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Abstract 

This thesis explores the why and how of two-stream vision sensors. The physics of 
visual transduction poses fundamental limits on a vision system �± a vision system 
dedicated to feature perception cannot perform well in motion perception and vice 
versa. Studies of mammalian vision systems have taught us that perception of both 
feature and motion demands a two-stream vision sensor: one stream with high spatial 
resolution, high signal-to-noise ratio and color sensitivity to perceive features, the 
other with high temporal resolution and low latency to perceive motion. 

Through surveying prior works, the state-of-the-art frame-based active-pixel 
sensor (APS) technology was found well suited for feature perception because of its 
compact size, high signal-to-noise ratio and color sensitivity through the use of a color 
filter array (CFA). On the other hand, the neuromorphic event-based dynamic vision 
sensor (DVS) technology was found well suited for motion perception because of its 
high temporal resolution, low latency and sparse output. Combining the APS and DVS 
technology, the dynamic and active-pixel vision sensor (DAVIS) developed in 2013 
produced concurrent intensity frames and temporal contrast events, however, both of 
which were monochromatic and had the same spatial resolution. Following the 
exploratory step made by the DAVIS, this thesis presents the design and silicon results 
of the dynamic and color active-pixel vision sensor (CDAVIS), the first two-stream 
vision sensor that produces concurrent color VGA frames and monochromatic QVGA 
events. 

The CDAVIS employed a heterogeneous pixel array consisting both state-of-the-
art APS pixels and modified DAVIS pixels. The compact size of the additional APS 
pixels allowed the CDAVIS to achieve 7.1 times more pixels of the prior DAVIS for 
the frame output with only doubled pixel array area. Color sensitivity was achieved 
through the addition of CFA. The CDAVIS chip was fabricated in Towerjazz 0.18um 
CMOS image sensor technology. The frame output of the CDAVIS was characterized 
based on European Machine Vision Association (EMVA) Standard 1228. To 
standardize the event output characterization method, this paper proposes a set of 
event output measurement and analysis methods. The event output of the CDAVIS 
was characterized with the proposed methods. For better benchmarking, a prior 
DAVIS chip was fully characterized with the same methods. The results showed the 
frame output of the CDAVIS had better linearity, absolute sensitivity threshold, 
dynamic range, and consistency in SNR than the prior DAVIS. Both sensors had 
comparable event output performance. However, the CDAVIS had a lower quantum 
efficiency (QE) at 3.3% (G pixel at 550nm), due to more complex in-pixel circuits. 

To demonstrate the advantages of the concurrent color VGA frames and fast sparse 
events, this thesis elaborates on one proof-of-concept application example, towards 
the vision system of RoboCup Small-Sized League (SSL) soccer using the CDAVIS. 
A Java-based feature detection and tracking algorithm called the Red-Dot-Tracker 
was built to perform a simple task of tracking red dots on green background using the 
CDAVIS. The CDAVIS exhibited the capability to support real-time color-based 
object tracking with about 15ms shorter worst-case latency than using a 60fps (frames 
per second) camera. When applying the Red-Dot-Tracker on a real-time playback of 
the CDAVIS recording, the event output produced less than 1/10 of data traffic and 



 

 

required 5~10 times less processing power than the frame output in the same Java 
environment. 

Lastly, this thesis presents preliminary results from two pieces of ongoing 
development efforts on two-stream vision sensors. Firstly, aiming to reduce spatial 
redundancy in the event output of a two-stream vision sensor, this thesis proposes a 
modified DVS design implementing center-surround receptive field topology. The 
center-surround DVS consists of a novel compact photoreceptor design with two 
antagonistic outputs, a diffuser network, and a sum-differencing amplifier. Based on 
simulation studies, this thesis discusses the feasibility of the proposed center-surround 
DVS design and outlines the next steps to take this concept further. 

Secondly, to address the low QE issue that plagued neuromorphic vision sensors 
with complex in-pixel circuits, this thesis presents preliminary silicon results of the 
first two-stream vision sensor implemented in BSI technology. Through side-by-side 
comparison of the backside illuminated (BSI) and front-side illuminated (FSI) 
versions of an identical DAVIS design, it was found that BSI quadrupled QE of the 
DAVIS pixel. However, the BSI version had more inter-pixel crosstalk and was more 
vulnerable to parasitic light. This thesis discusses further works needed to 
quantitatively understand the effects of BSI on two-stream sensors. 

 



 

 

Abstract 

Questo lavoro di tesi esplora il perché e il come dei sensori di visione a doppia 
uscita. La fisica della trasduzione visiva pone limiti fondamentali nei sistemi di 
visione - un sistema di visione dedicato alla percezione di caratteristiche visive non 
percepisce il movimento in maniera accurata e vice versa. Lo studio dei sistemi di 
visione dei mammiferi ci ha insegnato che la percezione di caratteristiche visive e del 
moto richiede sensori a due flussi di informazione: un flusso ad alta risoluzione 
spaziale, con alto rapporto tra segnale e rumore e con sensitività ai colori per la 
percezione di caratteristiche visive, il secondo flusso richiede alta risoluzione 
temporale e bassa latenza di risposta per la percezione del movimento. 

�$�W�W�U�D�Y�H�U�V�R�� �O�¶�D�Q�D�O�L�V�L�� �G�H�L�� �O�D�Y�R�U�L�� �S�U�H�F�H�G�H�Q�W�L���� �O�R�� �V�W�D�W�R�� �G�H�O�O�¶�D�U�W�H�� �G�H�L�� �V�H�Q�V�R�U�L�� �E�D�V�D�W�L�� �V�X��
�I�R�W�R�J�U�D�P�P�L�� �H�� �V�X�� �S�L�[�H�O�� �D�W�W�L�Y�L�� ���$�3�6���� �V�L�� �H�¶�� �U�L�Y�H�O�D�W�R�� �L�G�H�D�O�H�� �S�H�U�� �O�¶�H�V�W�U�D�]�L�R�Q�H�� �G�L��
caratteristiche visive e risulta dimensione compatta, ha un alto rapporto tra il segnale 
�H���L�O���U�X�P�R�U�H���H�G���H�¶���V�H�Q�V�L�E�L�O�H���D�L���F�R�O�R�U�L���J�U�D�]�L�H���D�O�O�¶�X�W�L�O�L�]�]�R���G�L���P�D�W�U�L�F�L���D���I�L�O�W�U�L���F�R�O�R�U�D�W�L�����&�)�$������
�'�¶�D�O�W�U�R�� �F�D�Q�W�R���� �L�O�� �V�H�Q�V�R�U�H�� �Y�L�V�L�Y�R�� �G�L�Q�D�P�L�F�R�� �Q�H�X�U�R�P�R�U�I�R�� �E�D�V�D�W�R�� �D�G�� �H�Y�H�Q�W�L�� ���'�9�6���� �V�L�� �H�¶��
dimostrato adatto per la percezione del movimento in quanto ha una risoluzione 
temporale elevata, bassa latenza di risposta e emette informazione sparsa. La 
combinazione delle tecnologie APS e DVS, ovvero del pixel dinamico e attivo, nel 
sensore DAVIS che fu sviluppato nel 2013 e produce nello stesso momento sia 
fotogrammi che eventi che rappresentano il contrasto temporale. Ad ogni modo, 
entrambe le uscite erano monocromatiche e avevano la stessa risoluzione spaziale. 
Seguendo i passi esplorativi fatti con il sensore DAVIS, questa tesi presenta il design 
e i risultati di fabbricazione (su silicio) del sensore dinamico con pixel attivi a colori 
CDAVIS: il primo sensore con due uscite visive che produce concorrentemente 
fotogrammi a risoluzione VGA e eventi monocromatici a risoluzione QVGA. 

Il sensore CDAVIS utilizza una matrice eterogenea di pixel che consiste nella 
�U�H�D�O�L�]�]�D�]�L�R�Q�H���G�L���S�L�[�H�O���$�3�6���F�K�H���V�R�Q�R���O�R���V�W�D�W�R���G�H�O�O�¶�D�U�W�H�����H���G�L���S�L�[�H�O���'�$�9�,�6���P�R�G�L�I�L�F�D�W�L����
La dimensione compatta dei circuiti APS addizionali ha permesso al sensore CDAVIS 
di �R�W�W�H�Q�H�U�H�����������Y�R�O�W�H���S�L�X�¶���S�L�[�H�O���G�H�O���V�X�R���S�U�H�G�H�F�H�V�V�R�U�H���'�$�9�,�6���S�H�U���O�¶�X�V�F�L�W�D���D���I�R�W�R�J�U�D�P�P�L��
�D���G�L�V�F�D�S�L�W�R���G�L���V�R�O�R���G�X�H���Y�R�O�W�H���O�¶�D�U�H�D���X�W�L�O�L�]�]�D�W�D�����/�D���V�H�Q�V�L�E�L�O�L�W�D�¶���D�L���F�R�O�R�U�L���H�¶���V�W�D�W�D���R�W�W�H�Q�X�W�D��
�J�U�D�]�L�H���D�O�O�¶�X�W�L�O�L�]�]�R���G�H�L���I�L�O�W�U�L���D���F�R�O�R�U�L���&�)�$�����,�O���G�L�V�S�R�V�L�W�L�Y�R���&�'�$�9�,�6���H�¶���V�W�D�W�R���I�D�Ebricato in 
�X�Q�� �S�U�R�F�H�V�V�R�� �&�0�2�6�� �S�H�U�� �V�H�Q�V�R�U�L�� �Y�L�V�L�Y�L�� �L�Q�� �W�H�F�Q�R�O�R�J�L�D�� �7�R�Z�H�U�M�D�]�]�� ���������� �X�P���� �/�¶�X�V�F�L�W�D�� �D��
�I�R�W�R�J�U�D�P�P�L���G�H�O���V�H�Q�V�R�U�H���&�'�$�9�,�6���H�¶���V�W�D�W�R���F�D�U�D�W�W�H�U�L�]�]�D�W�R���L�Q���D�F�F�R�U�G�R���F�R�Q���J�O�L���V�W�D�Q�G�D�U�G��
���������� �G�H�W�W�D�W�L�� �G�D�O�O�¶�� �³�(�X�U�R�S�H�D�Q�� �0�D�F�K�L�Q�H�� �9�L�V�L�R�Q�� �$�V�V�R�F�L�D�W�L�R�Q�´�� ���(�0�9�$������ �3�H�U��
standardizzare �L���P�H�W�R�G�L���G�L���F�D�U�D�W�W�H�U�L�]�]�D�]�L�R�Q�H���G�H�O�O�¶�X�V�F�L�W�D���D�G���H�Y�H�Q�W�L�����T�X�H�V�W�R���O�D�Y�R�U�R���G�L���W�H�V�L��
�S�U�R�S�R�Q�H���X�Q���L�Q�V�L�H�P�H���G�L���P�L�V�X�U�H���F�K�H���G�L���P�H�W�R�G�L���G�L���D�Q�D�O�L�V�L���G�H�O�O�¶�X�V�F�L�W�D���G�H�O���V�H�Q�V�R�U�H���D�G���H�Y�H�Q�W�L�� 

�3�H�U�� �X�Q�D�� �P�L�J�O�L�R�U�H�� �D�Q�D�O�L�V�L�� �F�R�P�S�D�U�D�W�L�Y�D���� �X�Q�� �F�K�L�S�� �S�U�H�F�H�G�H�Q�W�H�� �'�$�9�,�6�� �H�¶�� �V�W�D�W�R��
caratterizzato con �J�O�L�� �V�W�H�V�V�L�� �P�H�W�R�G�L���� �,�� �U�L�V�X�O�W�D�W�L�� �K�D�Q�Q�R�� �G�L�P�R�V�W�U�D�W�R�� �F�K�H�� �O�¶�X�V�F�L�W�D�� �D��
�I�R�W�R�J�U�D�P�P�L���G�H�O���V�H�Q�V�R�U�H�� �&�'�$�9�,�6���Y�D�Q�W�D���G�L���X�Q�D���P�D�J�J�L�R�U�H���O�L�Q�H�D�U�L�W�D�¶�����G�L���X�Q�D���V�R�J�O�L�D���G�L��
�V�H�Q�V�L�E�L�O�L�W�D�¶���D�V�V�R�O�X�W�D�����X�Q���S�L�X�¶���D�P�S�L�R���L�Q�W�H�U�Y�D�O�O�R���G�L�P�D�Q�L�F�R�����H���X�Q���U�D�S�S�R�U�W�R���V�H�J�Q�D�O�H���U�X�P�R�U�H��
consistente con il suo predecessore DAVIS. Entrambi i sensori hanno comparabili 
�S�U�H�V�W�D�]�L�R�Q�L���S�H�U���T�X�D�Q�W�R���U�L�J�X�D�U�G�R���O�¶�X�V�F�L�W�D���D�G���H�Y�H�Q�W�L�����$�G���R�J�Q�L���P�R�G�R�����L�O���V�H�Q�V�R�U�H���&�'�$�9�,�6��
�V�L���H�¶���G�L�P�R�V�W�U�D�W�R���D�Y�H�U�H���X�Q�D���P�L�Q�R�U���H�I�I�L�F�L�H�Q�]�D���T�X�D�Q�W�L�V�W�L�F�D�����4�(�����D���������������*���S�L�[�H�O���D���������Q�P������
�G�R�Y�X�W�D���D���X�Q���F�L�U�F�X�L�W�R���S�L�X�¶���F�R�P�Slicato del pixel stesso. 



 

 

�3�H�U���G�L�P�R�V�W�U�D�U�H���L���Y�D�Q�W�D�J�J�L���G�H�O�O�¶�X�V�F�L�W�D���F�R�Q�F�R�U�U�H�Q�W�H���D���F�R�O�R�U�L���9�*�$���H���G�H�J�O�L���H�Y�H�Q�W�L���V�S�D�U�V�L����
questa tesi elabora una verifica teorica di un esempio applicato, nel contesto di visione 
nel gioco del calcio praticato dai robot nella RoboCup Small-Sized League (SSL) 
�X�W�L�O�L�]�]�D�Q�G�R���X�Q�D���F�D�P�H�U�D���&�'�$�9�,�6�����8�Q���D�O�J�R�U�L�W�P�R���V�Y�L�O�X�S�S�D�W�R���L�Q���-�D�Y�D���S�H�U���O�¶�H�V�W�U�D�]�L�R�Q�H���G�L��
�F�D�U�D�W�W�H�U�L�V�W�L�F�K�H�� �Y�L�V�L�Y�H�� �H�� �S�H�U�� �L�O�� �W�U�D�F�F�L�D�P�H�Q�W�R�� �F�K�L�D�P�D�W�R�� �³�5�H�G-Dot-�7�U�D�F�N�H�U�´�� �H�¶�� �V�W�D�W�R��
costruito per performare un semplice compito di tracciamento di punti rossi su sfondo 
�Y�H�U�G�H�� �X�W�L�O�L�]�]�D�Q�G�R�� �O�D�� �&�'�$�9�,�6���� �/�D�� �F�D�P�H�U�D�� �&�'�$�9�,�6�� �K�D�� �H�V�S�R�V�W�R�� �O�D�� �F�D�S�D�F�L�W�j�¶�� �G�L��
supportare in tempo reale e basandosi sui colori tracciamento di oggetti con una 
risposta di circa 15ms minore del caso peggiore di risposta utilizzando 60fps. Quando 
�O�¶�D�O�J�R�U�L�W�P�R�� �³�5�H�G-Dot-�7�U�D�F�N�H�U�´�� �H�¶�� �V�W�D�W�R�� �D�S�S�O�L�F�D�W�R�� �D�O�O�D�� �U�L�S�U�R�G�X�]�L�R�Q�H�� �L�Q�� �W�H�P�S�R�� �U�H�D�O�H��
delle registrazioni del CDAVIS, gli eventi di uscita hanno prodotto meno di 1/10 di 
�W�U�D�I�I�L�F�R���G�D�W�L���H���K�D�Q�Q�R���U�L�F�K�L�H�V�W�R�����a�������Y�R�O�W�H���P�H�Q�R���S�R�W�H�Q�]�D���G�L���F�D�O�F�R�O�R���U�L�V�S�H�W�W�R���D�O�O�¶�X�V�F�L�W�D��
del frame nello stesso ambiente Java. 

