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Abstract

Asynchronous Time-Based Image Sensors (ATIS) jointly per-
form event-driven temporal contrast detection and local expo-
sure measurement, reducing throughput by reporting only rele-
vant information with high temporal resolution. We introduce
PVATIS, a new pixel front-end that replaces the conventional pair
of reverse-biased photodiodes plus a logarithmic receptor with a
single diode operated in photovoltaic mode. In open-circuit, this
diode simultaneously serves as the photodetector and provides
logarithmic compression in a self-biased configuration. The ap-
proach directly tackles pixel-level constraints, such as pixel pitch,
noise, and energy, while trading off bandwidth due to increased
integrated capacitance. PVATIS is therefore a strong candidate
for high-resolution, HDR, low-noise, and energy-efficient oper-
ation, particularly suitable for 3D-stacked implementations and
moderate-speed imaging.

Introduction

Dynamic Vision Sensors (DVS) [1] detect local temporal
contrast asynchronously, emitting events only when brightness
changes occur at the pixel level, which sharply reduces redun-
dant data versus frame-based cameras and enables low-latency,
low-power vision. This architecture makes them particularly suit-
able for fast, energy-efficient vision applications. Over the last
decade, adoption has broadened from space [2] to infrared sensing
[3] thanks to high temporal resolution and robustness, especially
when combined with event-based processing pipelines, expand-
ing their use in security, aerospace, and industrial applications
[4, 5, 6]. Nonetheless, practical limitations persist: pixel-pitch
pressure, noise/power trade-offs, and readout format constraints
[7].

To make them more attractive, hybrid approaches that cou-
ple event sensing with exposure readout have emerged: the
Asynchronous Time-Based Image Sensor (ATIS) [8] integrates
time-based exposure measurement (minimizing data throughput
by reporting only relevant information in a stream of events),
while the Dynamic and Active Pixel Vision Sensor (DAVIS) [9]
co-integrates DVS with APS, the latter favored industrially due to
compatibility with synchronous APS readout streams [10].

Renewed interest in event-stream algorithms [7] further
strengthens the case for ATIS-style architectures, yet classical
ATIS pixels still rely on two reverse-biased photodiodes and a
log receptor, which costs area and power and can limit scalabil-
ity. These factors prevent organizations from fully exploiting its
potential advantages.

Building on our previous work on the Photovoltaic DVS
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[11], we propose PVATIS, which simplifies ATIS by employing
a shared photovoltaic diode for both stages. In an open-circuit
configuration, the diode produces a voltage logarithmically de-
pendent on the photocurrent, enabling both photodetection and
logarithmic compression within a single self-biased device. This
modification is fully compatible with temporal contrast detection,
requiring only adaptations in subsequent circuitry to accommo-
date typical open-circuit voltages ([0,500] mV) [12]. While the
PVATIS exposure measurement inherits principles from the orig-
inal concept, it introduces novel design considerations and chal-
lenges, which are detailed in the following sections. The resulting
Photovoltaic Asynchronous Time-Based Image Sensor (PVATIS)
offers a promising pathway toward reducing pixel pitch, lowering
noise, and improving energy efficiency.

Sensor’s Implementation

In this section, a complete description of the sensor’s im-
plementation is presented, studying the PVATIS architecture and
functionality of the three different supported modes: tempo-
ral contrast detection (PVDVS Mode), exposure measurement
(PVTTS Mode), and a combination of both providing light in-
tensity information of the region of interest (Dual Mode).

Diode operating in Photovoltaic regime

Fig. 1 illustrates the diode operation in the photovoltaic
regime [12]; the family of curves at the right shows that
quasi-static Ip — Vp characteristics change with the illumina-
tion level. The diode current, Ip = Igr — Ip;rr combines a
generation-recombination term /gg (including photocurrent /py
and the dark current Ipsgrg) and a diffusion component, Ip;rr =
Islexp (Vp/nUr) — 1], with Ig and 7 being the specific current
and emission coefficient of the diode, respectively, and Ur, the
thermal voltage. In this photovoltaic mode, the diode can oper-
ate as a solar cell harvesting luminous energy to power a load
connected to the anode [13]. Under short-circuit, the maximum
deliverable current for this application is the short-circuit current,
Igc. Alternatively, under open circuit, the dc current is null and the
diode develops an illumination-dependent open-circuit voltage,
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which yields a logarithmic response versus photocurrent —
see Fig. 1. Consequently, V,. provides the same functional role
as the ATIS logarithmic receptor [8], but saving 4 transistors. The
diode’s sensitivity to illumination variations is higher with low
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illuminance since the slope of the V,, curve is higher for low pho-
tocurrent values.
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Figure 1.
dependence of the open-circuit voltage with illuminance.

