
its field-of-view. Pixels do not rely on external timing signals
and independently and asynchronously request access to an
(asynchronous arbitrated) output channel when they have new
grayscale values to communicate. Pixels that are not stimulated
visually do not produce output. The visual information acquired
from the scene, temporal contrast and grayscale data, are com-
municated in the form of asynchronous address-events (AER),
with the grayscale values being encoded in inter-event intervals.
The pixel-autonomous and massively parallel operation ideally
results in lossless video compression through complete temporal
redundancy suppression at the pixel level. Compression factors
depend on scene activity and peak at 1000 for static scenes. Due
to the time-based encoding of the illumination information, very
high dynamic range—intra-scene DR of 143 dB static and 125 dB
at 30 fps equivalent temporal resolution—is achieved. A novel
time-domain correlated double sampling (TCDS) method yields
array FPN of 0.25% rms. SNR is 56 dB (9.3 bit) for 10 Lx
illuminance.

Index Terms—Address-event representation (AER),
biomimetics, CMOS image sensor, event-based vision, focal-plane
processing, high dynamic range (HDR), neuromorphic electronics,
time-domain CDS, time-domain imaging, video compression.

I. INTRODUCTION

B IOLOGICAL sensory and information processing sys-
tems appear to be much more effective in dealing with

real-world tasks than their artificial counterparts. Humans still
outperform the most powerful computers in routine functions
involving, e.g., real-time sensory data processing, perception
tasks and motion control and are, most strikingly, orders of
magnitude more energy-efficient in completing these tasks. The
reasons for the superior performance of biological systems are
still only partly understood, but it is apparent that the hardware
architecture and the style of computation in nervous systems are
fundamentally different from what is state-of-the-art in artificial
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synchronous information processing. It has been demonstrated
[1]–[3] that modern silicon VLSI technology can be employed
in the construction of biomimetic or neuromorphic artefacts that
mimic biological neural functions. Neuromorphic systems, as
the biological systems they model, process information using
energy-efficient, asynchronous, event-driven methods.

The greatest successes of neuromorphic systems to date have
been in the emulation of peripheral sensory transduction, most
notably in vision. Since the seminal attempt to build a “silicon
retina” by Mahowald and Mead in the late 1980s [4], a variety of
biomimetic vision devices has been proposed and implemented
[5]. In the field of imaging and vision, two observations are
crucial: biology has no notion of a frame, and the world—the
source of most visual information we are interested in—works
in continuous-time and asynchronously. The authors are con-
vinced that biomimetic asynchronous electronics and signal
processing have the potential—also in fields that are histori-
cally dominated by synchronous approaches such as artificial
vision, image sensing and image processing—to reach entirely
new levels of performance and functionality, comparable to
the ones found in biological systems. Future artificial vision
systems, if they want to succeed in demanding applications
such as, e.g., autonomous robot navigation, high-speed motor
control, visual feedback loops, etc. must exploit the power of
the asynchronous, frame-free, biomimetic approach.

Studying biological vision, it has been noted that there exist
two different types of retinal ganglion cells and corresponding
retina–brain pathways in, e.g., the human retina: The “Magno”-
cells are at the basis of what is named the transient channel or the
Magno-cellular pathway. They have short latencies and respond
transiently when changes—movements, onsets, offsets—are in-
volved. The “Parvo”-cells are at the basis of what is called the
sustained channel or the Parvo-cellular pathway. Parvo-cells are
mainly concentrated in the fovea, the center of the retina. They
have longer latencies, respond in a sustained way, and are most
probably involved in the transportation of detailed pattern, tex-
ture and color information. It appears that these two parallel
pathways in the visual system are specialized for certain types
of visual perception [6].

• The Magno-cellular system is more oriented toward gen-
eral detection or alerting and is referred to as the “where”
system.

• Once an object is detected, the detailed visual information
(spatial details, color) seems to be carried primarily by the
Parvo-system. It is hence called the “what” system.

Practically all conventional frame-based image sensors can
functionally be attributed to the “what” system side, thus ne-
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glecting the dynamic information provided by the natural scene
and perceived in nature by the Magno-cellular pathway. At-
tempts to mimicking the Magno-cellular pathway has recently
been a line of activity in neuromorphic vision and has led to the
development of the Dynamic Vision Sensor (DVS) [7]–[9]. This
type of visual sensor is sensitive to the dynamic information pro-
vided by the scene, however it disregards the sustained informa-
tion perceived in nature by the Parvo-cellular “what” system.

A logical next step appears to be a combination of “where”
and “what” system functionalities. A visual device imple-
menting this paradigm could open up a whole new field of
sensor functionality and performance, and image processing
techniques. A first attempt towards this goal is presented here.
ATIS, an asynchronous time-based image sensor, is the first vi-
sual sensor to combine several functionalities of the biological
“where” and “what” systems and other bio-inspired approaches,
namely event-based time-domain imaging, temporal contrast
dynamic vision and asynchronous, event-based information
encoding and data communication.

Technically the imager incorporates an array of asyn-
chronous, fully autonomous pixels, each containing event-based
change detection and pulse-width-modulation (PWM) exposure
measurement circuits. The operation principle ideally results in
highly efficient lossless video compression through temporal
redundancy suppression at the focal-plane while the asyn-
chronous, time-based exposure encoding yields exceptional
dynamic range, SNR, fixed-pattern noise (FPN) performance
and temporal resolution along with the possibility to flex-
ibly optimize trade-offs in response to differing application
demands.

This paper describes the ideas behind the sensor concept,
discusses selected design and implementation issues, and
summarizes some important results from chip laboratory tests
and application-oriented characterization. Section II discusses
relevant aspects of the state-of-the-art in solid-state imaging
and reviews known approaches to overcome certain limitations
and prior work related to the presented device. In Section III,
the implemented sensor concept is functionally described
and in Sections IV and V, details of pixel and imager design
are discussed, starting from basic theoretical considerations.
Section VI contains test and measurement results from the
fabricated imager.

II. LIMITATIONS TO SOLID-STATE IMAGING

AND RELATED WORK

Continuous advances in deep-submicron CMOS process
technology allow building high-performance single-chip
cameras, combining image capture and advanced on-chip pro-
cessing circuitry in the focal plane. Despite all progress, several
problems with solid-state imaging remain unresolved and the
performance is limited, mostly due to physical constraints of
fabrication technology and operating principles.