Infine questa tesi presenta i risultati preliminari di due lavori in corso su sensori a 
due uscite visive. Il primo lavoro ha lo scopo di ridurre la ridondanza spaziale negli 
eventi di uscita del sensore, questa tesi propone un DVS con design modificato che 
�L�P�S�O�H�P�H�Q�W�D���X�Q�D���W�R�S�R�O�R�J�L�D���G�L���F�D�P�S�R���U�L�F�H�W�W�L�Y�R���³�F�H�Q�W�H�U-�V�X�U�U�R�X�Q�G�¶�����7�K�L�V���'�9�6���F�R�Q�V�L�V�W�H��
nel design di un nuovo fotorecettore compatto con due uscite antagoniste, una rete 
diffusore, e un amplificatore. Basandosi su studi in simulazione, questa questa tesi 
�G�L�V�F�X�W�H�� �O�D�� �I�D�W�W�L�E�L�O�L�W�j�¶�� �G�H�O�� �G�H�V�L�J�Q�� �G�H�O�� �³�F�H�Q�W�H�U-�V�X�U�U�R�X�Q�G�¶�� �'�9�6�� �G�H�V�F�U�L�W�W�R�� �H�� �G�H�V�F�U�L�Y�H�� �L��
prossimi passi per sviluppare questo concetto. Il secondo lavoro ha lo scopo di 
indirizzare il problema di basso QE che affligge i sensori di visione neuromorfi con 
complessi circuiti  in-pixel, questa tesi presenta risultati preliminari in silico del primo 
sensore di visione a due canali implementato in tecnologia BSI. Attraverso confronti 
delle versioni de retro-illuminato (BSI) e del  fronte-illuminato (FSI)  di in identico 
�'�$�9�,�6���G�H�V�L�J�Q�����H�¶���V�W�D�W�R���R�V�V�H�U�Y�D�W�R���F�K�H���L�O���%�6�,���T�X�D�G�U�X�S�O�L�F�D���L�O���4�(���G�H�O���S�L�[�H�O���G�H�O���'�$�9�,�6����
�&�R�P�X�Q�T�X�H���� �O�D�� �Y�H�U�V�L�R�Q�H�� �%�6�,�� �D�Y�H�Y�D�� �S�L�X�¶�� �F�U�R�V�V�W�D�O�N�� �D�� �H�U�D�� �S�L�X�¶�� �Y�X�O�Q�H�U�D�E�L�O�H�� �D�O�O�D�� �O�X�F�H��
parassita. Questa tesi discute lavori futuri necessari per capire quantitativamente gli 
effetti del BSI sul sensore a due canali visivi. 
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Chapter 1 Introduction 

�7�R�G�D�\�¶�V��state-of-the-art image sensors capture visual information by producing 
sequences of still images of the scene. These image sequences are then processed by 
various machine vision algorithms to achieve visual perception. Hence t�R�G�D�\�¶s state-
of-the-art image sensor and machine vision system are frame-based. Such frame-
based vision systems have merits such as high spatial resolution (nowadays typically 
between 10 and 20 megapixels [1]), color sensitivity and low noise (as low as less 
than one electron [2]), but also have intrinsic limitations such as low temporal 
resolution limited by frame rate (typically between 30 to 60 frames per second), low 
dynamic range (typically between 40 and 60dB [3]), high latency incurred by the 
exposure time and high post-processing computational cost. In contrast, 
neuromorphic event-based vision sensors implement a frame-free approach, by letting 
each individual pixel work in parallel to detect temporal incident light contrast. 
Therefore, event-based vision sensors have low latency (in the sub-millisecond range), 
high temporal resolution and reduced data redundancy, but have low spatial resolution 
(due too large complex pixels) and noisy output (more on the noise in the even-based 
vision sensors is explained in 3.2.2.2) [4]. My research work as a doctoral candidate 
revolved around building two-stream vision sensors that combine the strengths of both 
state-of-the-art frame-based image sensors and neuromorphic vision sensors. 

1.1 Limits and Tradeoffs in Visual Transduction 

In the late 18th century, physicists discovered the photoelectric effect �± the 
phenomenon of free electric charge carrier being produced in some materials when 
illuminated by light [5]. In 1905, Albert Einstein proposed the discrete particle nature 
of light to explain the photoelectric effect [6], which was experimentally confirmed 
by Robert Millikan in 1914 [7]. Einstein was awarded the Nobel Prize in Physics in 
1921 for �³�K�L�V discovery of the law of �S�K�R�W�R�H�O�H�F�W�U�L�F���H�I�I�H�F�W�´�����D�Q�G���0�L�O�O�L�N�D�Q���L�Q�������������I�R�U��
�³�K�L�V work on the elementary charge of electricity and on the photoelectric effect�´����
Their discoveries laid down the foundations of all modern day solid-state vision 
sensors.  

Today, light is regarded as a wave and as a particle. Both the wave nature and 
particle nature of light define the limits of a modern day solid-state vision sensor, 
which consists of a lens and a planar light sensing module positioned on the focal 
plane of the lens. The planar light sensing module is made of a two-dimensional array 
of discrete light sensing elements called pixels. 

Given a limited form factor of the sensor, the higher the spatial density of the pixels, 
the higher the spatial resolution the sensor has, until reaching the Abbe diffraction 
limit  [8], [9]. The Abbe diffraction limit dictates that, due to the wave nature of light, 
the smallest spot the incident light can converge to through a lens has a diameter d: 

�@
L �t�ä�v�v�®�ã�®�0 

where �� is the wavelength of the incident light, and N is the f-number, defined as the 
ratio of the focal length of the lens to the aperture diameter. If we use a lens with an 
f-number of 1.4 and consider the wavelength of yellow light, 550nm, the diameter of 
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the best focused spot can be calculated as 339nm. Therefore, in this case, pixels 
smaller than 339nm do not improve the spatial resolution of the sensor anymore. 

On the other hand, due to the particle nature of light, a vision sensor needs to battle 
against shot noise. Every pixel needs to accumulate sufficient number of photons in 
order to produce a sufficiently accurate measure of the incident light intensity. For 
example, a typical office illuminated by a fluorescent lamp has an average illuminance 
Iscene of 500lux or 500lm/m2 as required by the European law. In such an office, the 
luminance Lobject of an upright horizontal surface assuming perfect Lambertian 
reflectance is calculated as: 

�.�â�Õ�Ý�Ø�Ö�ç�:�à�; 
L �t �®�…�‘�•�à�®
�4�®�+�æ�Ö�Ø�á�Ø

�t�è
�>�…�†���• �6���‘�”���Ž�•���•�”�®�• �6�? 

where �à is the angle of reflection, R is the reflectance, 2�Œ is the solid angle of a 
hemisphere, and the factor 2 in the front is the relation between the maximum 
reflection luminance �.�â�Õ�Ý�Ø�Ö�ç�:�à�; when �à
L �r and the average reflection luminance of 
the whole hemisphere of reflected light (derived by Tobi Delbruck in an unpublished 
�G�R�F�X�P�H�Q�W�� �³Notes on practical photometry for image sensor and vision sensor 
developers�´���� 

A Kodak R27 gray surface with 18% reflectance under 500lux illuminance would 
have about 28cd/m2 maximum luminance in the direction perpendicular to the surface. 
(For the reference, a typical computer monitor has a maximum brightness of 
350cd/m2.) 

Based on a simplified geometric model as depicted in Figure 1, Delbruck further 
derived the relation between scene illuminance �+�æ�Ö�Ø�á�Ø and image illuminance �+�Ü�à�Ô�Ú�Ø: 

�+�Ü�à�Ô�Ú�Ø
L
�è�®�@

�=
�t�A

�6

�O�6
�®
�O�6

�B�6 �®�6�®�.�â�Õ�Ý�Ø�Ö�ç�:�r�; 


L
�è�®�=�6

�v�®�B�6 �®�6�®�.�â�Õ�Ý�Ø�Ö�ç�:�r�; 


L
�è

�v�®�0�6 �®�6�®�.�â�Õ�Ý�Ø�Ö�ç�:�r�; 


L
�6�®�4�®�+�æ�Ö�Ø�á�Ø

�v�®�0�6 �>�H�Q�T���K�N���H�I���I �6�? 

where a is the aperture diameter of the lens, s is the distance between the object Kodak 
R27 surface and the lens, f is the focal length of the lens, T is the transmittance of the 

lens, 
�� �®�@

�Ì
�.
�A

�.

�æ�.
 is the approximate solid angle the lens area covers, assuming s is much 

larger than a, and treating the object Kodak R27 as the origin point. 
�æ�.

�Ù�. denotes the 

area ratio between the object and image. 
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Figure 1 Simplified geometric drawing for derivation of pixel illuminance 

The above derived result shows that the pixel illuminance I image is reduced to a 
small fraction of the scene illuminance Iscene by the factor of 

�Í �®�Ë

�8�®�Ç�.. A typical fast lens 
with 80% transmittance and an f-number of 1.4 would result an I image of about 9.2lux 
from a Kodak R27 gray surface under 500lux scene illumination. 9.2lux converts to a 
visible (wavelength between 400 and 700nm) photon flux of around 75k photons per 
square micron per second. If we want to achieve a signal-to-noise ratio (SNR) of 40dB, 
surpassing the human eye�¶�V peak SNR of 37dB [10], assuming shot noise is the only 
source of noise at the moment, we need to collect 10000 photons to achieve the desired 
SNR. If  we use 1.4µm pixels (1.4µm refers to the side length of the square shaped 
pixel) with 50% quantum efficiency (QE, the ratio of the number of photoelectron 
generated to the number of incident photons), we need to collect photons in this pixel 
for about 120ms to achieve 40dB SNR. 

During this 120ms of photon collection time, we would like to make sure the 
Kodak R27 gray surface has unchanged luminance and is relatively static with 
reference to the sensor, so that the gray surface illuminates the same group of pixels 
on the sensor with constant illumination. If the gray surface starts to move relative to 
the sensor, pixels near the boundary of the projected grey surface image may not be 
illuminated by the grey surface throughout the entire photon collection time, hence 
producing inaccurate measurement of the illumination. This motion induced artefact 
is termed motion blur. Given the same relative motion between the gray surface and 
the sensor, the longer the photon collection time, the more pronounced is the motion 
blur. 

Moreover, this 120ms photon collection time also limits the temporal resolution of 
the sensor to be about 8 samples per second, which means the sensor is only able to 
transduce temporal signal with a frequency up to half of the sampling rate, at 4Hz, 
according to the Nyquist-Shannon sampling theorem [11], [12], [13]. Therefore, in 
the above-mentioned example, if the Kodak R27 surface is moving back and forth 
more than four times per second, the sensor is unable to capture this temporal 
information with 40dB SNR. 

In real world applications, vision sensors are designed to balance the tradeoffs 
among spatial resolution, temporal resolution, and SNR. For example, the 1.3 
megapixel automotive image sensor by ST has 3.75µm pixels and is designed to 
achieve an SNR of 20dB at 30 frames per second (fps) (which means <30ms photon 
collection time per frame) with low scene illumination [14]. Another example is 
Panasonic HD studio cameras, which use a pixel size of 5~6µm [15] and produce over 
40dB SNR at 50 or 60fps [16] (that means a 16~20ms photon collection time at most 
per frame) with studio lighting (>1000lux). To achieve HD resolution (1920×1080 
pixels) with a large pixel size, Panasonic HD studio cameras use 2/3-inch format 
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(11×8.8mm2 [17]) sensors, which is a relatively large form factor compared to mobile 
phone camera sensors (typically use 1/4-inch format or smaller). 

The form factor of a sensor is usually constrained by costs and application 
requirements. Hence given a certain sensor form factor, smaller pixels lead to higher 
spatial resolution, but would require longer photon collection time to ensure sufficient 
SNR, which lead to lower temporal resolution and more motion blur. In contrast, 
larger pixels need shorter photon collection time for the same SNR, which means 
higher temporal resolution and less motion blur. However, the drawback of larger 
pixels is lower spatial resolution under the same form factor. A summary of these 
tradeoffs is illustrated in Figure 2. These tradeoffs are defined by the physics of visual 
transduction, and apply to all modern day solid-state vision sensors, as well as to 
mammalian visual systems.  

 
Figure 2 Tradeoffs of a vision sensor 

1.2 Two Streams of Vision 

From the 1960s to the 1980s, neuroscientists brought up the two-stream hypothesis, 
that is the mammalian visual system has two sub-systems, �W�K�H���³�Z�K�D�W�´���S�D�W�K�Z�D�\ that 
deals with identification, and �W�K�H���³�Z�K�H�U�H�´���S�D�W�K�Z�D�\ that deals with localization [18] 
[19]. In the 1990s, this two-stream hypothesis evolved into consisting of a sub-system 
for perceptual identification and a sub-system for visually guided actions [20]. While 
this hypothesis is still under debate in neuroscience in terms of scope, accuracy and 
completeness, the physiological evidence in mammals confirms that there are at least 
two main visual pathways transmitting visual information from the retina to the 
primary visual cortex. The parvocellular pathway receives input from P retinal 
ganglion cells, and the magnocellular pathway receives input from M retinal ganglion 
cells. A P ganglion cell have a smaller receptive field than an M ganglion cell. 
Therefore, the parvocellular pathway has finer spatial resolution. A P retinal ganglion 
cell has a receptive center and surround that are sensitive to different light wave 
lengths. This center-surround wavelength comparison gives the parvocellular 
pathway color sensitivity. In contrast, an M retinal ganglion cell does not have a 
receptive center and surround wavelength difference, therefore making the 
magnocellular pathway color insensitive. Moreover, the parvocellular pathway 
responds to sustained stimulus and is relatively slow, while the magnocellular 
pathway responds to transient stimulus and is relatively fast. The parvocellular 
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pathway provides visual acuity and color perception, functions that are important for 
visual recognition and identification, while the magnocellular pathway is mainly 
involved in movement tracking and localization [21]. 

In the scope of this thesis, I describe the two main tasks of visual perception as 
feature perception and motion perception. For better feature perception performance, 
the vision sensor should have higher spatial resolution. Hence based on the analysis 
in 1.1, given a certain form factor, smaller pixels are favored, down to the Abbe 
diffraction limit. The sensor should also have high SNR. Hence given the small size 
of the pixel, long photon collection time is needed. However, small pixels with long 
photon collection time inevitably suffer from motion blur, and are unable to support 
motion perception well. Therefore, a vision sensor tailored for feature perception is 
not suitable to handle motion perception at the same time by its own. To support both 
feature perception and motion perception, the vision sensor needs to have two types 
of pixels dedicated to the corresponding tasks. The pixels for feature perception 
should have high spatial density and long photon collection time. The pixels for 
motion perception should have short photon collection time to suppress motion blur, 
and larger pixel size to compensate for SNR, at the cost of compromised spatial 
resolution. 

1.3 State-of-the-Art Digital Image Sensors 

�7�R�G�D�\�¶�V�� �V�W�D�W�H-of-the-art vision sensors are semiconductor-based digital image 
sensors. Two types of digital image sensors exist on the markets today, the charge-
coupled device (CCD) sensor, and the active-pixel sensor (APS) based on 
complementary metal-oxide-semiconductor (CMOS) technology. 

The CCD technology was invented in 1969 by Willard Boyle and George Smith 
[22], who shared the Nobel Prize in Physics in ���������� �I�R�U�� �³for the invention of an 
imaging semiconductor circuit �± the CCD sensor�´����A CCD pixel is a metal-oxide-
semiconductor (MOS) capacitor. A two-dimensional array of CCD pixels placed 
closely together stores a still image as discrete electric charge packets in individual 
pixels. To read out the image, the stored charge packets are transferred along the 
surface of the semiconductor from one pixel to the next towards the edge to be scanned 
out. This charge transfer is done by applying appropriate voltage to the metal electrode 
in each pixel [23]. Utilizing optimized pinned-photodiode (PPD) to allow complete 
charge packets transfer [24], [25], CCD sensors can deliver excellent image quality. 