I-V curves of a diode operating in photovoltaic regime and the

Conventional continuous-time logarithmic sensors typically
require two separate devices for light-to-current conversion and
current-to-voltage transformation, often introducing fixed-pattern
noise that cannot be mitigated by correlated double sampling
[14, 15]. By contrast, the photovoltaic mode performs both op-
erations in a single device, reducing non-uniformity and static
power consumption. Prior works demonstrate photovoltaic detec-
tors achieving HDR imaging across visible and infrared spectra,
as well as successful DVS implementations [16, 17, 11, 18]. Ben-
efits include reduced area, lower noise, accurate dark reference,
high sensitivity, and absence of image lag.

Pixel Architecture and Operating Modes

PVATIS employs one shared photovoltaic receptor that si-
multaneously feeds a photovoltaic DVS (PVDVS) path for tem-
poral contrast and a photovoltaic TTS (PVTTS) path for exposure
measurement (Fig. 2). This approach saves a total of 5 transistors
(4 + 1 from removing the Change Detection stage’s logarithmic
receptor and the PWM’s reset transistor, respectively) plus a pho-
todiode.

The change detection front-end buffers V,. (PMOS Source
Follower), amplifies its variations (Change Amplifier), and en-
codes the polarity via a comparator. The exposure measurement
front-end compares V,. against a globally distributed ramp across
the array, thereby encoding light intensity as a function of time.
Hence, the proposed pixel architecture enables the sensor to oper-
ate in three different modes:

» Temporal Contrast Detection Mode: asynchronous events
describing scene updates. This functionality is performed by
default, independently of the exposure measurement circuit,
and responds to the temporal contrast of V. unless exter-
nally stopped by activating a reset of the periphery.

* Exposure Measurement Mode: by activating the control
signal TTS_ON, the PVTTS operates, and the entire array
is read out independently of the PVDVS. This enables an
exposure measurement of the whole scene at a desired time
instant.

* Dual Mode: by disabling T7S_-ON and enabling the
PVTTS periphery, exposure measurements are locally trig-
gered by confirmed contrast events in a region of interest.
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To limit background-activity noise, an exposure readout is
started only if two neighboring pixels detect change con-
currently (2 x DVS_RST is triggered); if activity continues
(2 x DVS_REQ is turned on), the system aborts and defers
the measurement until the final event settles.

For infrared applications, this translates into reporting
motion/flow via PVDVS, plus average temperature within chang-
ing regions (Dual) or a scene-wide temperature snapshot (Expo-
sure mode). Note that, the positive-slope ramp means dimmer
pixels are reported earlier than brighter ones, which is advanta-
geous under low light.

Top-Level Block Diagram and AER Readout

The top-level architecture is shown in Fig. 3. A 128x128
PVATIS-pixel array is connected to peripheral circuitry imple-
menting the Address-Event Representation (AER) protocol [19].
Events are serialized through two-stage arbitration: within rows,
then columns. Winning pixel addresses are encoded and asyn-
chronously transmitted on a shared bus with a four-phase hand-
shake (request, acknowledge, reset, idle).

In this case, two peripheries, one for each pixel stage, are
required to perform the Dual Mode operation, as both change de-
tection and exposure measurement are carried out simultaneously.
Each periphery outputs a data package {x,y,7}, providing the ad-
dress of the pixels that detect relevant information and the time
instant of their readout. Note that depending on the information
required, the dynamic power consumption can be regulated, as
any periphery can be disabled using a global reset whenever only
partial information is needed.

Experimental Results

In this section, some experimental results obtained from
pixel- and matrix-level characterizations are presented. They
demonstrate the proper operation of the sensor, validating the
functionality of the three different modes PVATIS supports.

The experimental evaluation, illustrated in Fig. 4, was per-
formed using a custom-designed PCB that integrates the fabri-
cated sensor with an OpalKelly FPGA board for system control
and data acquisition. To enable the Dual Mode, which simultane-
ously delivers temporal contrast detection and exposure measure-
ment, an AERmini2 board was employed for the former function-
ality, while the FPGA handled the latter. A lens was positioned
above the sensor to provide direct exposure to visual stimuli. The
experiments took place in a dark room, ensuring controlled illumi-
nation conditions. For functional validation, however, the sensor
was placed in front of a monitor displaying video sequences, al-
lowing realistic and dynamic scenes to be projected onto the pixel
array. This setup supported fast evaluation of the different op-
erating modes and offered a straightforward means of assessing
image reconstruction performance.

Functional Characterization Results

The functional characterization confirms the targeted oper-
ation. This evaluation specifically examines whether the three
operating modes of PVATIS implemented in our chip behave as
intended, ensuring that the event-based architectures accurately
perform:

* temporal contrast detection,
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Figure 2.  Simplified PVATIS pixel: shared photovoltaic receptor driving a) PVDVS and b) PVTTS. Dual-mode operation uses dedicated peripheries that output
{x,y,1} — addresses and timestamps of relevant events. Dynamic power can be tuned by disabling unused peripheries.
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* light intensity estimation within the region of interest.