A. Temporal Redundancy

Conventional image sensors acquire the visual information
time-quantized at a predetermined frame rate. Each frame

carries the information from all pixels, regardless of whether
or not this information has changed since the last frame had
been acquired. This approach obviously results, depending
on the dynamic contents of the scene, in a more or less high
degree of redundancy in the recorded image data. Acquisition
and handling of these dispensable data consume valuable re-
sources and translate into high transmission power dissipation,
increased channel bandwidth requirements, memory size and
post-processing power demands.

One fundamental approach to dealing with temporal redun-
dancy in video data is frame difference encoding. This simplest
form of video compression includes transmitting only pixel
values that exceed a defined intensity change threshold from
frame to frame after an initial key-frame. Frame differencing is
naturally performed off-sensor at the first post-processing stage
[10], [11], yet a number of image sensors with focal-plane
frame differencing have been reported.

In an early reference from 1997, Aizawa et al. report pixel-
parallel frame-differencing in a 32 32 prototype array [12]. A
189 182 pixel array with frame differencing is reported in [13].
The sensor outputs normal image frames and difference images
for, e.g., motion detection. In [14], current mode frame differ-
encing for activity estimation is described. The device, on de-
tecting activity beyond a certain threshold, switches to high DR
imaging mode based on time-domain PFM with residual voltage
readout. A CMOS imager with pixel-level temporal change de-
tection is described in [15]. A 90 90 pixel array performs
motion/change detection by pixel-level frame differencing. The
pixels store the previous frame brightness level and provide an
output of the intensity change polarity.

All these frame differencing imagers still rely on acquisition
and processing of full frames of image data and are not able
to self-consistently suppress temporal redundancy and provide
real-time compressed video output. Furthermore, even when the
processing and difference quantization is done at the pixel-level,
the temporal resolution of the acquisition of the scene dynamics,
as in all frame-based imaging devices, is still limited to the
achievable frame rate and is time-quantized to this frame rate.
The main obstacle for sensor-driven video compression lies in
the necessity to combine a pixel identifier and the corresponding
grayscale value and implement conditional readout using the
available array scanning readout techniques.

Autonomous suppression of temporal redundancy, and
consequently real sensor-driven video compression, can be
achieved through pixel-individual exposure on-demand, based
on asynchronous, pixel-autonomous change detection. The
problem of efficient, combined transmission of pixel addresses
and intensity values can be resolved by using time-based PWM
exposure measurement and asynchronous, event-based AER
information encoding and data communication [5], [16], [17].
This approach, in addition, avoids unnatural time-quantization
in all stages of image data acquisition and early processing.
The device described in this paper implements this approach
and achieves highly efficient sensor-driven ideally lossless
video compression, delivering high-quality streaming video
with compression factors depending essentially only on scene
activity.
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B. Dynamic Range

The dynamic range (DR) of an image sensor is defined as
the ratio of the maximum processible signal and the noise floor
under dark conditions. Conventional CMOS active pixel sensors
(APS) are based on some variation on the 3T or 4T voltage-
mode pixel. In the standard APS scheme, the exposure time and
the integration capacitance are held constant for the pixel array.
For any fixed integration time, the analog readout value has a
limited signal swing that determines the maximum achievable
DR as

(1)

where is the maximum allowed voltage at the integration
node and , , and are darkcurrent, reset (kTC) and
readout noise voltages, respectively. Most voltage (and current)
mode image sensors exhibit a saturating linear response with a
DR limited to 60–70 dB. Both the signal saturation level and the
noise floor are eventually constrained by the fabrication process.

Light from natural scenes can span up to 140 dB of DR,
ranging from 1 mlx up to 10 klx and more. According to notable
experts in the field, it is clear that high dynamic range imaging
will dominate the market in the near future [18].

C. Signal-to-Noise Ratio

The signal-to-noise ratio (SNR), as an important criterion for
image quality, is defined as the quotient of the signal power and
the average noise power:

(2)

with representing the photocurrent shot noise. Since the
photocurrent shot noise is the dominant noise source for mod-
erate and high light illumination conditions, (2) can be approx-
imated as

(3)

where is the photodiode integration capacitance and the
elementary charge. Because the SNR is proportional to the in-
tegration voltage , in conventional APS image sensors with
a fixed integration time for all pixels, the image quality strongly
depends on the illuminance, even for moderate or high light il-
lumination conditions (compare Fig. 2).

D. Time-Domain Imaging

To overcome the standard image sensor’s DR and SNR limi-
tations, several approaches have incorporated the dimension of
time, in one form or another, as a system variable. While some
designs use either variable integration times or time-dependent
well capacities to increase dynamic range [19]–[21], other de-
signs are based on directly measuring the time it takes the photo-
current to produce a given voltage change at the sense node. This
technique is commonly called time-domain or pulse modulation
(PM) imaging.

In PM imaging the incident light intensity is not encoded
in amounts of charge, voltage, or current but in the timing

of pulses or pulse edges. Dual to the voltage-mode pixel, the
“integration-time”-mode pixel connects the sense node to a
comparator which toggles state when goes beyond some
reference value . The state is reflected in the binary signal

, which may be connected to an output bus and/or fed
back to the reset transistor. If an external signal is used
to reset the sense node, the pixel operates as a timer. If the
loop is closed to connect the comparator output to the reset
transistor, the pixel becomes an oscillator which generates
pulses on the node at a frequency related to the instan-
taneous photocurrent (integration rate) and hence to the pixel
illumination. PM imaging can thus be coarsely classified into
two basic techniques, namely pulsewidth modulation (PWM)
encoding, and pulse frequency modulation (PFM) encoding
(Fig. 1). References [22], [23], and [24] dating from 1996
onwards report early PWM image sensor implementations. The
first PFM circuit was reported by Frohmader et al. [25] in 1982.
The first PFM-based image sensor was proposed in 1993 [26]
and demonstrated in 1994 [27].

Both schemes allow each pixel to autonomously choose its
own integration time. By shifting performance constraints from
the voltage domain into the time domain, DR is no longer lim-
ited by the power supply rails.

DR in PWM exposure encoding is given by the simple
relation

(4)

where the maximum integration time is limited by the
darkcurrent (typically seconds) and the shortest integration time
by the maximum achievable photocurrent and the sense node
capacitance (typically microseconds). DR values of the order of
100–120 dB have been reported for various PWM imagers [28],
[29].

Also the sensor’s SNR benefits from the time-domain ap-
proach. In time-based image sensors, every pixel reaches the
maximum integration voltage in every integration cycle.
Consequently the achievable SNR is essentially independent of
illuminance and photocurrent [compare (3)]. Fig. 2 plots SNR
for a voltage-mode APS and a time-domain pixel as a function
of illuminance. The strong light dependency of APS SNR is
apparent while the time-based pixel reaches full SNR already
at low light conditions. The main boundary conditions to these
data are: readout noise 100 V rms, photodiode capac-
itance 30 fF, photodiode area 150 m , dark-
current 1.5 nA cm , photocurrent 0.1 pA lx,
integration swing (PM) 2 V.