The APS was first described by Peter Noble in 1968 [26], around the same time of 
the birth of the CCD. The concept of the APS is to have in-pixel amplifiers (hence the 
�Q�D�P�H���³�D�F�W�L�Y�H-�S�L�[�H�O�´�����E�X�L�O�W���Z�L�W�K���0�2�6���W�U�D�Q�V�L�V�W�R�U�V�����7�K�H���L�Q-pixel amplifiers ensured good 
readout speed and pixel array scalability. However, at that time, MOS fabrication 
process had large variability which impacted the reliabilities of MOS transistors. In 
�F�R�P�S�D�U�L�V�R�Q���� �W�K�H�� �&�&�'�¶�V�� �F�K�D�U�J�H�� �S�D�F�N�H�W�V�� �P�H�F�K�D�Q�L�V�P�� �Z�D�V�� �H�D�V�L�H�U���W�R�� �P�D�Q�X�I�D�F�W�X�U�H���� �7�K�H��
CCD eventually achieved commercial success and dominated the image sensor 
markets throughout the 80s and 90s.  

By late 80s and early 90s, CMOS fabrication process had vastly improved and 
become an established and stable process for manufacturing microprocessors. Hence 
the APS started to regain research interests [27], [28]. Inventions for the CCD such as 
the PPD were integrated into the APS [29], which enabled the correlated double 
sampling technique for suppressing pixel fixed pattern noise (FPN, a noise mainly 
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cause by fixed variation in transistor threshold from pixel to pixel) [30]. With more 
refinement to the process [31], the APS began to match and surpass the CCD in terms 
of image quality by early 2000s. Furthermore���� �W�K�H�� �&�&�'�¶�V�� �G�L�V�D�G�Y�D�Q�W�D�J�H�V�� �R�I�� �S�R�R�U��
integration, high fabrication cost, high power consumption and low speed became 
more and more apparent. 

In the 2000s, driven by the mobile phone camera demand, the APS started to take 
over the market. As of fall 2016, according to Techno System Research market 
analysis [32], the APS has clinched over 99.5% of all image sensor markets, with only 
less than 0.5% left for the CCD (usually in the markets where large form factor sensors 
are needed, such as professional and scientific photography). 

An APS pixel typically ranges from three-transistor (3T) to five-transistor (5T), 
with four-transistor (4T) being the most common type to be used with a PPD [25]. A 
3T APS pixel cannot implement a PPD due to the direct connection between the 
photodiode and the in-pixel amplifier. A 5T (or even more than 5T) APS pixel is 
implemented for global shutter (more on global shutter is covered in 2.2.1), high speed 
or high dynamic range applications [33], [34], [35], [36]. 

Driven by cost reduction, some APS pixel designs adopted transistor sharing to 
further reduce the form factor and improve pixel fill factor (the ratio of photodiode 
area to the total area of the pixel) [37]. Depending on the transistor sharing scheme, 
the average transistor number per pixel can be reduced to as low as 1.5 transistors per 
pixel [38]. 

�7�R�G�D�\�¶�V�� �V�W�D�W�H-of-the-art APS pixels typically fall between 1~5µm, and have fill 
factor above 50%. To improve overall sensitivity beyond the limits set by its pixel fill 
factor, the APS sensor is coated with a layer of micro-lenses (ULS). Each ULS is 
centered on top of each pixel to converge more incident light towards the photodiode. 
An optional technique to further improve sensitivity is backside illumination (BSI) 
[39], [40], another invention borrowed from the CCD [41], [42]. A BSI APS sensor 
uses its front side surface to build transistors and wiring, and the completely 
unobstructed backside as the photosensitive side, thus increases the fill factor to near 
100% (more on BSI is covered in Chapter 5). Figure 3 shows a microphotograph of 
the cross section (by Chipworks [1]) of a state-of-the-art BSI APS chip developed by 
Samsung in 2014 [43]. The upper edge is the front side of the sensor chip, the lower 
edge is the backside. The chip implemented deep trench isolation (DTI) technique to 
partially isolate individual pixel from the backside surface to around 1.6µm deep. The 
DTI together with the W grid (an opaque tungsten grid) serve to reduce electrical and 
optical crosstalk between adjacent pixels. Between the backside surface and the 
micro-lenses (ULS) lies the embedded color filter array (CFA) which enables the chip 
color sensitivity [44]. 
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Figure 3 Annotated microphotograph of the cross-section of a (Samsung 1.12µm) 

BSI APS sensor [43] (microphotograph courtesy of Chipworks [1]) 

The state-of-the-art APS is essentially an array of one-stage CCD, one in each pixel. 
Just like the CCD, the APS output is in frame format. The APS is able to produce 
exceptional image quality, with rich color information, high spatial resolution and 
high SNR. Hence, the APS is the ideal choice for feature perception. However, for the 
reason explained in 1.1, the APS is only able to capture fast motion under increased 
scene illumination or reduced spatial resolution[45], [46], [47]. 

1.4 Neuromorphic Vision Sensors 

In the late 80s, Carver Mead proposed the concept of neuromorphic engineering, 
to mimic the morphology and architecture of biological nerves system using the 
promising semiconductor technologies, in particular, by exploiting the physics and 
behavior of transistors in operated weak inversion [48]. There are two objectives of 
neuromorphic engineering: to understand better how the morphology and architecture 
in the biological system influence information processing and computation; and to 
build more desirable, efficient, robust artificial systems. 

In 1991, Mead and his student Mahowald developed the first silicon retina [49]. 
Mead and �0�D�K�R�Z�D�O�G�¶�V��pioneering design used analog circuits to mimic the simplified 
functional behaviors of four retinal layers (including photoreception and processing) 
in the mammalian retina. However, the first silicon retina had complex in-pixel 
circuits and large pixel-to-pixel mismatch resulted from subthreshold current mode 
processing. Back then, there was also no efficient way to readout the outputs from an 
array of such silicon retina pixels. An asynchronous four-phase handshaking protocol 
called address-event representation (AER)was proposed in 1991 by Sivilotti to solve 
connection problem between neuromorphic chips through multiplexing [50], and was 
further developed by Mahowald in 1994 [51] and Boahen in 1998 [52]. 

By early 2000s, the mere emphasis of replicating biological morphology and 
behavior details started to shift towards mimicking functions. In 2003, Culurciello et 
al. developed a biomorphic image sensor that used spike frequency to encode intensity 
linearly and adopted AER protocol to output the spikes [53]. This biomorphic image 
sensor achieved high dynamic range with relatively low power consumption (3.4mW 
with an 80×60 pixel array). However, the straight forward intensity-to-spike-
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frequency encoding did not work well with AER protocol because low intensity 
resulted in high output latency while high intensity resulted in output bandwidth 
saturation.  

In the meantime, several research groups proposed various techniques to reduce 
output data redundancies in image sensors. In 2003, Kameda and Yagi presented in-
pixel Laplacian-of-Gaussian-like processing based on the APS technology to reduce 
spatial redundancy [54]. In the same year, Ruedi et al. came up with an asynchronous 
spatial contrast extraction technique based on the time-to-first-spike principle [55]. In 
2002, Kramer developed a transient imager that does in-pixel temporal contrast 
detection and produces event-driven asynchronous output using AER protocol [56]. 
�.�U�D�P�H�U�¶�V���Z�R�U�N���Z�D�V���E�D�V�H�G���R�Q��continuous logarithmic photoreceptors inspired by the 
adaptive photoreceptors in biological retina [57]. Although still having stability and 
�P�L�V�P�D�W�F�K�� �L�V�V�X�H�V���� �.�U�D�P�H�U�¶�V�� �W�U�D�Q�V�L�H�Q�W���L�P�D�J�H�U���Z�D�V�� �W�K�H�� �I�L�U�V�W�� �W�R�� �H�[�S�O�R�U�H�� �W�K�H�� �V�\�Q�H�U�J�\�� �R�I��
neuro-inspired logarithmic photoreceptor circuit and temporal contrast based 
asynchronous readout. 

In 2005, Lichtsteiner et al. �U�H�I�L�Q�H�G�� �.�U�D�P�H�U�¶�V�� �W�U�D�Q�V�L�H�Q�W�� �L�P�D�J�H�U�� �F�R�Q�F�H�S�W�� �D�Q�G��
developed the dynamic vision sensor (DVS) [58], which contained circuit designs that 
were borrowed by many later generations of neuromorphic vision sensors including 
�W�K�H���Z�R�U�N�V���S�U�H�V�H�Q�W�H�G���L�Q���W�K�L�V���W�K�H�V�L�V�����6�L�P�L�O�D�U���W�R���.�U�D�P�H�U�¶�V���L�P�D�J�H�U�����W�K�H���'�9�6 reduces data 
redundancy by outputting asynchronous scene reflectance temporal contrast address-
events. Figure 4 illustrates the block diagram of a DVS pixel. Incident light 
photocurrent is first converted logarithmically into a voltage signal continuously. 
Then, a differencing amplifier amplifies the change of the voltage signal since last 
reset. The amplified voltage change is then compared to the ON and OFF thresholds. 
Once the amplified voltage change exceeds the ON or OFF threshold, the AER logic 
block generates an ON/OFF event and resets the differencing amplifier. The DVS 
opened up the field of event-based frame-free vision sensors [4]. 
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Figure 4 Block diagram of a DVS pixel 

By implementing more optimized AER protocol [52], [59], [60], [61], the event-
based vision sensors are able to achieve temporal resolution and latency in the sub-
millisecond range under natural illumination. Hence the event-based vision sensors 
have been studied in numerous latency sensitive bandwidth limited motion perception 
related applications [62], [63], [64], [65]. However, these sensors typically require 
more than 20 transistors per pixel, thus have large size and small fill factor. Comparing 
to the state-of-the-art APS, the event based vision sensors have low spatial resolution, 
are not optimized for the best SNR, and are unable to capture static scene information. 
Even though static scene reconstruction was shown possible through a decoding 
algorithm proposed in [66], the intrinsic properties of the event-based vision sensors 
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such as low spatial resolution and lack of sustained response do not fit the ideal sensor 
for feature perception. 

To enable the event-based vision sensors to capture static scene information, the 
asynchronous time-based image sensor (ATIS) adopted a two-stream approach by 
including an event-triggered pulse width modulated (PWM) intensity readout circuit 
to each pixel [67]. However, the included PWM circuit doubled the pixel area. The 
event triggered intensity readout mechanism also made the ATIS prone to motion 
distortions. Adopting the same two-stream approach, Raphael Berner and Christian 
Brandli developed the dynamic and active-pixel vision sensor (DAVIS) in 2013 [68], 
[69]. The DAVIS integrated the state-of-the-art APS circuitry to the DVS by adding 
only four more transistors to the DVS pixel. The DAVIS simultaneously outputs 
rolling or global shutter frames and asynchronous temporal-contrast events, thus 
demonstrating the potential of combining the strengths of both the state-of-the-art 
frame-based APS for feature perception and the neuromorphic event-based DVS for 
motion perception. However, the relatively large pixel size of the DAVIS limited its 
fill factor and spatial resolution of both the frame and event outputs. Moreover, both 
the frame and event outputs of the DAVIS are monochromatic. 

1.5 Major Results 

Based on the prior developments in both the state-of-the-art digital image sensors 
and the neuromorphic vision sensors, this thesis aims to take the DAVIS one step 
further and to build a better two-stream vision sensor. The work presented in this 
thesis revolves around three topics: 

1. How to build a two-stream vision sensor with higher spatial resolution and 
color sensitivity? 

2. What are the advantages of a color sensitive two-stream vision sensor in 
specific applications? 

3. What are the next steps in the development of future two-stream vision sensors? 

This thesis presents the following major results: 

 
Design and characterization results of the first color VGA dynamic and active-

pixel two-stream vision sensor (CDAVIS) 
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Demonstration of real-time low-cost color-based identification and tracking 

using CDAVIS 
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Simulation study of a novel spatiotemporal contrast detection circuit based on 

the DVS implementing center-surround antagonistic receptive field 

 
Quantum efficiency of the first BSI two-stream vision sensor compared to its 

FSI version 
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1.6 Thesis Organization and Author Contributions  

Chapter 2 of this thesis describes the design of CDAVIS, including the pixel array, 
the APS frame readout control logic and circuits, the column parallel analog-to-digital 
converter (ADC) and the overall integration. The design of the pixel array and the 
APS frame readout control logic were published in: 

Chenghan Li , Christian Brandli, Raphael Berner, Hongjie Liu, Minghao Yang, 
Shih-Chii Liu and Tobi Delbruck�����³�'�H�V�L�J�Q���R�I���D�Q���5�*�%�:���F�R�O�R�U���9�*�$���U�R�O�O�L�Q�J���D�Q�G��
global shutter dynamic and active-�S�L�[�H�O�� �Y�L�V�L�R�Q�� �V�H�Q�V�R�U���´�� �L�Q��2015 IEEE 
International Symposium on Circuits and Systems (ISCAS), 2015, pp. 718�±721. 

Chenghan Li , Christian Brandli, Raphael Berner, Hongjie Liu, Minghao Yang, 
Shih-Chii Liu and Tobi Delbruck���� �³�$�Q���5�*�%�:�� �&�R�O�R�U���9�*�$���5�R�O�O�L�Q�J�� �D�Q�G�� �*�O�R�E�D�O��
Shutter Dynamic and Active-�3�L�[�H�O���9�L�V�L�R�Q���6�H�Q�V�R�U���´���L�Q��2015 International Image 
Sensor Workshop (IISW 2015), Vaals, Netherlands, 2015. 

The author contributions to the above two publications are as follows: Tobi 
Delbruck, Christian Brandli and Raphael Berner conceived the heterogeneous pixel 
array concept that leads to the CDAVIS project. Raphael Berner designed an early 
version of the on-chip column parallel ADC. Hongjie Liu designed the on-chip 
voltage reference digital to analog converter (VDAC). Minhao Yang designed the 
programmable on-chip bias generator [70]. Shih-Chii Liu and Tobi Delbruck provided 
overall supervision. Tobi Delbruck also designed the on-chip gray counter for the 
column parallel ADC. I designed the pixel array, the APS frame readout control logic 
and circuits, a modified version of the column parallel ADC �E�D�V�H�G�� �R�Q�� �5�D�S�K�D�H�O�¶�V��
design and completed the overall integration 

Chapter 3 describes the characterization methods for both the frame output and the 
event output of a two-stream vision sensor, and presents the complete characterization 
results of CDAVIS. The work described in this chapter contained contributions from 
Federico Corradi and Diederik Moeys who built the characterization setup and 
python-based automated measurement framework. I contributed to the design of the 
measurement and analysis methods, the automated measurement and analysis Python 
scripts, and the characterization of CDAVIS. 

Chapter 4 elaborates on one proof-of-concept application example with the 
CDAVIS, towards a RoboCup Small-Sized League vision system, to demonstrate its 
advantages of low latency and low computational cost in vision tasks that require both 
color feature perception and motion perception. The pseudocode of the proof-of-
concept algorithm is included in Appendix C. 