Figure 3. Top-level block diagram of the PVATIS sensor. A 128x 128
PVATIS-pixel array is connected to the peripheral blocks for AER communi- Because the chip integrates full pixel matrices with photodiodes

cation protocol on the chip, with separate paths for PVDVS and PVTTS rather than relying on test inputs, it can be functionality validated
directly through scene reconstruction using the sensor outputs.

This strategy enables direct evaluation of the circuits’ practical
limitations and trade-offs under realistic scenarios. Besides that,
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dedicated test structures provide more detailed measurements of
circuit performance under controlled conditions, with results pre-
sented in the following section.

To illustrate functionality, several images captured by
PVATIS are included. The PVTTS path achieves high dynamic
range via logarithmic compression (Fig. 5) and naturally han-
dles large intra-scene contrasts as pixels operate independently,
as shown in Fig. 6.

Under general illumination changes — e.g., switching on
room lights — PVDVS, PVTTS, and Dual Mode each behave as
designed (Fig. 7), with Dual Mode delivering time-encoded in-
tensity only where motion was detected. A key advantage of the
positive-ramp scheme is performance in dim conditions: darker
pixels trigger earlier, so informative data arrive sooner without re-
quiring long integration. This feature provides a significant ben-
efit and broadens the potential application space for this kind of
Sensors.

Figure 5.
to 1 kix (left).

PVTTS High Dynamic Range demonstration from < 1 Ix (right)

Figure 7.  Turning on the lights in our lab. From left to right: PVDVS, PVTTS
and Dual Modes. It demonstrates the correct operation of the three modes.

Electrical Characterization Results

As outlined in the previous sections, the PVTTS generates
an event once the global ramp reaches V,,, thereby encoding light
intensity in the time domain. One of the main advantages of using
this approach is that longer integration times are not required to
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capture information under low-light conditions. In fact, because
the global ramp has a positive slope, dimly illuminated pixels trig-
ger events earlier than brighter ones. Adjusting the ramp slope
trades temporal resolution and event rate against timing variabil-
ity caused by periphery collisions and FPGA-induced delays. A
previous specification exercise set bounds so that FPGA and ar-
bitration latency each remain below 1% of the ramp rise time,
and the comparator offset below 10 mV; shallower ramps mitigate
variability but reduce effective frame rate, while steeper ramps
increase throughput until encoding errors appear. We observed
that when the scene activity grows (more simultaneous requests),
collisions/delays degrade the time encoding; Dual Mode allevi-
ates this by restricting requests to pixels with confirmed contrast.

Fig. 8 illustrates this behavior: with a 6.552 ms ramp, the
PVTTS encoding degrades due to greedy arbiters and FPGA la-
tency, which prioritize pixels column-wise and disturb timestamp
order; limiting readout to ~ 28% active pixels (Dual Mode) re-
stores proper encoding, while ~ 40% activity begins to reintro-
duce errors.

Histograms of time-stamps across the array under a stable
halogen source (8 klx) — see Fig. 9 — show normalized standard
deviations of 16.75%, 13.62%, and 8.54% for mean timestamps
of 4.95 ms, 49.5 ms, and 495 ms, respectively, confirming that
slower ramps yield tighter encoding. The data correspond to the
mean pixel value of 10 consecutive captures, being also affected
by temporal noise.

Figure 8.  From left to right: the original picture, Temporal Contrast De-
tection Mode, Exposure Measurement Mode, and Dual Mode outputs for a
6.552 ms ramp. In both cases the PVTTS is not able to properly encode light
intensity into the time domain due to the delay induced by the FPGA during
the readout, only corrected reducing the data throughput with the Dual Mode.
Such mode provides a good performance for a reduced number of pixels de-
tecting temporal variations on the scene (28% of pixels at the top), starting to
be affected for a 40% of pixels requesting (bottom picture).

Conclusions

We presented a proof-of-concept 128 x 128 pixel sensor im-
plementing an alternative ATIS architecture by using a single pho-
tovoltaic diode per pixel to accomplish both event-driven tem-
poral contrast (PVDVS) and time-encoded exposure (PVTTS).
PVATIS supports three operating modes and addresses pixel-level
constraints, by saving 5 transistors and using a single photodetec-
tor, reducing the noise level to twice the photon shot noise, and
being self-biased, at the cost of lower bandwidth due to increased
diode capacitance. The trade-off makes PVATIS particularly suit-
able for high-resolution, HDR, low-noise, and energy-efficient ap-
plications.
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Figure 9.  Histogram of the number of pixels as a function of their times-
tamp, representing the Fixed-Pattern Noise of the PVTTS for three different
ramp’s slopes. The slower the deviation related to the mean, the better the
illuminance is encoded into the time domain.

Future work will complete characterization and extend the
concept to MWIR/LWIR event-based imagers, where photo-
voltaic sensing is particularly beneficial.
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