III. ATIS IMAGER CONCEPT

As touched on above, the adverse effects of data redundancy,
common to all frame-based image acquisition techniques, can
be tackled in different ways. The biggest conceivable gain how-
ever is achieved by simply not recording the redundant data in
the first place and directly reducing data volume at the sensor
output. The immediate benefits are reductions in bandwidth,
memory and computing power requirements for data transmis-
sion and post-processing, hence decreasing system power, com-
plexity and cost.
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Fig. 1. (a) PWM and (b) PFM encoding of the exposure information.

Fig. 2. SNR of a standard voltage mode APS and a time-based pixel as a func-
tion of illuminance.

A fundamental solution for achieving complete temporal re-
dundancy suppression is using an array of fully autonomous
pixels that combine a change detector and a conditional ex-
posure measurement device. The change detector individually
and asynchronously initiates the measurement of a new expo-
sure/grayscale value only if—and immediately after—a bright-
ness change of a certain magnitude has been detected in the
field-of-view of the respective pixel. Such a pixel does not rely
on external timing signals and independently requests access
to an (asynchronous and arbitrated) output channel only when
it has a new grayscale value to communicate. Consequently, a
pixel that is not stimulated visually does not produce output. In
addition, the asynchronous operation avoids the time quantiza-
tion of frame-based acquisition and scanning readout.

Fig. 3 shows simplified schematics of the implemented pixel
and typical signal waveforms. The pixel is composed of two
main blocks, change detector (CD) and exposure measurement
(EM) block [Fig. 3(a)].

A. Change Detection

As the change detector a fast continuous-time logarithmic
photoreceptor with asynchronous event-driven signal pro-
cessing is used [Fig. 3(c)]. The circuit has originally been
developed for temporal contrast dynamic vision sensors
[7]–[9] and combines an active, continuous-time, loga-
rithmic photo-front-end with a well-matched,
self-timed, self-balancing switched-capacitor amplifier

. It continuously monitors photocurrent
for changes and responds with an ON or OFF event that repre-
sents a fractional increase or decrease in intensity that exceeds
tunable thresholds. The occurrence of these events is sensed
by one of two voltage comparators. The circuit responds to
relative temporal contrasts of a few percent over 6 decades of
illumination. Fig. 3(d) shows typical signal waveforms of the
change detector circuit. The upper trace represents an arbitrary
voltage waveform at the node tracking the photocurrent
through . The event generation circuitry responds with
pulse events of different polarity to positive and negative
gradients of the photocurrent; the rate of change is encoded in
the inter-event intervals. Each of these change events is used
to trigger a reset signal to the exposure measurement part.
The polarity information is not required for the conditional
exposure measurement functionality but is useful in various
machine vision applications that rely on high temporal resolu-
tion event-based change information [30], [31].
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Fig. 3. (a) ATIS pixel connected to (b) arbiters and reset generator/mode-of-operation/ROI controller, (c) change detector schematic, (d) typical change detector
signals, and (e) exemplary pixel waveforms illustrating two change event triggered exposure measurements cycles (taken from SPICE simulation).

B. Exposure Measurement

The exposure-measurement device is realized as a time-based
PWM circuit (compare Section II-D). Additional state and con-
trol logic in the pixel allows the implementation of time-
domain true correlated double sampling (TCDS) [32] based
on two global integration thresholds . The true
differential operation within one integration cycle eliminates
both comparator offset FPN and reset kTC noise [Fig. 3(a)].

In the following, one cycle of transient change detection and
exposure measurement is explained and illustrated by typical
signal waveforms, taken from transistor-level simulation results
[Fig. 3(e)] [33]. The change detector responds to a relative
change in illumination by triggering the transmission of an ad-
dress-event via Arbiter_T, and simultaneously delivers a pulse
on the reset line (via row and column reset/mode-control
circuits), which initiates an exposure-measurement cycle. The

signal briefly closes the switch , connecting the
sense node to . The pixel state control logic ensures that,
at this point, the higher threshold voltage is connected as
the reference voltage by setting the RefSel signal accordingly.
By releasing the signal, the integration process starts
and the voltage on the photodiode decreases proportionally
to the photocurrent and thus proportionally to the illumination

at the photodiode. When the photodiode voltage reaches
, the comparator output toggles, causing the state logic

to trigger the transmission of an address-event via Arbiter_B
by activating the signal, and to toggle the RefSel
signal—now is set as the voltage reference and the com-
parator output toggles back. The integration continues in
the meantime. reaching marks the end of the mea-
surement cycle, toggles again and the logic releases another
address-event by sending a signal to Arbiter_B. The
time between the two address events, triggered by
and , is inversely proportional to the average pixel
illumination during the integration. Transient sensor (change
detector) and exposure-measurement operation, once started,
are completely detached and do not influence each other (in
particular do not share a common output channel), with one
important exception: If the change detector senses another
change before the integration process has finished, the current
measurement cycle is aborted and the integration is restarted.
In this case, the address-event is discarded by the
post processor (which it detects in receiving two consecutive

events from the same pixel address). This behavior
is intentional and does not imply information loss (depending
on the observation time-scale), because, as a further change in
illumination had taken place, the initial exposure measurement
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result would have been already obsolete. This conduct ensures
that each transmitted exposure measurement result is as accu-
rate and recent as possible.

It also implies that if the scene (or a part of it) constantly
changes at a rate that produces CD events with a frequency
higher than the inverse integration time (hundreds of microsec-
onds to tens of milliseconds for typical illumination conditions,
compare Section VI-B1), the involved pixels, for the time of sus-
tained change/oscillation, will potentially never finish integra-
tion and deliver a new grayscale value. A conventional frame-
based image sensor, however, would neither be able to deliver
useful information under these circumstances. If desired ATIS
can, at any time, be set to frame mode and acquire a snapshot of
the scene independently of CD operation (see Section IV).