The content of Chapter 3 and Chapter 4 are intended for the publication below: 

Chenghan Li, Diederik Moeys, Federico Corradi, Shih-Chii Liu and Tobi 
�'�H�O�E�U�X�F�N�����³�$ Color VGA Dynamic and Active-Pixel Two-Stream Vision Sensor,�  ́
in preparation. 

where Diederik Moeys and Federico Corradi built the characterization setup and 
collaborated with me on the characterization work, Tobi Delbruck provided insightful 
guidance on the development of the proof-of-concept application example, Tobi 
Delbruck and Shih-Chii Liu were the principal investigators, and I completed the main 
part of the work in the characterization of the CDAVIS and developed its proof-of-
concept application example: 
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Chapter 5 presents preliminary results from two pieces of ongoing works. The first 
piece of ongoing work is a proposal of a modified DVS design that implements center-
surround antagonistic receptive field to achieve spatial contrast detection and 
therefore to produce a spatiotemporal contrast event output. The second piece of 
ongoing work is the characterization results comparison between a front-side 
illuminated (FSI) version and a BSI version of an identical DAVIS design. The 
eventual complete FSI vs. BSI characterization results are intended for the publication, 
where Diederik Moeys collaborated with me on the quantum efficiency measurement, 
Federico Corradi developed the automated measurement script, Vasyl Motsnyi built 
the quantum efficiency measurement setup, Tobi Delbruck and Shih-Chii Liu were 
the principal investigators, and I completed the main part of the work in analyzing the 
quantum efficiency measurement results: 

Chenghan Li, Diederik Moeys, Federico Corradi, Vasyl Motsnyi, Shih-Chii 
Liu and Tobi �'�H�O�E�U�X�F�N���� �³�%�6�,�� �Y�V�� �)�6�,��Dynamic and Active-Pixel Two-Stream 
Vision Sensors,�  ́in preparation. 

The silicon results presented in this thesis were from one dedicated multi-project 
wafer (MPW) run in Towerjazz 0.18µm image sensor process. An overview of this 
MPW run is provided in Appendix A, including a summary of the chips on this wafer, 
the overall integration, fabrication timeline, dicing and packaging. The complete 
MPW run was a result of joint and coordinated efforts from several members of the 
sensors group at the Institute of Neuroinformatics and the image sensor team at imec. 
Individual contributions are stated in the corresponding parts of Appendix A. The 
shared circuit board setup used for silicon characterization is described in Appendix 
B. 
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Chapter 2 A Color VGA Two-Stream Vision 
Sensor: Design 

Ever since the advent of the first digital camera using charge-coupled device (CCD) 
technology in 1969, engineers have been on a race to build image sensors with higher 
�V�S�D�W�L�D�O���U�H�V�R�O�X�W�L�R�Q�����7�K�L�V���U�D�F�H���Z�D�V���F�D�U�U�L�H�G���R�Q���E�\���W�R�G�D�\�¶�V���$�3�6���W�H�F�K�Q�R�O�R�J�\���D�Q�G���E�H�F�D�P�H��
what some �S�H�R�S�O�H���F�D�O�O���W�K�H���³�P�H�J�D�S�L�[�H�O��race�´�����7�K�H���'�$�9�,�6���Z�D�V���O�L�P�L�W�H�G���E�\���W�K�H���F�R�P�S�O�H�[��
in-pixel circuit for the event output and therefore falls far behind the state-of-the-art 
APS in terms of spatial resolution. As discussed in 1.2, spatial resolution is an 
inevitable compromise for motion perception, but an important factor that affects 
feature perception performance. 

Color sensitivity has been added to the DVS and other event-based vision sensors 
using buried double junction [71], [72]. The buried double junction did not perform 
well to separate colors. The additional color information increased the complexity of 
the event output encoding and post processing, but did not prove to be advantageous 
for the event output. It is debatable whether color information contributes significantly 
to motion perception because natural environment contains little equiluminant color 
temporal changes [73]. As discussed in 1.2, the magnocellular pathway for motion 
perception in mammals is not color sensitive. In the mammalian visual cortex, color 
was also found �Q�R�W���D�V���H�V�V�H�Q�W�L�D�O���L�Q���W�K�H���³�Z�K�H�U�H�´���S�D�W�K�Z�D�\���D�V���L�Q���W�K�H���³�Z�K�D�W�´���S�D�W�K�Z�D�\ [74]. 
However, color information is crucial for feature perception applications, such as 
inspecting the ripeness of fruits and detecting traffic signals.  

This chapter presents the dynamic and color active-pixel vision sensor (CDAVIS), 
the first two-stream sensor with VGA resolution color frame output and QVGA 
resolution monochrome temporal contrast event output. This chapter describes the 
CDAVIS design, including the pixel array, the APS frame readout control logic and 
circuits, the column parallel ADC and the overall integration. Parts of this chapter 
incorporate materials adapted from [75] and [76]. 

2.1 Heterogeneous Pixel Array 

The CDAVIS implemented a heterogeneous pixel array as depicted in Figure 5. 
The area enclosed by the white outline is one tessellating unit of the pixel array and is 
composed of three state-of-the-art APS pixels with pinned photodiode (PPD) and one 
DAVIS pixel with buried photodiode (BPD) (partially-pinned in Towerjazz 0.18µm 
image sensor process). The cross-sections of a PPD and a BPD are illustrated in Figure 
6. A PPD is completely buried by a p+ implant layer, therefore eliminating dark 
current caused by surface imperfections [25]. A PPD allows perfect charge transfer 
through a transfer gate (poly). A BPD has more dark current due to the surface contact. 
But the surface contact allows the DAVIS circuit to directly access the photocurrent. 

The pixel array was patterned under an RGBW-Bayer color filter array proposed 
in [77], where R, G, B, W stands for red, green, blue, white, and white means no color 
selectivity. An R, G or B color filter was placed above an APS PPD, while no color 
filter was placed above a DAVIS BPD. Hence the frame output of the CDAVIS is 
color sensitive and has twice the linear spatial resolution of its event output. Because 
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of the compact size of the APS pixel, one tessellating RGBW unit measures 
20×20µm2, only slightly larger than one single DAVIS pixel (18.5×18.5µm2) in the 
same fabrication process. The photodiode fill factor of the CDAVIS (14%) is less than 
the DAVIS (22%). The CDAVIS was equipped with anti-reflection coating and 
micro-lenses, which are part of the standard image sensor process flow. 

 
Figure 5 Heterogeneous pixel array of the CDAVIS (yellow = APS circuit area, 

purple = DAVIS circuit area) 

 
Figure 6 Cross-sections of PPD and BPD 

2.1.1 State-of-the-Art APS 
The APS pixels included in the CDAVIS were modified from Towerjazz stock 

five-transistor (5T) 4.5µm pitch APS pixels with specifications listed in Table 1. The 
PPD has a pinning voltage (voltage for full depletion to occur) of around 1.2~1.3V. 
The pixel converts collected photoelectrons into a voltage signal with a conversion 
gain of 75µV/e- and uses a 3.3V supply voltage to provide a linear output swing of 
1.6V without anti-blooming (explained later in this section). The PPD and the floating 
diffusion (FD) have low dark current (caused by junction leakage) at room 
temperature. The maximum quantum efficiency (QE) of the pixel at 550nm 
wavelength (yellow) light measures 45% with complete standard optical finish 
including micro-lens, color filter and anti-reflection coating. The QE listed here is 
reported by Towerjazz on the stock 5T 4.5µm pitch APS, which uses three metal 
layers. The measured QE of the modified APS in the CDAVIS are discussed in 3.2.3. 
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Table 1 The Towerjazz 5T pixel specifications 

Supply Voltage 3.3V 
Conversion Gain 75µV/e- 

Photodiode Pinning Voltage 1.2~1.3V 

Maximum Output Swing Linear: 1.6V, saturation: 
1.9V 

Photodiode Dark Current @ 25ºC < 1000e/sec/pixel 
Floating Diffusion (FD) Dark Current @ 25ºC < 1000e/sec/pixel 

Maximum QE @ 550nm, with micro-lens, color filter and 
anti-reflective coating passivation 45% 

The 5T APS pixel schematic is shown in Figure 7. The 5T APS was chosen over a 
more common 4T APS because the 5T APS allows global shutter (explained in 2.2.1). 
The descriptions of the transistor functions and their control signals are found in Table 
2. The working principle of the 5T APS is as follows: the PPD collects and 
accumulates photoelectrons during exposure. When exposure ends, the accumulated 
charge is transferred to the FD and converted into a voltage signal to be read out 
through the analog output (AO) wire. More details on the control of the 5T APS are 
explained in 2.2.1. 
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Figure 7 Towerjazz 5T APS schematic 

Table 2 The control signals of the Towerjazz 5T APS 

Transistor Function Control Signal 

MN1 Reset the PPD and set the 
overflow level of the PPD 

OVG2 (low: 0V/adjustable, high: 
3.3V/adjustable, minimum pulse width: 

1µs) 

MN2 Transfer charge from the PPD 
to the FD 

TX2 (low: 0V, high: 3.3V/adjustable, 
minimum pulse width: 1µs, minimum 

controlled fall-time: 100ns) 

MN3 Reset the FD RST (low: 0V, high: 4V, minimum pulse 
width: 1µs) 

MN4 Input transistor of the analog 
output (AO) source follower - 

MN5 Connects the pixel to the AO 
readout SEL (low: 0V, high: 3.3V) 

The layout of the metal layers of the stock 5T APS pixel were modified so it could 
fit in the heterogeneous pixel array. Another modification was in the channel doping 
width of transistor MN1 to increase its channel leakage and serves as a built-in leaky 
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anti-blooming device. Blooming occurs when the accumulating photoelectrons reach 
the saturation level of the photodiode (also called full well capacity), and starts to 
overflow into neighboring pixels. Standard anti-blooming technique controls the off 
voltage applied on the gate of MN1 to be higher than ground, so that when the 
accumulated photoelectrons lower the photodiode voltage to the saturation level near 
ground, MN1 will start to conduct current and prevent further lowering of the 
photodiode voltage, thus prevent blooming. Leaky anti-blooming is achieved by 
tweaking the channel doping width of MN1 as shown in Figure 8�����³�9�1�1���L�V�´�����V�K�R�Z�Q��
as white empty rectangles) covers the region where proprietary in-pixel p-type doping 
applies instead of standard p-type doping. Although undisclosed by Towerjazz, it can 
be inferred that this in-pixel p-type doping is heavier than in standard logic transistors 
in order to increase the threshold of MN1 and hence decrease its channel leakage. 
Leaky anti-�E�O�R�R�P�L�Q�J���U�H�T�X�L�U�H�V���W�K�H���³�9�1�1���L�V�´���U�H�J�L�R�Q���Z�L�W�K�L�Q���W�K�H���F�K�D�Q�Q�H�O���R�I���0�1�����W�R���E�H��
reduced from 1.2 µm to 1.1µm. As a result, the channel of MN1 becomes leakier than 
the stock version. When the photodiode voltage approaches saturation level, the leaky 
MN1 prevents further accumulation of photoelectrons thus prevents blooming to 
occur. This leaky anti-blooming mechanism is a Towerjazz internal experimental 
tweak to achieve anti-blooming without an off-voltage control on the gate of MN1. 
The cost of this mechanism is that the linear output voltage swing is reduced to around 
1.2V. 

 
Figure 8 Modified 5T APS with leaky anti-blooming (red = polysilicon, yellow = 

active implant region) 

2.1.2 DAVIS 
The DAVIS pixel used in the CDAVIS was modified from �%�H�U�Q�H�U���D�Q�G���%�U�D�Q�G�O�L�¶�V��

DAVIS [68], [69]. A simplified schematic of the DAVIS is shown in Figure 9. The 
DAVIS circuit consisted of two parts, a DVS part and an APS part.  

The DVS part was inherited from �%�H�U�Q�H�U���D�Q�G���%�U�D�Q�G�O�L�¶�V���Z�R�U�N, but with a revamped 
layout to fit in the heterogeneous pixel array. As briefly described in 1.4, the DVS 
part consists of three functional stages: MN6, MN8 and MP1 form the photoreception 
stage that converts incident light intensity logarithmically into a voltage signal; the 
logarithmic (log) voltage signal then goes through an amplification stage that 
amplifies the change of the log voltage signal since last reset. Lastly, the amplified 
voltage change is compared with two (ON and OFF) thresholds in the event generation 
stage, which communicates an ON event through the AER logic block when the 
temporal increase in the voltage change reaches the ON threshold and an OFF event 
when the temporal decrease in the voltage change reaches the OFF threshold. When 
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an ON/OFF event is generated, the AER logic block resets the differencing amplifier. 
The AER logic block implements a four-phase handshake protocol [59]�±[61], using 
the following signals: row request (RR), row acknowledge (RA), column request for 
ON event (CRON), column request for OFF event (CROFF), and column 
acknowledge (CA). 

In contrast to �%�H�U�Q�H�U���D�Q�G���%�U�D�Q�G�O�L�¶�V���'�$�9�,�6�����Whe APS part was redesigned with the 
identical circuits of the Towerjazz stock 5T APS plus a charge accumulating capacitor 
CP, such that the APS part can be controlled in the same way as the 5T APS pixel for 
the frame output. The description of the control signals of the APS part is listed in 
Table 3. The details of the working mechanisms are described in 2.2.1. TX1 (the 
control signal of transistor MN2) was designed with a logical high level of 3.3V, 
where it should have been made higher such as at 4V. The mistake here was the 
omission of fact that MN2 in the 5T APS uses non-standard Towerjazz proprietary 
doping, similar to MN1 discussed previously in 2.1.1, hence having a higher threshold 
than a normal n transistor. Unfortunately, this omission was not caught by simulation 
because the transistors with proprietary doping did not have circuit models, therefore 
were not simulated properly. The negative effect caused by this omission is explained 
in 3.1. 
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Figure 9 Simplified schematic of the DAVIS 
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Table 3 The control signals for the APS part of the DAVIS 

Transistor Function Control Signal 

MN1 Reset CP and set the overflow 
level of CP 

OVG1 (low: adjustable, high: 3.3V, 
minimum pulse width: 1µs) 

MN2 Share charge from the CP to the 
FD 

TX1 (low: 0V, high: 3.3V 4V, minimum 
pulse width: 1µs, minimum controlled 

fall-time: 100ns) 

MN3 Reset the FD RST (low: 0V, high: 4V, minimum pulse 
width: 1µs) 

MN4 Input transistor of the AO 
source follower - 

MN5 Connects the pixel to the AO 
readout SEL (low: 0V, high: 3.3V) 

2.1.3 Pixel Layout 
The major effort during the pixel layout design was to minimize the crosstalk from 

digital signals to analog signals, while staying within the targeted size, 20×20µm2 for 
one RGBW unit. The digital signals inside the CDAVIS pixel include the APS control 
signals and the DVS AER signals. The vulnerable analog signals inside the CDAVIS 
pixel include weakly driven or un-driven nodes in the photoreception and 
amplification stage as well as all bias voltages of the DVS circuit. 

Within the pixel array, the signal crosstalk is predominantly of capacitive nature. 
To illustrate the physics of capacitive signal cross talk, Figure 10 shows the cross-
section of three signals S1-3 carried by metal wires on top of the silicon substrate. 
Assume S2 is an analog signal that needs to be kept stable, S1 is a digital signal, and 
S3 is another stable signal. The metal-dielectric-metal structure between S1 and S2 
forms a parasitic capacitor C. Similarly, there is parasitic capacitance between S2 and 
S3, and between S2 and the silicon substrate, which aggregates to CC. 

 
Figure 10 Cross-section of metal wires on silicon substrate illustrating the physics 

of capacitive signal crosstalk 

Now assume S1 is driven to have a step increase in voltage by �ûV1, while S3 
remains constant. If S2 is not driven by any external source, �ûV1 on S1 will induce a 
voltage increase �ûV2 in S2 through the parasitic capacitance. This effect is called 
crosstalk (more specifically, capacitive crosstalk in this case). The relation between 
�ûV1 and �ûV2 can be derived based on charge conservation principle. 