C. System Considerations

The asynchronous change detector and the time-based expo-
sure measurement approach harmonize remarkably well, mainly
for two reasons: On the one hand because both reach a dynamic
range of 120 dB—the first is able to detect relative changes in
illumination of a few percent over the full range, the latter is able
to resolve the associated grayscales independently of the initial
light intensity. On the other hand because both circuits operate
event-based, namely the events of detecting illumination or re-
flectance changes and the events of pixel integration voltages
reaching reference thresholds. Consequently an asynchronous,
event-based communication scheme (Address Event Represen-
tation, AER [5], [16], [17]) is used in order to provide efficient
allocation of the transmission channel bandwidth to the active
pixels. Along with the pixel array address, the relevant informa-
tion is inherently encoded in the event timing. Time-to-digital
conversion of the event timings and the calculation of grayscale
values from integration times are done off-chip (see Section V-C
for details).

The ATIS dynamic vision and image sensor is built around
a QVGA (304 240) pixel array and uses separate bus ar-
biters and event-parallel AER channels for communicating
change events and grayscale encoding events independently
and in parallel [Fig. 3(b)]. Furthermore, the sensor features
a flexible column/line-wise reset/trigger scheme for various
modes-of-operation. Besides the (default) self-triggered mode,
there are, e.g., external trigger modes for “snapshot” frame
acquisition with “time-to-first-spike” (TTFS) encoding [34],
or column-parallel relay readout [35]. Change detector and ex-
ternally triggered imager operation can be fully decoupled and
used independently; programmable regions-of-(non)-interest
(ROI/RONI) are available separately for both parts.

IV. PIXEL DESIGN

A. Change Detector

The change detector circuit has been adapted from, and is
functionally equivalent to the one described in detail in [8]. The
goal for the design of this circuit was to achieve temporal con-
trast sensitivity of a few percent with low mismatch, wide dy-
namic range and low latency [33]. The circuit consists of a pho-
toreceptor front-end, a differencing switched-capacitor ampli-
fier and a comparator-based event generator (Fig. 4).

1) Logarithmic Photoreceptor: The photoreceptor responds
logarithmically to intensity, thus implementing a gain control
mechanism that is sensitive to temporal contrast or relative
change. The circuit comprises a photodiode whose photocur-
rent is sourced by a saturated nMOS transistor . The gate
of is connected to the output of an inverting amplifier

whose input is connected to the photodiode.
This transimpedance configuration converts the photocurrent
logarithmically into a voltage and also holds the photodiode
clamped at virtual ground. As a result, the bandwidth of the
photoreceptor is extended by the factor of the loop gain in
comparison to a simple passive logarithmic photoreceptor. At
low-light conditions the bandwidth of photoreceptor is limited
by the photocurrent and can be approximated by a first-order
low-pass filter with corner frequency

(5)

where is the gate-drain capacitance of transistor and
is the thermal voltage.

The bandwidth increase of the feedback configuration effects
a corresponding reduction in SNR, which is given by

(6)

where is the subthreshold slope factor of transistor
[37]. SNR levels of about 30 dB can be reached with this
configuration.

The DR of the continuous-time logarithmic photoreceptor is
given by the same expression as the one of time-based image
sensors (4), where is the photocurrent at maximum illumi-
nance and is the darkcurrent. Assuming equal darkcurrent
densities in both photodiodes, both pixel circuits, CD and EM,
exhibit a very similar DR.

2) Event Generator: The photoreceptor output is buffered
by a source follower and then differentiated by capacitive cou-
pling to a floating node at the input of a common-source am-
plifier stage with switched capacitor feedback. The source fol-
lower isolates the sensitive photoreceptor from the rapid tran-
sients in the differencing amplifier. The amplifier is balanced
using a reset switch that shorts input and output, yielding a reset
voltage level depending on the amplifier operating point. Tran-
sients sensed by the photoreceptor circuit appear as an amplified
deviation from this reset voltage at the output of the inverting
amplifier. The closed loop differencing amplifier gain is deter-
mined by the capacitor ratio .

The comparators compare
the output of the inverting amplifier against global thresh-
olds. The two thresholds, set by and , are offset
from the reset voltage in both directions to detect increasing
and decreasing changes. A change in that triggers one of
the comparators leads to a corresponding “event” and a reset of
the differencing amplifier. The events are communicated by im-
plementing a 4-phase AE handshaking with the peripheral AE
circuits [8]. Transistor implements the externally controlled
ROI/RONI functionality by conditionally applying a permanent
reset to the circuit.
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Fig. 4. Transistor-level change detector schematic corresponding to the abstract schematic in Fig. 3(c). (Circuitry for AE handshake is omitted).

B. PWM Exposure Measurement

The time-domain approach to exposure measurement has
been chosen for reasons of DR and SNR performance, as
discussed in Section II-D, and its affinity to event-based in-
formation encoding and data communication as outlined in
Section III-C. In the following, the main design considerations
concerning the time-based exposure measurement circuit are
summarized.

1) Circuit Basics: For the PWM circuit, an n-well/p-sub pho-
todiode with pMOS reset transistor is used [Fig. 3(a)]. The stan-
dard CMOS mixed-mode/RF fabrication process along with rel-
atively relaxed area restrictions allow realizing the reset tran-
sistor as p-type, thus maximizing integration swing. The
sense node is directly coupled to the voltage comparator input.
An analog switch permits to choose between two externally ap-
plied threshold voltages at the comparator’s reference input ter-
minal for TCDS operation as described in Section IV-B2). A
logic block stores the instantaneous pixel state and controls the
reference switch accordingly (refer to Section IV-B5). Further-
more, it is responsible for the event-based communication with
the AER arbiter.

2) Time-Domain Correlated Double Sampling (TCDS): For
low light illumination conditions, the SNR is determined by
the darkcurrent shot noise and the kTC noise. The darkcurrent
shot noise strongly depends on the fabrication technology while
the kTC noise can be effectively reduced using double sam-
pling techniques. Correlated double sampling (CDS) of the pixel
voltage, as a widely-used method for conventional APS imagers,
eliminates the reset noise by sampling the pixel voltage twice,
once immediately after the photodiode reset and once after the
integration is finished. Subtracting the voltages cancels out the
reset noise and DC noise components such as fixed-pattern noise
(FPN) [38]. In order to suppress reset noise and FPN in time-
based image sensors, dual to voltage-mode CDS, a time-domain
differential method can be inferred based on a dual-threshold
arrangement.

In [39] a time-based image sensor using a differential tech-
nique is presented. To determine the integration time within one
integration cycle, two comparators connected to different ref-
erence voltages are used. This approach suppresses reset noise,
however FPN noise power due to comparator offsets is doubled.
The authors of [40] show a differential approach using only one

comparator, but two integration cycles with different reference
voltages to determine the time difference for the voltage drop.
This method corresponds to non-true correlated double sam-
pling in the voltage domain and provides a suppression of FPN,
but duplicates the effect of kTC noise.