�%�®�:�¿�8�5 
F �¿�8�6�; 
L �%�%�®�¿�8�6 

�¿�8�6 
L
�%

�%
E�%�%
�®�¿�8�5 
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Because S2 is an analog signal, we like to minimize �ûV2. From the above 
derivation, we can see that �ûV2 can be reduced by decreasing C or increasing CC. The 
principle of a capacitor is that its capacitance is proportional to its dielectric area, and 
inversely proportional its dielectric thickness. Applying this principle to our example 
in Figure 10, there are three techniques to minimize the crosstalk from S1 to S2, 
presented together in Figure 11 as an example. First of all, the parasitic capacitance C 
between S1 and S2 is reduced by increasing the thickness and reducing the area of 
dielectric between S1 and S2. This is achieved by increasing the distance between S1 
and S2, and by moving S1 to a different metal layer from S2. Secondly, the parasitic 
capacitance C is further reduced by ground (GND) shielding placed in between S1 
and S2. Ideally, a complete GND shielding eliminates crosstalk completely. However, 
complete shielding is not likely in a pixel layout. Hence, Figure 11 shows a more 
realistic scenario, where GND shielding reduces but not eliminates the crosstalk. 
Lastly, the parasitic capacitance CC between S2 and everything else that is stable 
(GND, S3 and substrate) is increased by increasing the dielectric area between S2 and 
GND, S2 and substrate. The parasitic capacitance CC serves as bypass capacitance 
for S2. 

 
Figure 11 Cross-section of metal wires on silicon substrate illustrating the 

techniques to minimize capacitive signal crosstalk 

The three techniques explained in Figure 11 were applied throughout the pixel 
layout. As shown in Figure 12, the sensitive analog part of the DAVIS was positioned 
away from the digital part of the DAVIS, and was shielded from the neighboring APS 
circuits by extended polysilicon and metal structures highlighted in red. 
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Figure 12 Separation of the analog and digital transistors in one RGBW unit. 

Yellow = the APS circuits (including the APS part of the DAVIS), cyan = analog 
part of the DAVIS, purple = digital part of the DAVIS, red = shielding  

Furthermore, salicide block was applied on the parts susceptible to leakage current 
(MN1-3, 6, 7 in the DAVIS circuit in Figure 9, MN1-3 in the APS circuit in Figure 7) 
as illustrated in Figure 13. Salicide block prevents salicidation on selected silicon 
surface thus reduces surface imperfections and decreases junction leakage current. 
Figure 13 also shows the deep p implant underneath the n well aiming to improve QE 
by reducing the likelihood of photo-electrons being attracted by the n well inside the 
pixel. A cross-section of the deep p implant layer is illustrated in Figure 14. 

 
Figure 13 Salicide block (enclosed in white) and deep p implant (enclosed in 

green) in one RGBW unit 
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Figure 14 Cross-section of the deep p implant 

2.2 Pixel Array Periphery  

As depicted in Figure 15, the CDAVIS pixel array periphery consists of the 
following parts: on the left are the programmable bias generator [70], the voltage 
reference digital-to-analog converter (VDAC) designed by Hongjie Liu , the APS 
control logic circuit and the distributed array bias buffers. The APS control logic block 
produces four signals OVG2, TX2, RST and SEL to a row with only the APS pixels, 
and produces six signals OVG1, OVG2, TX1, TX2, RST and SEL to a row with both 
the APS and the DAVIS pixels. 

On the bottom are more distributed array bias buffers, the 10-bit column parallel 
single slope ADC and the ADC ramp generator. On the bottom-right corner is the 
ADC gray counter. The column parallel ADC receives pixel output AO from every 
column and produces the final frame output through a 10-bit output bus. 

On the top and right side are the AER row and column cells, and the AER state 
machine. The CDAVIS adopted the same burst mode word serial AER architecture 
�X�V�H�G���L�Q���%�H�U�Q�H�U���D�Q�G���%�U�D�Q�G�O�L�¶�V���'�$�9�,�6�����Z�K�L�F�K���Z�D�V���D�G�D�S�W�H�G���I�U�R�P���%�R�D�K�H�Q�¶�V���H�D�U�O�L�H�U���Z�R�U�N��
[59]�±[61]. The AER row cells perform symmetrical arbitration, while the AER 
column cells perform asymmetrical arbitration. When a row request RR is 
acknowledged by RA, the row address is first sent out by the AER state machine. 
Then all the requesting pixels on this row are acknowledged by the AER column cells 
sequentially from left to right. In the meantime, the acknowledged column addresses 
are sent out by the AER state machine. This AER architecture copes with high event 
rate by sending only one row address for all the relatively simultaneous events in the 
same row. There are 240 AER row cells and 320 AER column cells. The shorter edge 
has symmetrical arbitration, while the longer edge has asymmetrical/sequential. This 
is because, if we assume events caused by thermal noise or scene brightness change 
�K�D�Y�H�� �U�D�Q�G�R�P�� �F�R�R�U�G�L�Q�D�W�H�V���� �W�K�H�Q�� �L�W�¶�V�� �P�R�U�H�� �S�U�R�E�D�Ele to have multiple almost 
simultaneous events on the same row than on the same column. Moreover, if the 
crosstalk from the APS control still causes fake events, these fake events are likely 
almost simultaneous in the same row, because the APS control signals run along the 
rows. 

Recall the physics behind signal crosstalk explained through the example in Figure 
10. The previous explanation only looked at the steady state of the crosstalk effect. In 
reality, digital signals switch with a limited slew rate, hence crosstalk takes place at a 
limited rate too. Using the same example illustrated in Figure 10, still assume S1 is a 
digital signal, S2 is an un-driven analog signal, and S3 is a stable signal. 

Now assume S1 starts to switch at a slew rate of 
�×�Ï�-
�×�ç

, by the same derivation using 

charge conservation, the capacitive crosstalk will drive S2 to increase at a rate: 
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which is equivalent to an electric charge increase at the rate: 
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The ratio 
�¼

�¼�>�¼�¼
 is already determined by the pixel layout. Now instead of leaving 

S2 un-driven, if a driver can supply at least 
G�%�®
�×�Ï�-
�×�ç

 current to drive S2, the crosstalk 

from S1 to S2 can be effectively absorbed by the S2 driver. Based on this idea, two 
measures to minimize crosstalk in the pixel array were implemented on the array 
periphery: slew control of all digital APS control signals, and buffering all analog 
biasing voltages used by the DVS circuits. 

Both the slew rate and buffer strength are programmable. By limiting slew rate for 
the digital signals, the crosstalk from a digital signal to an analog bias voltage through 
parasitic capacitance takes place at a reduced rate, within the bandwidth of the buffer. 
By choosing an appropriate buffer strength for that analog bias voltage, the buffer can 
have sufficient bandwidth and saturation current to drive the analog bias voltage wire 
and to compensate for the effect of the parasitic capacitance, hence minimizing 
crosstalk. 

 
Figure 15 The CDAVIS pixel array periphery 

2.2.1 Distributed Array Bias Buffers  
In Berner �D�Q�G���%�U�D�Q�G�O�L�¶�V���'�$�9�,�6��[68], [69], all the bias voltages used in the pixel 

array were driven directly by the bias generator, and none of the digital APS control 
signals was slew controlled. Based on simulation with typical pixel array equivalent 
capacitive load, the uncontrolled slew rate of a digital APS control signal was found 
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to be around 20V/µs. On average, the APS control signal has 0.05fF parasitic 
capacitance to a bias voltage wire, based on layout extractions from a DAVIS pixel. 
In order to absorb the cross talk from this digital signal to the bias voltage, the bias 
generator need to supply 1nA to this bias wire. In the case when this digital signal acts 
on the entire pixel array (240×180 pixels), the bias generator needs to supply at least 
43.2µA to this bias wire distributed across the whole array. This is well beyond the 
25µA capability of the built-in buffer of the bias generator. This approximate 
�Q�X�P�H�U�L�F�D�O���D�Q�D�O�\�V�L�V���S�D�U�W�L�D�O�O�\���H�[�S�O�D�L�Q�V���W�K�H���R�E�V�H�U�Y�H�G���F�U�R�V�V�W�D�O�N���L�Q���%�H�U�Q�H�U���D�Q�G���%�U�D�Q�G�O�L�¶�V��
DAVIS when the frame readout operates in global shutter mode. 

Considering the CDAVIS has a larger pixel array containing 320×240 DVS circuits, 
the CDAVIS implements a column and row distributed pixel array bias buffers in the 
pixel array periphery. Three types of distributed bias buffers were implemented: 
arrayBiasBufferP, arrayBiasBufferNHi and arrayBiasBufferNLo. The buffer 
arrayBiasBufferP serves p type bias voltages typically in the range of 1~1.8V, hence 
uses a common five-transistor amplifier topology as shown on the left in Figure 16. 
The transistor sizes of arrayBiasBufferP are listed in Table 4.  

The buffer arrayBiasBufferNHi is able to serve n type bias voltages that correspond 
to a bias current from about 100pA to 23µA, while arrayBiasBufferNLo is able to 
serve n type bias voltages that correspond to currents from about 1pA to 6µA. They 
both share the same active current mirror topology. The only difference lies in the 
sizing of transistors as shown in Table 4. MP1/2 in arraBiasBufferNHi use short and 
wide transistors to reduce headroom, while MP1/2 in arraBiasBufferNLo use narrow 
and long transistors in order to mirror current less than 100pA. 

All  three bias buffers have programmable strength through adjusting the voltage 
Bias shown in Figure 16. Each arrayBiasBufferP has a theoretical maximum driving 
capability of 200µA. Each arrayBiasBufferNHi/Lo has a theoretical maximum driving 
capability of 100µA. 

 
Figure 16 Schematics of distributed array bias buffers 
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Table 4 Transistor sizes of array bias buffers  

Buffer Name Transistor Width (µm) Length (µm) Comments 

arraBiasBufferP 
MN1 8 0.4 

3.3V transistors MN2/3 4 0.4 
MP1/2 4 0.4 

arraBiasBufferNHi 

MN1/2 1.5 1.5 

1.8V transistors 

MP1/2 2 0.25 
MN3 2 0.5 
MN4 2 0.25 

arraBiasBufferNLo 

MN1/2 1.5 1.5 
MP1/2 0.25 2 
MN3 2 0.5 
MN4 2 1 

2.2.2 APS Control Logic 
The APS and the DAVIS pixels in the CDAVIS share one unified APS control to 

reduce logic and layout complexity. As seen in Table 2 and Table 3, the APS and the 
DAVIS use the same RST and SEL signals. OVG1 and OVG2 share the same control 
timing but have separate programmable logic high and low voltage levels. The same 
goes for TX1 and TX2.  

A complete APS operation to acquire one frame consists of two parts: exposure 
and readout. In rolling shutter mode, each row of the pixel array starts operation after 
another. This way, the exposure and readout of the entire pixel array are pipelined, 
enabling higher frame rate However, because each row of the pixel array starts and 
ends exposure at different times, fast movements relative to the pixel array will cause 
noticeable distortion in the output image. In contrast, in global shutter mode, the entire 
array of pixels start and end exposure at the same time. After the exposure ends, the 
row by row readout begins. Global shutter eliminates motion distortions, but its un-
pipelined exposure and readout phase means the maximum frame rate constrained by 
the pixel array is lower than rolling shutter. An example of motion distortion caused 
by rolling shutter can be seen in Figure 17, with a side-by-side comparison of the 
frame output in rolling (left) and global (right) shutter mode from Berner and 
�%�U�D�Q�G�O�L�¶�V DAVIS [69] of a spinning fan. The frame captured with rolling shutter 
severely distorted the image two bladed fan. The APS control logic for the CDAVIS 
was designed to be able to operate in both rolling shutter and global shutter modes. 

 
Figure 17 Rolling shutter vs. global shutter frame output from Berner and 

�%�U�D�Q�G�O�L�¶�V DAVIS of a spinning fan (picture adapted from [69]) 
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2.2.2.1 APS Control Timing Diagram 
The rolling shutter timing diagram is illustrated in Figure 18. When row n is 

selected, RST is turned off and the reset level of the FD in both the APS and the 
DAVIS are sampled as V1. V1 of the entire row of pixels are sampled and converted 
into digital values at once through the 10-bit column parallel ADC at the bottom of 
the pixel array (shown in Figure 15). The digital values of V1 of the whole row are 
then scanned out through the 10-bit chip frame output bus. 

As soon as V1 are sampled, TX1 and TX2 are turned on to perform charge sharing 
between CP and the FD in the DAVIS and charge transfer from the PPD to the FD in 
the APS. When TX1 and TX2 are turned off, the exposure of row n ends. The signal 
level of the FD in both the APS and the DAVIS are sampled as V2. V2 of the whole 
row are converted into digital values and scanned out the same way as V1. In the APS, 
the charge accumulated on the PPD is completely transferred to the FD, so the 
accumulated charge QAPS during exposure can be computed through correlated double 
sampling (CDS) as: 

�3�º�É�Ì 
L �%�¿�½�®�:�8�5 
F �8�6�; 

where CFD is the capacitance of the FD, which can be inferred from the conversion 
gain of the APS. 

In the DAVIS, charge accumulated on CP is not completely transferred to the FD. 
Assume CP is at voltage Vx the moment before charge sharing takes place, based on 
the principle of charge conservation, we have the following equation: 

�%�¿�½�®�:�8�5 
F �8�6�; 
L �%�É �®�:�8�6 
F �8�ë�; 

Hence, we can infer that: 

�%�É �®�8�ë 
L �%�É �®�8�6 
F �%�¿�½�®�:�8�5 
F �8�6�; 

However, to infer the amount of accumulated charge QDAVIS during exposure, the 
reset voltage of CP is needed. So OVG1, OVG2 and TX1, TX2 are turned on together 
briefly to allow the reset voltage of CP to be sampled as V3 (OVG2 and TX2 are also 
turned on because they share the same timing signal as OVG1 and TX1). Using the 
principle of charge conservation, QDAVIS can be calculated as below: 

�3�½�º�Ï�Â�Ì
L �%�É �®�8�7 
F �%�É �®�8�ë 
L �%�É �®�:�8�7 
F �8�6�; 
E�%�¿�½�®�:�8�5 
F �8�6�; 

The moment OVG1, OVG2 and TX1, TX2 are turned off, the current row of pixels 
starts a new exposure. After V3 is acquired from the current row, RST is turned back 
on, new exposure continues for the current row. In the meantime, this APS control 
sequence is repeated for the next row of pixels. Thus, rolling shutter achieves 
pipelining of the exposure and readout phases of the pixel array. The theoretical 
minimum exposure duration is thus one row time (the time needed for one repetition 
of the APS control signal sequence). 
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Figure 18 Rolling shutter APS control timing diagram 

In global shutter mode, the entire pixel array has a synchronized exposure time, 
termed as frame overhead time (FOT). After the FOT, the row by row readout phase 
is very similar to the rolling shutter readout. The readout time for each row is termed 
as row overhead time (ROT). The global shutter timing diagram is illustrated in Figure 
19. 

During the FOT, OVG1 and OVG2 are low to allow exposure. Towards the end of 
exposure, a TX1 and TX2 pulse performs charge sharing between CP and the FD in the 
DAVIS and charge transfer from the PPD to the FD in the APS. Exposure ends when 
TX1 and TX2 are turned off, which ends the FOT. 

During the ROT, one row is selected after another by its corresponding SEL. The 
signal level of the FD is sampled as V1. After a RST pulse, the reset level of the FD is 
sampled as V2. Both samples are immediately converted into digital values by the 10-
bit column parallel ADC and scanned out through the 10-bit chip frame output bus. 
In the APS, the accumulated charge QAPS during exposure can be computed as: 

�3�º�É�Ì 
L �%�¿�½�®�:�8�6 
F �8�5�; 

Comparing to rolling shutter, V1 and V2 obtained through global shutter in the APS 
are not correlated, in the sense that between V1 and V2, the FD has gone through a 
�³�K�D�U�G���U�H�V�H�W�´�����$���³�K�D�U�G���U�H�V�H�W�´���P�H�D�Q�V���G�X�U�L�Q�J���W�K�H���U�H�V�W�����W�K�H���U�H�V�H�W���W�U�D�Q�V�L�V�W�R�U���R�S�H�U�D�W�H�V���L�Q��the 
linear region. �$���³�K�D�U�G���U�H�V�H�W�´���L�V���Q�H�H�G�H�G���W�R���F�R�P�S�O�H�W�H�O�\���U�H�V�H�W���W�K�H���)�'���Z�K�L�O�H���N�H�H�S�L�Q�J���W�K�H��
ROT �V�K�R�U�W���� �+�R�Z�H�Y�H�U���� �W�K�H�� �³�K�D�U�G�� �U�H�V�H�W�´�� �L�Q�W�U�R�G�X�F�H�V��a new kTC noise to the second 
sample V2. Hence, the subsequent QAPS still contains kTC noise introduced by RST. 
According to the reported conversion gain of 75µV/e, the capacitance of the FD node 
is about 2.13fF. Hence, the root mean square of kTC noise on the FD node is about 
1.4mV. 