The differential TCDS approach implemented in the ATIS
pixel is based on a comparator and pixel-level state and con-
trol logic that conditionally applies different threshold voltages

and within one integration cycle. Consequently, this
method eliminates both kTC reset noise and comparator offset
FPN. The noise reduction performance of the proposed TCDS
scheme has been derived theoretically and compared to mea-
surement results from the fabricated chip in [32]. A brief sum-
mary is given here.

With the integration time for the differential approach

(7)

and a first order approximation of the error in time mea-
surement due to comparator offset

(8)

the relative error for the TCDS case can be expressed
as

(9)

and without TCDS using only one threshold:

(10)

In Fig. 5, (9) and (10) are plotted as a function of threshold
voltages, with both curves normalized to (solid lines). The
circular markers are results from measurements on the fabri-
cated chip. Integration times were measured with and without
an externally applied voltage offset of 20 mV at the reference
input of the comparator and for both techniques. To achieve re-
sults independent of the exact offset voltage, the relative error
numbers were normalized accordingly.
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Fig. 5. Relative error � �� for time measurement with and without CDS.
The error is normalized to � .

Fig. 6. Two-stage comparator circuit with hysteresis and dynamic power
control.

The correspondence between calculation and measurement
is very good. It can be concluded that the proposed technique
reduces the relative error in the time measurement by a factor of
about 5 to 20 for voltage swings between 0.5 and
2.5 volts. The effect is more manifest for lower swings making
this method increasingly attractive when progressing towards
modern CMOS processes with lower .

3) Comparator: Fig. 6 shows the voltage comparator circuit.
The comparator is based on a standard two-stage operational
amplifier consisting of transistors to plus three addi-
tional transistors , , and whose functions are dis-
cussed below and in the following sub-section [32].

Usually comparator design is a trade-off between com-
parator’s speed and gain and it’s noise immunity. To render the
comparator switching operation insensitive to input signal noise
while achieving high switching speed and gain, an adjustable
hysteresis was added to the circuit. The hysteresis is realized
using only two additional transistors and where
is a switch and operates as a current source.

When the input voltage (gate ) passes the threshold
(gate ), the output of the comparator changes, transistor
is turned on, the current is subtracted from the drain

node of , and the threshold point is subsequently increased.
So the input voltage must return beyond the previous threshold
plus the voltage before the comparator’s output switches

Fig. 7. Hysteresis as a function of voltage difference � � � .

again. For the transistors operating in weak inversion, the hys-
teresis voltage can be calculated as

(11)

where is the subthreshold slope factor of and is the
thermal voltage [32]. The hysteresis is set by the ratio of the
tail current and the hysteresis current flowing through
transistor . Due to variable bias voltages at transistors
and , can be adjusted over a wide range. With same
transistor dimensions for and , is given by

(12)

Using a first order Taylor series approximation and assuming
, (15) can be simplified to

(13)

In Fig. 7, (15) is plotted for and
mV as a function of voltage difference .

The circular markers are results from measurements on the fab-
ricated chip with a tail current 100 nA. The correspon-
dence between calculation and measurement is very good. The
proposed solution offers an area and power efficient hysteresis
implementation.

4) Power Consumption: The static power consumption of
an image sensor with pixel-level signal processing is mainly
determined by the power consumption of the pixel-level com-
parator. To significantly decrease overall power consumption of
the comparator, the power consumption during both exposure
measurement and idle state phases has to be reduced.

During exposure measurement the com-
parator’s current consumption is dominated by , as turned-off
transistor inhibits current flow in the output stage. For the
basic technique of time measurement (one reference voltage) the
minimal value of is determined by the acceptable switching
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Fig. 8. (a) Schematic of the pixel-level logic circuit and (b) state diagram.

delay at the reference voltage. This acceptable switching delay
depends on the desired precision in time measurement. A higher
slope of requires a higher value of . Besides offset and
noise suppression, the application of the TCDS technique also
yields a significant reduction in power consumption. Because
the delay time of the comparator approximately cancels out for
both thresholds, the tail current can be noticeably reduced,
especially for fast integration. Experimental results show a tail
current of only 50 nA is sufficient to realize 8-bit resolution
with an accuracy of 0.5LSB even for fast integration slopes of
100 mV/s. To achieve the same precision of time measurement
without TCDS would require a current more than 100 times
higher. For integration slopes slower than 1 V/ms, currents
down to 10 nA are sufficient using the dual-threshold approach.

With the voltage passing the lower reference , the
pixel changes to idle state. In this state, the pixel is waiting for
a new reset, which, for the change event-triggered ATIS opera-
tion mode, can take an arbitrarily long time. Thus, it is highly
desirable that also in this state, the comparator power consump-
tion is minimized. With the pixel entering idle state, the con-
tinuing photocurrent integration leads to a further reduction of

and eventually tail current is cut off completely. To effec-
tively minimize idle state power consumption, the current flow
in the output stage also has to be switched off. Because of the
pixel’s autonomous operation, a global current control—like,
e.g., in [43]—cannot be used. In order to switch off the current
in the output stage individually, transistor has been placed
between the output node and the current sink transistor .
switches off when the pixel enters the idle state. As a conse-
quence of the described methods, the current flow in the com-
parator in normal operation can be chosen to be of the order of
50 nA, even for fast integration slopes, and is completely turned
off in idle state.

5) Digital Logic Circuit: The in-pixel state and control logic
circuitry essentially consists of three parts: Asynchronous dig-
ital output circuits for event communication to the bus arbiters,
two 1-bit memory elements for storing the current pixel state
and for controlling pixel and TCDS operation, and level adapters
for interfacing the 3.3 V analog and 1.8 V digital supply voltage
domains. Fig. 8 shows the circuit implementation and the cor-
responding state diagram.

During the reset phase of the photodiode the digital logic is
set to state by the column and row reset signals

and . The comparator input is connected to
. When the voltage reaches , the output logic

transmits the row request signal to the peripheral
AE circuitry. After the corresponding row acknowledge signal

switches, the column request signal is ac-
tivated. With the subsequent column acknowledge
going high, the state logic switches to state ,
the request signals turn off and the comparator input voltage
is switched to ( is going low). When the lower
threshold is reached, the communication process resumes, sig-
naling the -address by asserting . After the column
acknowledge signal has been received, the logic switches to the
idle state where it remains until a new exposure
measurement cycle is started.