In contrast, in rolling shutter mode, even though the FD voltage samples always 
�F�R�Q�W�D�L�Q���N�7�&���Q�R�L�V�H���L�Q�W�U�R�G�X�F�H�G���E�\���5�6�7�����W�K�H�U�H���L�V���Q�R���V�X�F�K���³�K�D�U�G���U�H�V�H�W�´���L�Q���E�H�W�Z�H�H�Q��V1 and 
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V2 for the APS. The complete charge transfer from the PPD to the FD does not 
introduce any kTC noise. V1 and V2 contain the same amount of kTC noise from one 
�³�K�D�U�G���U�H�V�H�W�´���S�U�R�F�H�V�V�����7�K�H�U�H�I�R�U�H, the subtraction of V1 and V2 removes the kTC noise 
introduced by RST. 

Similar to the rolling shutter mode, the DAVIS needs a third sample V3, the reset 
voltage of CP to infer QDAVIS. Again, assume CP is at voltage Vx the moment before 
charge sharing takes place, using charge conservation principle: 

�%�¿�½�®�:�8�6 
F �8�5�; 
L �%�É �®�:�8�5 
F�8�ë�; 

�%�É �®�8�ë 
L �%�É �®�8�5 
F �%�¿�½�®�:�8�6 
F �8�5�; 

�3�½�º�Ï�Â�Ì 
L �%�É �®�8�7 
F �%�É �®�8�ë 
L �%�É �®�:�8�7 
F �8�5�; 
E�%�¿�½�®�:�8�6 
F �8�5�; 

The triple sampling was designed for the DAVIS to remove the fixed pattern noise 
(FPN) caused by offsets variation from pixel to pixel in the reset levels of both CP and 
the FD caused by the threshold mismatch of the OVG1 and RST transistor (MN1 and 
MN3 in Figure 9). However, for the same reason stated for the APS in global shutter 
mode, the three samples from the DAVIS are uncorrelated in both rolling shutter and 
global shutter modes. 

In rolling shutter mode, QDAVIS contains kTC noise introduced by TX1 during 
charge sharing, and kTC noise introduced by OVG1 during CP reset. In global shutter 
mode, QDAVIS contains kTC noise introduced by TX1 during charge sharing, kTC noise 
introduced by RST during FD reset, and kTC noise introduced by OVG1 during CP 
reset. Nonetheless, this APS control logic minimized the temporal separation between 
three samples to reduce 1/f noise introduced by MN4 [78], [79]. 

Overall, the APS control logic of the CDAVIS was designed to fully utilize CDS 
enabled by the state-of-the-art APS technology. In comparison, the differential double 
sampling (DDS) technique �X�V�H�G���L�Q���%�H�U�Q�H�U���D�Q�G���%�U�D�Q�G�O�L�¶�V���'�$�9�,�6��[68], [69] does not 
remove kTC noise. The two samples of the DDS technique are also separated by the 
exposure period, therefore contain higher 1/f noise. The adverse effect of additional 
temporal noise (potentially caused by this 1/f noise) in the frame output of Berner and 
�%�U�D�Q�G�O�L�¶�V���'�$�9�,�6 is explained in 3.3.1. 
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Figure 19 Global shutter APS control timing diagram 

2.2.2.2 APS Control Logic Circuit  
In the heterogeneous pixel array of the CDAVIS, some rows are uniform, 

containing only the APS pixels. These uniform rows are denoted as Row U. The other 
rows are mixed, containing both the APS and the DAVIS pixels. These mixed rows 
are thus denoted as Row M. For Row U, 4 APS control signals are needed: OVG2, 
TX2, RST and SEL. For Row M, 6 APS control signals are needed: OVG1, OVG2, 
TX1, TX2, RST and SEL.  

A block diagram of the APS control logic circuit for Row M is shown in Figure 20. 
Four off-chip signals connected through chip input pads are needed to generate the 
APS control signals: GSPAD, RSTPAD, TXPAD, and OVGPAD. GSPAD determines if the 
APS control is global or in a row by row fashion. In rolling shutter mode, GSPAD stays 
low, while OVGPAD, TXPAD and RSTPAD repeat the sequence described in Figure 18.  

The row scan chain that selects the row to be controlled is made of positive edge 
triggered D flip-flops (DFF) based on C2MOS logic [80], [81]. Similar to Berner and 
�%�U�D�Q�G�O�L�¶�V���'�$�9�,�6[68], [69], the row scan chain shifts a three-digit code across all rows, 
�Z�K�H�U�H�� �W�K�H�� �F�R�G�H�� �³�������´�� �V�W�D�U�W�V�� �W�K�H�� �U�R�O�O�L�Q�J�� �V�K�X�W�W�H�U�� �H�[�S�R�V�Xre without any sampling and 
readout by enabling all APS control signals but SEL; �D�Q�G�� �W�K�H�� �F�R�G�H�� �³�������´�� �H�Q�G�� �W�K�H��
exposure, perform sampling and readout by enabling all APS control signals. This 
way, the rolling shutter exposure time can be controlled independent of the frame rate. 
�'�L�I�I�H�U�H�Q�W���I�U�R�P���%�H�U�Q�H�U���D�Q�G���%�U�D�Q�G�O�L�¶�V���'�$�9�,�6[68], [69]�����Z�K�L�F�K���X�V�H�V���F�R�G�H�V���³�������´���D�Q�G��
�³�������´���� �W�K�H�� �&�'�$�9�,�6�� �X�V�H�V���³�������´�� �D�Q�G�� �³�������´�� �W�R�� �D�Y�R�L�G��transient glitches. A transient 
glitch occurs if the two 3-bit codes coincide transiently when one bit switches slower 
or faster than the others along the DFF chain. 

The row scan chain employs a clock-delayed domino reverse clock distribution. 
The clock-delayed domino structure removes the need of a global clock distribution 
wire and driver. Instead, each DFF derives its complementary clock signals from the 
clock signals of the next DFF, and feed the clock signals to its previous DFF. The 
clock signal propagates along a chain of inverters in every DFF, and in the opposite 
direction of data propagation. This reverse clock distribution makes sure that data only 
propagates to the next DFF after clock signal has settled at the next DFF, hence 
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eliminating any race condition [82]. One potential problem with clock-delayed 
domino is the increased total clock propagation delay. Because the clock signal now 
propagates on a chain of inverters (each DFF contain two pairs of inverters), each DFF 
introduces about 0.5ns propagation delay in simulation, and the total propagation 
delay of the row scan chain (480 DFFs) clock is about 240ns. It this case, 240ns is 
much shorter than the row time in rolling shutter mode or the ROT in global shutter 
mode, which will be at least in the order of microseconds due to controlled rise/fall 
time of the APS control signals (as shown in 2.3). Therefore, the clock-delayed 
domino reverse distribution scheme is safe for the row scan chain. 

In global shutter mode, during the FOT, GSPAD is high, thus the APS control signals 
for the entire pixel array are synchronized. During the ROT, GSPAD turns low. The 
�F�R�G�H���³�������´���L�V���V�K�L�I�W�H�G���W�K�U�R�X�J�K���W�K�H���U�R�Z���V�F�D�Q���F�K�D�L�Q���Z�K�L�O�H���2�9�*PAD, TXPAD and RSTPAD 
repeat the sequence described in Figure 19 to readout the frame row by row.  

 
Figure 20 APS control logic circuit for a mixed row 

2.2.2.3 Driving Strength of the Level Shifting Drivers 
The main part of the APS control logic circuit uses 1.8V voltage supply to reduce 

power consumption as shown in Figure 20. Therefore, the output signals of the circuit 
need to be level shifted to control the pixel array. The 10 (4 in Row U, 6 in Row M) 
APS control signals have different capacitive loads. To ensure consistent APS control 
timing across the whole pixel array, the level shifting drivers for these 10 signals were 
chosen carefully to match their corresponding capacitive load as shown in Table 5. 
The level shifting drivers are named according to the following notation: the first two 
�O�H�W�W�H�U�V���³�/�6�´���V�W�D�Q�G���I�R�U���O�H�Y�H�O���V�K�L�I�W�L�Q�J�����7�K�H���W�K�L�U�G���D�Q�G���Iourth letters/numbers stand for the 
�O�R�J�L�F���O�R�Z���Y�R�O�W�D�J�H���O�H�Y�H�O���R�I���W�K�H���R�X�W�S�X�W���V�L�J�Q�D�O�����Z�K�H�U�H���³�����´���P�H�D�Q�V���I�L�[�H�G���O�R�J�L�F���O�R�Z���Y�R�O�W�D�J�H��
�O�H�Y�H�O�� �D�W�� �J�U�R�X�Q�G���� �D�Q�G�� �³�/�2�´�� �P�H�D�Q�V�� �D�G�M�X�V�W�D�E�O�H�� �O�R�J�L�F�� �O�R�Z�� �Y�R�O�W�D�J�H�� �O�H�Y�H�O���� �7�K�H�� �Q�H�[�W�� �W�Z�R��
letters/numbers stand for the logic high voltage lev�H�O���R�I���W�K�H���R�X�W�S�X�W���V�L�J�Q�D�O�����Z�K�H�U�H���³�����´��
�P�H�D�Q�V���I�L�[�H�G���O�R�J�L�F���K�L�J�K���Y�R�O�W�D�J�H���O�H�Y�H�O���D�W���������9�����D�Q�G���³�+�,�´���P�H�D�Q�V���D�G�M�X�V�W�D�E�O�H���O�R�J�L�F���K�L�J�K��
�Y�R�O�W�D�J�H�� �O�H�Y�H�O���� �7�K�H�� �O�D�V�W�� �W�Z�R�� �Q�X�P�E�H�U�V�� �I�R�O�O�R�Z�L�Q�J�� �W�K�H�� �O�H�W�W�H�U�� �³�'�´�� �G�H�Q�R�W�H�� �W�K�H�� �G�U�L�Y�L�Q�J��
strength, where a bigger number means a higher strength. 
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Table 5 Summary of level shifting drivers for the APS control signals 

 Signal Name Total Capacitive Load [pF] Level Shifting Driver 

R
ow

 U
 OVG2 5.57 LSLOHID20 

TX2 5.60 LS00HID20 
RST 2.72 LS0040D10 
SEL 2.85 LS0033D10 

R
ow

 M
 OVG1 2.37 LSLO33D10 

OVG2 3.94 LSLOHID15 
TX1 3.71 LS0033D15 
TX2 3.71 LS00HID15 
RST 2.59 LS0040D10 

In Table 5, a lump sum capacitive load was considered, because the propagation 
delay within one signal wire is negligible comparing to the desired rise/fall time of 
the signals. Take TX2 for Row U as an example. Within one RGBW unit, the TX2 
wire has 12�Ÿ resistance and 17.52fF capacitance. In the scope of this dissertation, I 
define the propagation delay as the time for the signal at the end of the wire to reach 
90% of final steady state value in a step response. By this definition, using a 
distributed RC model [82], the propagation delay of the TX2 wire can be calculated : 

�P�×�Ø�ß�Ô�ì
L �u�t�r�®�s�t�3 �®�u�t�r�®�s�y�ä�w�t�B�(
L �t�s�ä�w�u�J�O 

The propagation delay of the other nine APS control signal wires was calculated 
in the same way and were found to be around 20ns or less. In contrast, the desired 
rise/fall time of all the APS control signals are in the microseconds range in order to 
reduce parasitic capacitive crosstalk from the APS control signals to the rest of the 
pixel circuits (as explained in 2.2 and later shown in 2.3). Hence comparing to the 
desired rise/fall time of the APS control signals, the propagation delay of the signal 
wire has negligible effect on the timing accuracy of the APS control. 

2.2.2.4 1.8 to 3.3V Level Shifting Driver 
All level shifting drivers for the APS control signals were custom designed to be 

power efficient, with programmable slew control and of 10µm pitch. They employ 
contention mitigated topology to reduce power consumption and improve speed [83]. 
The schematic of the driver LSLOHID20 is shown in Figure 21. MN1 and MP1 form 
the input inverting stage. The input IN drives the inverter pair MN2 and MP2, while 
the inverted input drives the inverter pair MN3 and MP4. When there is a transition 
in the input IN, the MN2-MP2-MP3 branch and MN3-MP4-MP5 branch form a 
positive feedback loop to level up the transition voltage swing. Compared to the 
conventional level shifter, the contention mitigated topology only includes two 
additional transistors, MP2 and MP4. Without MP2, the input signal IN acts only on 
MN2. A transition from 0 to 1.8V in IN causes a transient contention between MN2 
and MP3. MN2 needs to overpower MP3 in order to produce the positive feedback 
signal S3300. Similarly, without MP4, the same contention occurs between MN3 and 
MP5. By including MP2 and MP4, the contention between MP3 and MN2, and 
between MP5 and MN3 are mitigated. By mitigating the contention, the level-up 
process speeds up, and less power is dissipated during the contention. Finally, signal 
S3300 drives the output inverting stage formed by MN4-5 and MP6-7. 
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Figure 21 Schematic of the level shifting driver LSLOHID20 

Table 6 Transistor sizes of the level shifting driver LSLOHID20 

Transistor Width (µm) Length (µm) Comment 
MN1 0.22 0.6 

Input inverting stage 
MP1 0.42 0.3 
MN2 0.42 0.6 

Level-up stage 

MP2 0.42 0.4 
MP3 0.42 0.3 
MN3 0.22 0.6 
MP4 0.22 0.4 
MP5 0.22 0.3 
MN4 2 0.4 

Output stage 
MN5 2 0.35 
MP6 4 0.3 
MP7 4 0.4 

The transistor sizes of LSLOHID20 are listed in Table 6. These sizes were chosen 
with the goal of minimizing power consumption while keeping propagation delay 
short. The power consumption of a level shifter consists of static power consumption 
caused by leakage and dynamic power consumption caused by direct path current [82]. 
Direct path current occurs when all n and p type transistors on the path from power 
�V�X�S�S�O�\���U�D�L�O���W�R���J�U�R�X�Q�G���D�U�H���F�R�Q�G�X�F�W�L�Q�J�����K�H�Q�F�H���W�K�H���Q�D�P�H���³�G�L�U�H�F�W���S�D�W�K�´�� 

In the case of LSLOHID20, the static power consumption is negligible compared 
with the dynamic power consumption. The dynamic power consumption of 
LSLOHID20 was minimized by reducing capacitive load at all stages, and reducing 
direct path current. At the input inverting stage, the inverter formed by MN1 and MP1 
drives a small load (gates of MN3 and MP4). Hence, 3.3V transistors with small 
widths were used for MN1 and MP1 to minimize direct path current of the 1.8V 
inverter. At the level-up stage, the MN3-MP4-MP5 branch drives only the gate of 
MP3, while the MN2-MP2-MP3 branch drives the larger gates of MN5 and MP6 in 
addition to the gate of MP5. Hence the MN3-MP4-MP5 branch was designed with 
smaller width to minimize direct path current, while the M3-5 branch had larger width 
to keep propagation delay short.  
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At the output stage, MN4 biased by voltage FalltimeBn and MP7 biased by voltage 
RisetimeBp control the fall time and rise time of the output signal. Only fall time 
control is a requirement for the APS control signals TX1 and TX2 from Towerjazz to 
ensure linearity. However, both rise and fall time control were applied to all APS 
control signals in order to reduce their interference to the analog signals in the DAVIS 
circuits. The two bias voltages FalltimeBn and RisetimeBp are provided by the on-
chip programmable bias generator [70]. The gates of MN4 and MP7 are connected 
via a bypass capacitor to the adjustable logic level LO and HI respectively, to reduce 
the Miller effect and stabilize the bias voltages FalltimeBn and RisetimeBp. These 
bypass capacitors were made of standard n transistor with the largest gate area allowed 
by the gap between neighboring drivers. The layout of LSLOHID20 is shown in 
Figure 22.  

Figure 23 plots the transient simulation results of the level shifting driver 
LSLOHID20 driving a 2.8pF capacitive load, with HI and LO set to 3V and 0.3V 
respectively. The input IN is a 0-1.8V square wave with a period of 4µs. The top plot 
shows the transient response of the output OUT. The lower plots show the drain-
source currents of MN1-MP1, MN2-MP2, MN3-MP4 and MN5-MP6 through time. 
The currents peak when direct path currents occur at the moment of the IN transition. 
The peak currents of both MN1-MP1 and MN3-MP4 branches are kept below 30µA. 
The peak current of MN2-MP2 branch is higher at around 70µA because this branch 
drives the gates of MN5-MP6. Overall, the dynamic power consumption of 
LSLOHID20 is found negligible compared to the power consumed to drive the output 
load. 

 
Figure 22 The layout of the lever shifting driver LSLOHID20 
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Figure 23 Transient simulation of the lever shifting driver LSLOHID20 

2.2.2.5 1.8 to 4V Level Shifting Driver 
As seen from Table 5, LS0040D10 needs to convert the 0-1.8V input signal into a 

0-4V output signal. LS0040D10 was designed with only standard 3.3V transistors. 
According to Towerjazz process data, to prevent transistor gate oxide breakdown, the 
voltage across the gate oxide (gate to drain/source/body) of a 3.3V transistor should 
not exceed 3.6V. Hence, LS0040D10 employs �D���³�P�X�O�W�L-�V�W�D�J�H�´��contention mitigated 
topology as shown in Figure 24. The transistor sizes of LS0040D10 are listed in Table 
7. 
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Figure 24 Schematic of the level shifting driver LS0040D10 
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Table 7 Transistor sizes of the level shifting driver LS0040D10 

Transistor Width (µm) Length (µm) Comment 
MN1 0.22 0.6 

Input inverting stage 
MP1 0.42 0.3 
MN2 0.42 0.6 

1st Level-up stage from 0-1.8V to 0-3.3V 

MP2 0.42 0.4 
MP3 0.42 0.3 
MN3 0.22 0.6 
MP4 0.22 0.4 
MP5 0.22 0.3 
MN4 0.22 0.35 

1st Level-down stage from 0-3.3V to 1.8-3.3V 
MP6 0.22 0.5 
MN5 0.22 0.35 
MP7 0.22 0.5 
MN6 1 0.35 

2nd Level-up stage from 1.8-3.3V to 1.8-4V 

MP8 0.8 0.3 
MP9 0.8 0.3 
MN7 0.42 0.35 
MP10 0.42 0.3 
MP11 0.42 0.3 
MN8 0.22 0.35 

2nd Level-down stage from 1.8-4V to 1.8-3.3V 
MP12 0.42 0.3 
MN9 0.42 0.35 
MP13 1 0.3 
MN10 1 0.4 

Output stage 

MN11 1 0.35 
MN12 1 0.35 
MP14 2 0.3 
MP15 2 0.3 
MP16 2 0.3 

With the same goal of minimizing power consumption while keeping propagation 
delay short, the transistor sizes of LS0040D10 were chosen to reduce capacitive load 
and direct path current at each intermediate stage. 

At the output stage, MN10-12 and MP14-16 form an inverter with stacked input 
gates and programmable slew rate controlled by MN10 and MP16. The purpose of the 
stacked input gates was to make sure that the voltage across the gate oxide of MN11-
12 and MP14-15 never exceeds 3.6V. The upper transistor MP15 is driven by a 1.8-
4V signal S4018. The lower transistor MN11 is driven by a 0-3.3V signal S3300. The 
middle pair MN12-MP14 is driven by a 1.8-3.3V signal S3318d (where the suffix d 
stands for delayed). In retrospect, MN12-MP14 could also be driven safely by S3318 
directly instead of S3318d. The layout of LS0040D10 is shown in Figure 25. �,�W�¶�V���Z�R�U�W�K��
mentioning that the LS0040D10 design requires the bulk of MN4-5 and MN8-9 to be 
connected to 1.8V. This is made possible through a layer of deep n implant (enclosed 
in white in Figure 25) to form a private p well isolated from the rest of the p substrate. 

Figure 26 plots the transient simulation results of the level shifting driver 
LS0040D10 driving a 2.8pF capacitive load. The input IN is a 0-1.8V square wave 
with a period of 8µs. The top plot shows the transient response of the output OUT. 
The lower plots show the currents drawn from 1.8V, 3.3V 4V and ground (GND) 
through time. Overall, the dynamic power consumption of LS0040D10 is found 
negligible compared to the power consumed to drive the output load. An asymmetry 
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between the rise and fall time is noticeable due to multiple stages of current mirroring 
in the process of generating the bias voltages RisetimeBp and FalltimeBn. However, 
this asymmetry between rise and fall time is tolerable and has no adverse effects on 
the overall function of the frame readout. 

 
Figure 25 Layout of the level shifting driver LS0040D10 

 
Figure 26 Transient simulation of the lever shifting driver LS0040D10 

2.2.3 Column Parallel ADC 
A single slope column parallel 10-bit ADC was originally designed (but not tested) 

by Raphael Berner for a pixel array with a column pitch of 18.5µm. Berner�¶�V���$�'�&��
column cell was 18.5µm wide. The CDAVIS pixel array had a column pitch of 10um 
for the frame output. Therefore, to make use of �%�H�U�Q�H�U�¶�V��ADC column cell with 
minimum modification, the CDAVIS employed a two-row arrangement for its column 
parallel ADC as depicted in Figure 27. The odd numbered columns of the pixel array 
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were connected to the first row of the ADC column cells. The even numbered columns 
were connected to the second row of the ADC column cells. 

 
Figure 27 Two-rows arrangement of the column parallel ADC 

The block diagram of one ADC column cell is shown in Figure 28. Each ADC 
column cell contains the following parts: a sample and hold circuit, a backup buffer, 
a comparator, a group of ten standard Synopsys D latches, and a group of 10 standard 
Synopsys multiplexed scan DFF. The sample and hold circuit samples and stores the 
analog voltage level. This analog voltage value can be read out directly through the 
backup buffer for diagnosis. During normal operation, the backup buffer is 
deactivated. The analog voltage value is fed to the positive input of the comparator. 
The negative input of the comparator receives a downward ramping voltage from an 
on-chip ramp generator. Once the ramping voltage drops below the stored analog 
voltage, the comparator disables the ten latches. The 10 latches receive input (D) from 
the on-chip gray counter, and produce output (Q) to the ten multiplexed scan DFF. 
Once the 10 latches are disabled by the comparator, their outputs are frozen with the 
10-bit counter value at that moment. When the scan control signal (SC) is low, the 10 
multiplexed scan DFF receive input from D, where the output of the 10 latches are 
connected. When SC switches to high, the 10 DFFs receives input from SD, which 
connect to the output Q of the 10 DFFs of the previous column, thus allowing the 
scanning readout of the entire ADC column cell chain. 

The key advantage of this ADC design is that once SC switches to high, the ADC 
is ready to acquire the next sample. In the meantime of scanning out the current sample, 
a new sample settles in the sample and hold bock and is then converted into ten bits 
and stored at the outputs of the ten latches. Therefore, settling and converting stage is 
pipelined with scanning out stage. The maximum sampling rate is determined by the 
slower one of the two stages. 
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Figure 28 Block diagram of one ADC column cell 

To ensure the proper operation of the ADC, the scan clock was distributed 
reversely (opposite of the scan data direction) as illustrated in Figure 29 to eliminate 
race condition [82]. As explained in 2.2.2.2, reverse clock distribution ensures that 
data only propagates to the next DFF after clock signal has settled at the next DFF, 
hence eliminating the possibility of data propagating through more than one stage in 
one clock cycle. 

In each ADC column cell, the main scan clock wire was connected to a standard 
Synopsys digital buffer with 1× driving capability, which in turn distributes the scan 
clock signal to the 10 DFFs. In this way, the direct capacitive load of the main scan 
clock wire was reduced. The scan clock main wire in each row of the 2 row ADC was 
driven by a standard Synopsys digital buffer with 4× driving capability. This clock 
distribution scheme can handle a maximum clock frequency up to 1GHz in simulation, 
which translate to a maximum output rate at 10Gbit/s and a minimum time of about 
300µs to scan out one sample of the whole pixel array. The actual time to scan out 
one sample of the pixel array is determined by the frequency of the off-chip scan clock 
signal. 
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Figure 29 Reverse clock distribution scheme of the column parallel ADC 

The Synopsys standard library components use a single ground supply for both the 
source and body of the NMOS. To prevent ground bounce caused by the digital 
circuits from spreading through the entire substrate, the Synopsys D latches and DFFs 
were placed in a private p-well (isolated from the rest of the substrate by a deep n 
implant layer). To reduce the ground bounce and supply droop, the space between 
individual ADC column cells were filled with bypass capacitors between ground and 
1.8V voltage supply. 

The ADC ramp generator was made of a scanning DFF chain that selects and 
outputs a node voltage from a resistor ladder placed on one edge of the pixel array. 
The two ends of the resistor ladder are supplied with programmable upper and lower 
voltages respectively by the on-chip bias generator. The scanning DFF chain uses 
reverse clock distribution and can handle a maximum clock frequency of up to 
100MHz, which translates to about 10µs for a full ramp. The ramp generator shares 
the same clock signal as the gray counter, which was built by Tobi Delbruck based on 
[84]. 

2.3 Pixel Array Simulation and Overall Integration 

The main purpose of the pixel array level simulation was to verify that the frame 
output and the event output could operate simultaneously with minimum crosstalk. 
Because the APS circuits use transistors with proprietary doping and lack simulation 
models (as stated in 2.1.1 and 2.1.2), only the immunity of the event output against 
the crosstalk from the APS control signals was tested. 

Because a whole array simulation is unfeasible even on a workstation with a 
quadcore 3.5GHz Intel Core i7 CPU, a simplified model of the pixel array (called 
rgbDVS_AER_2x2_PEx_simulation in Chip_rgbDVS library) was built for this 
purpose. Four RGBW units representing the four corners of the pixel array were 
connected as shown in Figure 30. The distributed RC networks connecting between 
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the pixels contain wire resistances and parasitic capacitance between signal, biases 
and power supplies extracted from the RGBW unit layout. Through this connection, 
the simplified pixel array emulated the pixels on the four corners of the full-sized pixel 
array. Two rows and two columns of the pixel array periphery circuits were connected 
to this simplified pixel array. 

A 4ms transient simulation took 4 hours in real time on a workstation with a 
quadcore 3.5GHz Intel CPU and produced about 24GB of data. In this transient 
simulation, all APS control signals were slew controlled to have a rise/fall time of 
around 1-2µs, and all analog bias voltages were buffered with 8-16µA of current. The 
transient simulation results of the top right RGBW unit is plotted in Figure 31. It can 
be seen that there are still disturbances from the APS control signals to the analog 
signal Vdiff, which is the very last analog signal at the output of the amplification stage 
of the DVS circuit (see Figure 9). However, the disturbances are not significant 
enough to trigger fake events under normal threshold settings. 

 
Figure 30 Simplified pixel array simulation 
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Figure 31 Transient simulation results of the top right RGBW unit in the 

simplified pixel array 

During the overall integration of the CDAVIS, two guidelines were followed to 
connect signals over long distances: 

1. When a bare signal wire has sufficient spacing to a neighboring object in the 
same layer (which is usually the case for chip-level routing), smaller wire 
width is better. When the wire has sufficient spacing to neighboring objects in 
the same layer, its total capacitance is approximately proportional to its width, 
while its total resistance is inversely proportional to its width. Therefore, the 
�Z�L�U�H�¶�V���S�U�R�S�D�J�D�W�L�R�Q���G�H�O�D�\���G�R�H�V���Q�R�W���G�H�S�H�Q�G���R�Q���L�W�V���Z�L�G�W�K�����+�H�Q�F�H�����D���V�P�D�O�O�H�U���Z�L�G�W�K��
means less capacitive load and lower power consumption. 
In the cases when a bare signal wires are close to objects in the same layer, its 
total capacitance increases more than proportional to its width, while its total 
�U�H�V�L�V�W�D�Q�F�H�� �L�V�� �L�Q�Y�H�U�V�H�O�\�� �S�U�R�S�R�U�W�L�R�Q�D�O�� �W�R�� �L�W�V�� �Z�L�G�W�K���� �7�K�H�U�H�I�R�U�H���� �W�K�H�� �Z�L�U�H�¶�V��
propagation delay increases with its width. Hence, a smaller width is still 
preferred for both less propagation delay and less capacitive load. 
However, when a signal wire is connected to transistor gates along its way, 
those gate capacitances may account for a signi�I�L�F�D�Q�W���S�R�U�W�L�R�Q���R�I���W�K�H���V�L�J�Q�D�O�¶�V��
total capacitive load. The total capacitive load is a more complicated function 
of the wire width. In this case, both propagation delay and total capacitive load 
should be taken into account to determine the ideal wire width. 

2. Dummy metals should not fill near fast switching or timing sensitive signals, 
because dummy metal pieces would reduce the effective spacing between the 
signal wire and its neighboring objects, which increases the capacitive load of 
the signal wire. 
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2.4 Discussion and Summary  

Evolved from �%�H�U�Q�H�U���D�Q�G���%�U�D�Q�G�O�L�¶�V���'�$�9�,�6���L�Q��[68], [69], the CDAVIS implements 
a novel heterogeneous pixel array design consisting of both the DAVIS and the state-
of-the-art 5T APS pixels and a RGBW-Bayer CFA. With this heterogeneous pixel 
array design, the CDAVIS aims to achieve VGA resolution and color sensitivity frame 
output, and QVGA resolution monochromatic event output. 

In order to implement the heterogeneous pixel array, the pixel layout of Berner and 
�%�U�D�Q�G�O�L�¶�V��DAVIS was redrawn to accommodate three additional 5T APS pixels. The 
CDAVIS design achieved a compact 10µm pitch for the APS pixels, and 20µm pitch 
for the DAVIS pixels. Although the APS pitch in the CDAVIS is larger than the 
Towerjazz stock APS pitch of 4.5µm, the DAVIS pitch has only increased marginally 
�I�U�R�P���%�H�U�Q�H�U���D�Q�G���%�U�D�Q�G�O�L�¶�V���'�$�9�,�6���D�W����������µm. The compact pixel size was achieved 
at a cost of reduced fill factor at 14%, as opposed to the 22% �R�I���%�H�U�Q�H�U���D�Q�G���%�U�D�Q�G�O�L�¶�V��
DAVIS. 

The in-pixel crosstalk between the analog and digital signals was minimized 
through both in-pixel layout techniques as well as pixel array periphery tweaks. Inside 
the pixel layout, separation, shielding and creating parasitic bypass capacitors to stable 
structures were the techniques to minimize signal crosstalk. In the pixel array 
periphery, all the APS control signals that enter the pixel array are slew controlled. 
Furthermore, all the bias signals used by the pixel array are buffered by bias buffers 
distributed in row and column peripheral blocks. With the combined efforts of all the 
above-mentioned techniques, the in-pixel crosstalk was kept sufficiently small so that 
no crosstalk-induced events were seen in a simplified pixel array post layout 
simulation.  