6) Pixel Layout: The chip has been implemented in a
standard 0.18 m one-poly–six-metal (1P6M) mixed-mode/RF
CMOS process. Fig. 9 shows the layout of the pixel with
the main circuit parts and the CD transistors annotated. The
square pixel covers 900 m of silicon area (30 m pitch). The
two photodiodes for continuous time operation of the change
detector (PD2) and integrating PWM exposure measurement
(PD1) are placed side by side at the top edge of the pixel area.
The fill factor of the pixel is 10% of total pixel area for the
change detector and 20% of total pixel area for the exposure
measurement part.

V. IMAGER DESIGN

The ATIS sensor is built around a QVGA (304 240) array
of pixels. A block schematic of the sensor system architecture,
consisting of the pixel array, column and row-wise reset and
trigger control, address encoders and AER periphery for asyn-
chronous data transfer [16], is shown in Fig. 10. Other building
blocks like bias generator, global exposure measurement and
test structures are omitted in the diagram. Fig. 11 shows a
microphotograph of the fabricated sensor chip.

A. Data Readout

The pixels in the sensor array communicate with column and
row arbiters via 4-phase AER handshaking as described in de-
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Fig. 9. ATIS pixel layout with the main circuit parts and the CD transistors an-
notated. Two separate photodiodes, for continuous time operation of the change
detector and integrating PWM exposure measurement, are used in each pixel.

Fig. 10. Block diagram of the ATIS sensor chip architecture.

tail, e.g., in [8]. The 18-bit pixel addresses (8 bits row address,
9 bits column address, 1 polarity/threshold bit) are determined
by row and column address encoders. The row signals yReq
and yAck are shared by pixels along rows and the signals xReq
and xAck are shared along columns. The peripheral AER cir-
cuits communicate without event loss. Bus collisions are re-
solved by delaying the transmission of events essentially on a
“first-come-first-served” basis. The self-timed communication

Fig. 11. ATIS chip microphotograph. Due to the highly area-efficient readout
circuitry, a very high pixel-array fill-factor has been achieved. The pixel array
covers 77% of the total die area of 9.9 mm � 8.2 mm.

cycle starts with a pixel (or a set of pixels in a row) pulling a
row request (yReq) low against a global pull-up (wired OR). As
soon as the row address encoder encodes the y-address and the
row arbiter acknowledges the row (yAck), the pixel pulls down
xReq. If other pixels in the row also have participated in the
row request their column requests are serviced within the same
row request cycle (“burst-mode” arbiter [34]). Now the column
address encoder encodes the -address(es) and the complete
pixel address(es) is/are available at the asynchronous parallel
address bus. Assuming successful transmission and acknowl-
edgment via the Ack_ext signal by an external data receiver, the
Ack_col signal is asserted by the column handshake circuit. The
conjunction of xAck and yAck signals generates control signals
for the pixel that either (a) reset the transient amplifier in the CD
part and eventually take away the pixel request, or (b) control the
state logic in the EM part respectively. The self-timed logic cir-
cuits ensure that all required ordering conditions are met. This
asynchronous event-based communication works in an identical
way both for change detector (CD) and exposure measurement
(EM) events. Two completely separate and independent com-
munication channels are used for the two types of events.

B. Modes of Operation

The , -reset control circuits of Fig. 10 are connected to the
individual pixels as shown in Fig. 3 (for simplicity, the periphery
in Fig. 3 is drawn one-dimensional). The reset/acknowledge sig-
nals for CD and EM are generated row and column wise (and
not pixel wise) in order to save chip area. The per-pixel
signals are generated by combinatorial logic from the row and
column reset signals. Additionally, the reset control logic can
be configured via a digital serial interface to trigger (ROI) or
ignore (RONI) selected regions of interest. The ROI/RONI se-
lection of individual pixels can be configured independently for
CD and EM and can be combined with a wide variety of trigger
modes which are selected with the RstMode signals:

• In normal operation mode (ATIS mode), the start of the
exposure measurement of one pixel is triggered from the
acknowledge signal of the change detector of the
same pixel.

• In global reset mode, groups of pixels or the full array, de-
fined by the ROI, are reset simultaneously by the GlobalRst
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Fig. 12. Block diagram of the ATIS imager system.

signal. The global reset mode, functionally identical to the
time-to-first-spike (TTFS) scheme [34], can run concur-
rently to the normal operation mode, and allows the quick
acquisition of a reference frame during normal operation
or an overlaid synchronous video mode.

• In sequential reset mode (ACPR, asynchronous column-
parallel readout), the reset of one pixel in one column
is triggered by the signal of the preceding
pixel . After triggering the pixels of the first (top)
row of the pixel array, the trigger runs in parallel along the
columns, each pixel triggering its bottom neighbor when it
has reached the first integration threshold . This asyn-
chronous “rolling shutter” mode is intended to avoid a fa-
miliar problem of event collisions in TTFS imagers seeing
highly uniform scenes (having many pixels finishing inte-
gration and trying to send their event at the same time), at
the cost of slower image acquisition. Multiple pixel rows
across the array (e.g., rows 1 and 121, or 1, 61, 121, 181)
can simultaneously be selected as starting rows to decrease
frame acquisition time at the cost of higher event colli-
sion probability. Also this mode can run concurrently to
the normal operation (ATIS) mode. The ACPR mode has
been described in detail and analyzed in [35].

C. Imaging System

Fig. 12 shows a block diagram of the complete imaging
system, containing the ATIS sensor, a processor/controller,
and image memory. In the current implementation, processor
and memory is off-chip and is realized as an ASIC [44],
however it is planned to integrate all building blocks into one
Vision-System-on-Chip in the future.

The processor/controller contains a high-resolution
10 ns digital counter based time-stamping device for the in-

coming address-events and an event-correlator, which matches
the timed address-event pairs for
“time-to-digital conversion” (TDC). The time resolution of
the system is adequate to allow a minimum of 8-bit grayscale
resolution for the image data over the full dynamic range.

The grayscale data can be transmitted on-demand (i.e., when
they occur), e.g., as UDP packets, to a remote receiver and
can be displayed, or can be worked on in situ or remotely
using event-based image processing algorithms, while, e.g.,
simultaneously the “timed address-events” (TAE_T) from the
CD part can, e.g., drive a machine vision application.

VI. CHARCTERIZATION

The following subsections contain results of selected labo-
ratory tests and measurements and application-oriented charac-
terization. Measurement results are put into context of corre-
sponding theoretical considerations wherever feasible.

A. Change Detector

1) Event Latency: The latency of the change detector re-
sponse, an important parameter for dynamic vision, is the time
from the occurrence of an illumination change at the change de-
tector photodiode to the corresponding event output (circuit in
Fig. 4). This variable delay time is, at low illumination, limited
by the photoreceptor bandwidth which can be approximated as
a first-order low-pass with corner frequency according to (5).
The corner frequency is proportional to the photocurrent and
hence to pixel illumination. The resulting latency for a step tran-
sient from to can be written as

(14)

with being the minimum photocurrent step for reaching
the event threshold and .

At high light levels, the photoreceptor is fast and the latency
is dominated by the speed of amplifier A2 and the comparators
[compare Fig. 3(c)], approaching a constant level with regard
to illumination. With amplifier A2 and comparators operating
in the subthreshold region, the latency (e.g., for OFF polarity
events) is given by

(15)
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Fig. 13. Pixel response latency versus illumination for two change detector
circuit operating points.

with

(16)

(17)

The parameters in the equations are: the capacitive load
at the output of amplifier A2, and the transistor
dimensions of the load transistor in the OFF-polarity
comparator, is the capacitive load at comparator
output, and the threshold level of the following digital
stage.

Fig. 13 shows measured event latency as a function of illumi-
nation for different operating points. The two boundary condi-
tions, first-order roll-off and approaching constant w.r.t. illumi-
nance, are marked in the plot. For high-current bias settings, the
pixel latency goes below 10 s for illumination above 30 Lx
and approaches 3 s for bright light conditions. The temporal
resolution of the CD is of the order of 100 k fps.

2) Contrast Sensitivity: The sensitivity to temporal contrast,
or relative change in illumination, is the second important per-
formance parameter of the change detector. A temporal contrast
of

(18)

Fig. 14. Contrast sensitivity: Response probability versus stimulus contrast for
four orders of magnitude of illumination. The 50% point of contrast sensitivity
is constant from 1 lx to 100 lx at 13% contrast and moves towards lower sensi-
tivity (higher contrast for equal response probability) at higher illumination. The
(maximum) slope of the S-curve is inversely proportional to circuit noise (dom-
inated by photocurrent shot noise) and hence to pixel illumination, increasing
steadily from 1 lx to 1000 lx.

ideally results in the generation of one (ON polarity) event. The
symbols used are for the subthreshold slope factor of the re-
spective transistors, and for gate bias voltages at the
referred nodes and for the thermal voltage (compare Fig. 4).
This simplified equation assumes unity gain of the source fol-
lower buffer and weak-inversion operation of all amplifier and
comparator stages and shows light independent contrast sensi-
tivity, depending only on device parameters and bias settings
[8].

One way to evaluate and depict contrast sensitivity is to mea-
sure and plot the event response probability1 as a function of
increasing contrast at identical initial illuminance. In an ideal,
noise-free world, this would result in a step (0% to 100% prob-
ability with infinite slope) at a given threshold contrast

. In reality, noise turns the ideal step into an “S”-
shaped curve.

Fig. 14 shows S-curves illustrating the pixel’s contrast
sensitivity. Plotted is the response probability as a function of
temporal contrast given in % of where
and are the photocurrents before and after a step change
in pixel illumination. The 50%-response probability point in
the shown region of highest contrast sensitivity—between 1 Lx
and 100 Lx—is constant at around 13% contrast for the chosen
operating point settings. The (maximum) slope of the S-curve
is inversely proportional to the circuit noise (dominated by
photocurrent shot noise) and hence to pixel illumination. For
further increasing illumination, the slope steepens further but
starts moving towards higher stimulus contrasts. The decrease
of contrast sensitivity for increasing photocurrent is not yet
fully understood.

1An event probability of 50% means that the change detector generates on
average 50 events in response to 100 identical stimuli.
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Fig. 15. PWM transfer function (integration time versus lux) for four different
values of integration swing �� .

B. PWM Imaging

The charge capacity of the integration node depends on op-
eration voltages and approaches 450,000 electrons
at maximum (2 V) integration swing . Sense node capac-
itance is 36 fF, yielding a conversion gain of V . Pho-
todiode darkcurrent has been measured at 3 fA, darkcurrent
shot noise evaluates to 670 , corresponding to 3 mV rms, for
an integration swing of 2 V.

1) PWM Imaging—Transfer Function: What is exposure
time to conventional voltage-mode image sensors is the in-
tegration voltage swing in time-domain imaging. Fig. 15
plots measured integration times for integration swings
between 0.5 V and 2 V as a function of pixel illumination.
The theoretically asserted 1/x-relation is accurately satisfied.
Integration times range from, e.g., 10 ms @ 10 Lx to 10 s @
10 kLx for an integration swing of 500 mV.

2) Image Sensor Signal-to-Noise Ratio: In Fig. 16 measured
imager SNR as a function of integration swing for different light
intensity is shown. SNR is 56 dB at an integration swing
of 2 V and light levels above 10 Lx. Standard 8 bit grayscale res-
olution (48 dB) is achieved for very low illuminations and small
integration swings. For 100 mV and 10 Lx, SNR is still
at 42 dB, allowing for 7 bit-resolution imaging at very short inte-
gration times ( 2 ms @ 10 Lx). The result is 500 fps equivalent
temporal resolution imaging and video at low-light conditions.
The weak dependence of SNR on illuminance for time-based
image sensors, as illustrated in Fig. 2, is well observable in the
measured data.

C. Imager Dynamic Range

The usable sensor DR entails a trade-off with the temporal
resolution required to capture scene dynamics and is limited
by maximum allowable integration time at the dark end and
AER communication channel data throughput at the bright end.
Fig. 17 shows image data acquired with the ATIS sensor from a
static high-DR scene in one exposure. The picture was taken in
an otherwise dim room with the sensor pointing towards a high-
power LED, using the externally triggered “snapshot” mode

Fig. 16. Measured SNR as functions of integration swing �� and light in-
tensity. SNR is � 56 dB for an integration swing of 2 V for light levels above
10 Lx. For�� � 100 mV and 10 Lx SNR is still at 42.3 dB.

[35]. The first seven images, (a)–(g), show different scalings of
the exposure data with the scaling shifted by a factor of 10 be-
tween images, while (h) is an illustrative attempt to generate an
8 bit (48 dB) composite image by equalizing the data using a
histogram method [45]. The acquired data—exhibiting a min-
imum integration time of 350 ns and a maximum integration
time of 4.5 s—demonstrate that the ATIS sensor is capable of
reproducing an intra-scene DR of at least 143 dB [compare (4)].

A maximum integration time of several seconds however is
inadequate for many applications. To increase the temporal res-
olution without trading-off much DR, a method that is comple-
mentary to the multiple-exposure technique, used for DR im-
provement in standard voltage-mode imagers, is proposed. Due
to the presence of two independent thresholds, normally used for
differential TCDS, it is possible to apply two integration swings
(the complementary parameter to exposure time) during one
image acquisition. With DR still at 143 dB, the longest integra-
tion times can be reduced by a factor of 20 (to 200 ms, equiv-
alent to 5 fps) if the time between change event and upper TCDS
threshold is used to determine pixel exposure in the dark parts
of the scene (with ). Conse-
quently for a temporal resolution of 33 ms (30 fps video speed
equivalent temporal resolution), a DR of 125 dB is achieved.
The penalty to pay for this high DR at high-speed operation is
reduced SNR and higher FPN (no TCDS) for pixels that reach
only the first threshold. From a system operation point of view,
each pixel, depending on individual illumination, practically
chooses for itself which threshold to use. The second threshold
event is either simply ignored by the post-processor when ar-
riving too late, or will never appear since a new exposure has
been started before (compare Section III-B).

D. Video Compression

The temporal redundancy suppression of the ATIS change-
detector controlled operation ideally yields lossless focal-plane
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Fig. 17. High-DR imaging: Seven scalings, (a)–(g), of the same exposure image data and composite image (h). In order to print or display (on a conventional
screen) the data in a meaningful way, one illustrative approach is to create a sequence of images, each exploiting the available 8 bit (48 dB) grayscale resolution.
Starting at (a), the shortest integration time is mapped to the grayscale value 255 (white), while integration times of 255 times the shortest value and longer are
mapped to the grayscale value 0 (black). In (b) the shortest integration time multiplied by a factor of 10 is mapped to white and, as before, 255 times the integration
time of white is mapped to black. This procedure is repeated until arriving at image (g) with a multiplication factor of 1,000,000. The sensor data thereby remain
unaltered. The shortest integration time in this exposure example is 350 ns while the longest is 4.7 s, yielding a static scene dynamic range of 143 dB reproduced
by the sensor. Image (h) is an illustrative attempt to generate an 8 bit composite image by equalizing the data using a histogram-based method [45].

video compression with compression factors depending only
on scene dynamics. Theoretically approaching infinity for static
scenes, in practice, due to sensor non-idealities, the achievable
compression factor is limited and appears to be of the order
of 1000 for bright static scenes as compared to a conventional,
frame-based imager of the same resolution delivering raw 8 bit
grayscale data at video speed of 30 fps.

Fig. 18 shows a typical surveillance scene generating a 2.5 k
to 50 k events/s @ 18 bit/event continuous-time video stream.
The actual event rate depends on instantaneous scene activity.
Comparing corresponding bit rates—45 k to 900 k bit/s—to the
raw data rate of a QVGA 8 bit grayscale sensor at 30 fps of
18 Mbit/s demonstrates lossless video compression with com-
pression factors between 20 and 400 for this example scene.
Fig. 18(a) contains a still frame taken from a continuous-time
video sequence; Fig. 18(b) shows the same frame assuming
video transmission has started from an empty image. The effect
of objects triggering exposure measurement in the pixel they
hit while moving across the focal plane becomes visible (e.g., a
white car moving from the bottom-left corner of the image to-
wards the center).

Static background does not produce data apart from the odd
CD noise event, also triggering exposure measurement in the
respective pixel. This effect reduces the achievable video com-
pression factor to about 1000 for bright, static scenes (from in-
finity in an ideal, noise-free world). On the other hand this effect
is useful for capturing very slow changes in the scene (like, e.g.,
varying scene illumination from sun light due to passing clouds)
through a continuous statistically distributed slow update of the
entire image. Typical background noise activity is of the order of
1 k—3 k pixels per second, about 3 orders of magnitude below
raw data rate from a conventional, frame-based sensor of same
array size running at 30 fps.

Fig. 18. Traffic scene generating between 2.5 k and 50 k events/s, depending
on instantaneous scene activity. The video compression factor w.r.t. raw data
from a QVGA 30 fps 8 bit grayscale sensor was measured to be 20–400 for
this example scene. The video compression is essentially lossless, no dynamic
image errors or artefacts are visible in the video (a).

Fig. 18(c) shows change detector events collected during a
time slice of 33 ms (ON events in white and OFF events in black)
and Fig. 18(d) shows the grayscale data generated in response
to the change events in (c). The compression gain is even larger
when the much higher temporal resolution (e.g., 500 fps equiva-
lent for scenes 10 Lx) of the ATIS sensor it taken into account.

E. Fixed Pattern Noise

Due to the lack of appropriate laboratory equipment, the im-
ager FPN has not yet been measured rigorously. However an
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Fig. 19. (a) Indoor scene at �100 Lx. (b) Mesh plot of grayscale values of the gradient in the marked area of (a).

upper bound of 0.25% was established from evaluating different
homogenous parts of recorded image series, similar to the one
shown in Fig. 19(a). Fig. 9(b) shows gray scale values of an ap-
proximately planar gradient taken from the image in Fig. 19(a)
displayed as a mesh plot for illustrating pixel response unifor-
mity. Assuming correctness of mismatch parameters published
by the process vendor, the theoretically determined array FPN
of below 0.2% seems in reach. Also owing to the SNR of 56 dB
(9.3 bit), grayscale gradients are resolved smoothly without vis-
ible artefacts [Fig. 19(a)].

F. Summary Table

Table I provides an overview of the ATIS sensor’s main spec-
ifications and important test and measurement results.

VII. CONCLUSION

A biomimetic, frame-free, wide DR vision and image sensor
with pixel-level video compression is presented. The sensor
comprises an array of autonomous pixels that individually
detect illumination changes and asynchronously encode in
inter-event intervals the instantaneous pixel illumination after
each detected change, ideally realizing highly efficient video
compression through temporal redundancy suppression at the
pixel-level. Familiar deficiencies of time-based imagers have
been remedied (a) using a novel time-domain correlated double
sampling (TCDS) technique and (b) by realizing illumina-
tion-dependent temporal readout load spreading. Intra-scene
DRs of 143 dB static and 125 dB @ 33 ms have been
achieved, in line with or better than recent high-DR develop-
ments reported, e.g., in [46] and [47]. Target application areas
are high-speed high-temporal-resolution dynamic machine
vision, e.g., robotics or visual feedback loops, low-data rate
video for wireless or TCP based applications, and wide DR,
high-quality high-temporal-resolution imaging and video, e.g.,
scientific applications.

TABLE I
SUMMARY SENSOR CHARACTERISTICS
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