To fully utilize the state-of-the-art 5T APS pixels, the control logic for the frame 
readout of CDAVIS was completely redesigned �I�U�R�P���%�H�U�Q�H�U���D�Q�G���%�U�D�Q�G�O�L�¶�V���'�$�9�,�6. 
The APS pixels and the DAVIS pixels share the same APS control logic block at the 
pixel array periphery. The APS control signal drivers also accounted for the 
heterogeneity of the pixel array to minimize non-uniformity of the output frame 
caused by different capacitive loads on APS control signal wires in different rows.  

�$�Q�R�W�K�H�U���V�X�E�W�O�H���L�P�S�U�R�Y�H�P�H�Q�W���R�I���W�K�H���&�'�$�9�,�6���R�Y�H�U���%�H�U�Q�H�U���D�Q�G���%�U�D�Q�G�O�L�¶�V���'�$�9�,�6��is 
the whole chip adoption of reverse clock distribution (a standard digital circuit design 
approach). The CDAVIS has larger pixel array and chip dimensions than Berner and 
�%�U�D�Q�G�O�L�¶�V���'�$�9�,�6�����V�R���L�W�¶�V���P�R�U�H���S�U�R�Q�H���W�R���S�R�W�H�Q�W�L�D�O���J�O�L�W�F�K�H�V���F�D�X�V�H�G���E�\���U�D�F�H���F�R�Q�G�L�W�L�R�Q����
Therefore, all  the DFF chains used in frame readout scanning circuits and chip 
configuration circuits uses reverse clock distribution to eliminate all possible race 
condition. 

�/�D�V�W�O�\���� �X�Q�O�L�N�H�� �%�H�U�Q�H�U�� �D�Q�G�� �%�U�D�Q�G�O�L�¶�V�� �'�$�9�,�6�� �Z�K�L�F�K�� �X�V�H�V�� �D�Q�� �R�I�I-chip commercial 
ADC for the frame readout, the CDAIVS implemented an on-chip column parallel 
10-bit single slope ADC. The on-chip column parallel ADC requires a minimum of 
10µs to convert a sample and a minimum of 300µs to scan out a sample of the whole 
pixel array. The conversion and scanning are pipelined. Therefore, the theoretical 
maximum sampling rate is more than 3K frames per second. This number refers to the 
capability of the column parallel ADC, not the frame rate of the camera, which is 
determined by many other factors such as the exposure time. In comparison, the off-
�F�K�L�S���F�R�P�P�H�U�F�L�D�O���$�'�&���X�V�H�G���E�\���%�H�U�Q�H�U���D�Q�G���%�U�D�Q�G�O�L�¶�V���'�$�9�,�6���Z�D�V���D������-bit 30MSPS 
(mega-sample per second) ADC. If the same 30MSPS ADC were used for the frame 
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output from the CDAVIS, its maximum sampling rate equals less than 100 frames per 
second, which is not yet considering the settling time of each sample. Hence the on-
chip column parallel has much higher theoretical maximum frame readout speed than 
the off-chip 30MSPS ADC. Of course, commercial ADCs with higher sampling rate 
are available, but at a higher cost. Also, using single off-chip ADC means no 
pipelining. Therefore, the actual sampling rate of the frames with off-chip ADC will 
be further limited by the settling time of each sample. 
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Chapter 3 A Color VGA Two-Stream Vision 
Sensor: Characterization Results 

The CDAVIS was fabricated on a dedicated image sensor MPW described in 
Appendix A, and was tested on the circuit board setup described in Appendix B. A 
picture of the prototype CDAVIS camera is shown in Figure 32. To visualize the 
output from the CDAVIS, the jAER project was modified to include color processing 
of the frame readout. Standard bilinear interpolation, automatic white balance based 
on gray world assumption, and linear regression based color calibration using a 
Macbeth ColorChecker were employed [23]. The frame output from the DAVIS 
pixels was excluded in the color processing due to the reason stated next in 3.1. The 
linear regression MATLAB script was kindly provided by Viktor Gruev and his 
student Missael Garcia. Figure 33 shows the space-time view of the concurrent frame 
and event output of the CDAVIS. The color frame shows a static Macbeth 
ColorChecker. The plotted space-time cube contained about one million events, from 
when the frame was captured, where the events are green, till 306ms later, where the 
events are red. These events describe the rotation trajectory of the black bar on the 
white disk. 

 
Figure 32 Prototype CDAVIS camera 
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Figure 33 Space-time view of the concurrent frame and event output of the 

CDAVIS 

This chapter starts with a design confession, then describes the characterization 
methods and presents the complete characterization results and benchmarking of the 
CDAVIS. 

3.1 Design Confession 

Through preliminary testing, a design mistake was discovered. In the APS part of 
the DAVIS circuit, transistor TX1 (see Figure 9) was designed to use the same doping 
profile as transistor TX2 in the standard APS pixel. The proprietary doping profile in 
TX2 ensured low leakage and efficient charge transfer when paired with the supplied 
PPD (as explained in 2.1.1). However, TX1 was connected to CP whose voltage VCP 
varies in a range much higher than the PPD during exposure. When exposure starts, 
VCP starts at around 2.7V and gradually decreases as photoelectrons integrate on CP. 
If the incident light is weak, relatively few photoelectrons are collected, VCP will 
remain at a relatively high voltage. The logic high voltage of the gate of TX1 was fixed 
at 3.3V. Consequently, when TX1 is turned on to equalize the voltage of VCP and FD, 
the gate to source voltage of TX1 is too small for TX1 to conduct effectively. This 
omission is manifested as black dots in the darker region of the frame readout from 
the DAVIS pixels as shown in Figure 34, where the image enclosed by the red square 
shows a magnified view of the dark dots. Those dark dots suggest in those 
corresponding DAVIS pixels TX1 cannot effectively transfer photoelectrons from CP 
to FD. This variation in charge transfer efficiency was cause by variation of threshold 
in TX1 transistor. Extending the period when TX1 was turned on did reduce the 
number of dark dots, but was not effective in eliminating them without increasing the 
exposure duration. 

The reason for using the same doping profile in transistor TX1 as transistor TX2 is 
to ensure the same FD capacitance (hence APS conversion gain) in both the APS pixel 
and the APS part of the DAVIS pixel. So, given that it is desirable to keep TX1 
unchanged, there are two ways to deal with the high threshold of TX1: by increasing 
the logic high voltage applied to the gate of TX1 or by decreasing the reset voltage of 
VCP at the start of the exposure. Unfortunately, both the logic high voltage of TX1 and 
the reset voltage of CP were fixed by design. Therefore, the frame output from the 
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DAVIS pixels are excluded from the overall CDAVIS frame output described and 
characterized hereafter. The missing intensity values at the DAVIS pixels are filled 
by interpolating values from neighboring APS pixels. If there is a next iteration of the 
CDAVIS design, it is recommended that the pixel periphery should be modified to 
include 4V level shifting driver for TX1 signal. 

 
Figure 34 Rolling shutter frame output split into 4 channels (clockwise from top left: 

R, G, B, W) 

3.2 Characterization 

The characterization work of the CDAVIS was done together with Diederik Moeys 
and Federico Corradi in an attempt to standardize the characterization methods of both 
the frame output and the event output of two-stream vision sensors. Diederik and 
Federico built the measurement setup consisting of a light emitting diode (LED), a 
LED controller module, a function generator, power supplies, an integrating sphere 
and a light shielding box. I contributed to designing the measurement and analysis 
methods, and several automated measurement and analysis Python scripts. 

3.2.1 Characterization of the Frame Output  
The frame readout characterization method was guided by the European Machine 

�9�L�V�L�R�Q���$�V�V�R�F�L�D�W�L�R�Q�����(�0�9�$���������������³�6�W�D�Q�G�D�U�G���I�R�U���&�K�D�U�D�F�W�H�U�L�]�D�W�L�R�Q���R�I���,�P�D�J�H���6�H�Q�V�R�U�V��
�D�Q�G�� �&�D�P�H�U�D�V�´ [85]. The core of this characterization work was the photon transfer 
curve (PTC) measurement. 
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3.2.1.1 PTC Theory 
The PTC theory was originally developed by James Janesick in the 80s for the 

CCD sensors [86] and was later applied to the APS technology, because the PTC 
theory was based on the discrete nature of photoelectrons which applies to both the 
CCD and the APS technologies [87]. 

Assume an APS pixel collects N photoelectrons during the exposure, the final 
output signal S in digital number (DN) can be expressed as: 

�5
L �G�®�0 

where k is the conversion gain of the pixel in the unit of DN/e-. S does not contain an 
offset term because any offset is already removed by the double sampling scheme for 
the APS described in 2.2.2.1. 

If the same exposure duration is repeated many times, the temporal variance of S 
can be expressed as �ê�Ì �6: 

�ê�Ì �6 
L �G�6 �®�ê�Ç�6 
E�ê�Ë�6 

where �ê�Ç�6 is the temporal variance of N, �ê�Ë�6 is the temporal variance caused by the 
readout channel (the column parallel ADC). Furthermore, �ê�Ç�6 is a shot noise and 
therefore [88]: 

�ê�Ç�6 
L �0 

So �ê�Ì �6 can be rewritten as: 

�ê�Ì �6 
L �G�6 �®�0 
E�ê�Ë�6 


L �G�®�5
E�ê�Ë�6 

Therefore, if the pixel output temporal variance �ê�Ì �6 is measured at various levels 
of pixel output S and plotted against S, the slope of the curve tells us the conversion 
gain of the pixel in the unit of DN/e-.  

When there is no exposure, S is zero, �ê�Ì �6 equals the temporal noise in the readout 
channel �ê�Ë�6. This readout noise is sometimes called the noise floor, because it is the 
minimum temporal noise this pixel can achieve through the given readout channel. In 
the EMVA1228 standard, �ê�Ë is converted into the number of electrons (e-) and is 
termed absolute sensitivity threshold. 

The peak of �ê�Ì �6 occurs right before the pixel saturates. This is because when the 
number of collected photoelectrons N is approaching the capacity of the pixel (full 
well capacity), the positive portion of �ê�Ç�6 starts to be clipped by the limit of pixel full 
well capacity, and therefore �ê�Ì �6 gradually stops increasing linearly with S and starts 
�W�R���G�H�F�U�H�D�V�H�����:�K�H�Q���W�K�H���H�[�S�R�V�X�U�H���L�V���O�R�Q�J���H�Q�R�X�J�K���W�K�D�W���1���L�V���G�H�W�H�U�P�L�Q�H�G���E�\���W�K�H���S�L�[�H�O�¶�V���I�X�O�O��
well capacity and contains little shot noise, �ê�Ì �6 drops to almost the noise floor level. 
The output level at the peak of �ê�Ì �6 is regarded as the saturation level, which can be 
expressed in the unit of DN or converted into number of electrons (e-). The ratio 
between the saturation level and �ê�Ë is called the dynamic range. 

It is worth noting that the PTC theory is based on the physics of one individual 
pixel. Therefore, the PTC measurement can be applied pixel by pixel on a sensor to 
extract information such as conversion gain, noise floor, and dynamic range of every 
single pixel. However, in most circumstances, only the characteristics of the whole 
sensor is needed. While it is perfectly correct to perform the PTC analysis on every 
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pixel then take the average of these pixels to obtain sensor level characteristics, there 
are more efficient methods as described below. 

3.2.1.2 Temporal Variance Analysis Methods 
The conventional PTC measurement requires the sensor to be placed under 

temporally constant and spatially uniform illumination. Then �W�K�H���V�H�Q�V�R�U�¶�V�� �H�[�S�R�V�X�U�H��
duration is swept from zero to a length that ensures pixel saturation. At each exposure 
duration, a sufficient number of M frames from the sensor are recorded, such that at 
each exposure duration, we acquire a three-dimensional array of data �5�:�T�á�U�á�E�;�á�T�Ð
�>�r�á�: �;�á�U�Ð�>�r�á�; �;�á�E�Ð�>�r�á�/ �;, where X and Y are the pixel array size of the sensor [86], 
[87]. 

The pixel level temporal mean �5�Í
$
$
$�:�T�á�U�; and the spatiotemporal mean �5�Ì�Í
$
$
$
$ are first 
computed as: 

�5�Í
$
$
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Then, the pixel level temporal variance �ê�Ì �6�:�T�á�U�; is computed as: 

�ê�Ì �6�:�T�á�U�; 
L
�Ã �>�5�:�T�á�U�á�E�; 
F �5�Í
$
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The array level temporal variance �ê�Ì �6
$
$
$
$ is computed as the average: 

�ê�Ì �6
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$��
L
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���>���� �6�? 

However, this method has two practical drawbacks. First, for each exposure 
duration, it is desirable to record a large number of frames in order to obtain a 
statistically accurate estimate of the temporal variance. This means the PTC 
measurement may take a long time and generate a lot of data. The subsequent 
computation is therefore intensive. 

Second, and the most fatal drawback, is that this method requires a temporally 
stable light source. If the light source has temporal fluctuations during the PTC 
measurement, these fluctuations will be reflected in the sensor output. Therefore, the 
computed temporal variance will contain the fluctuations from the light source or the 
power supply. Through experimentation with our measurement setup, we found that 
various light sources contain temporal fluctuations, including light emitting diode 
(LED), office fluorescent lamp, and xenon arc lamp. 

The EMVA 1228 standard instructed a more efficient method. At each exposure 
length, only two frames are recorded. The recorded data is hence �5�:�T�á�U�á�E�;�á�T�Ð
�>�r�á�: �;�á�U�Ð�>�r�á�; �;�á�E�Ð�>�r�á�t�;. The spatiotemporal mean �5�Ì�Í
$
$
$
$ is computed in the same 
way as before. The output temporal variance is no longer explicitly computed at the 
pixel level. The sensor level output temporal variance �ê�Ì �6
$
$
$
$ is directly computed as: 

�ê�Ì �6
$
$
$
$��
L
�Ã �Ã �>�5�:�T�á�U�á�r�; 
F �5�:�T�á�U�á�s�;�?�6�Ò�?�5

�ì �@�4
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�ë�@�4
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The EMVA1228 method assumes the fact that there is no correlation in the 
temporal variance of the outputs from �: �®�;  pixels. Therefore, two frames are enough 
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to compute the temporal variance of every pixel. Although the pixel temporal variance 
obtained from only two frames is not statistically meaningful, a total number of �: �®�;  
uncorrelated pixel temporal variance results is statistically sufficient to give an 
accurate estimate of the average pixel output temporal variance. I have conducted 
several measurements and analysis to verify that this method produced almost 
identical results as the conventional method. 

The EMVA1228 method significantly reduces the number frames needed per 
exposure lengths, and the amount of subsequent computation. This method is also 
more immune to the temporal fluctuations in the light source because the computation 
of �ê�Ì �6
$
$
$
$ averages spatially much more than temporally. However, temporal fluctuations 
from the light source between the two frames is still included in the final result of �ê�Ì �6
$
$
$
$ 
at each exposure. 

Based on the EMVA 1228 method, I propose here an additional step in the 
calculation of �ê�Ì �6
$
$
$
$ to remove the effect of light source fluctuations from the results. 
Just like the EMVA 1228 method, two frames of data are recorded at each exposure 
length, �5�:�T�á�U�á�E�;�á�T�Ð�>�r�á�: �;�á�U�Ð�>�r�á�; �;�á�E�Ð�>�r�á�t�;.  

The spatial mean output of each frame is first computed as: 
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and the sensor level output temporal variance �ê�Ì �6
$
$
$
$ is computed as: 
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Any fluctuation in the light source between the two obtained frames results in a 
global output deviation. Therefore, the subtraction of the spatial mean output 
difference between the two frames �>�5�Ì�:�r�;
$
$
$
$
$
$
$
F�5�Ì�:�s�;
$
$
$
$
$
$
$�? removes the effect of light source 
fluctuation almost entirely. I have again conducted several measurements under 
different light sources including a regulated LED, office fluorescent lamp and LCD 
monitor. This proposed computation method was founded to produce almost identical 
results as the EMVA 1228 method when the light source was stable, and a noticeably 
smoother �ê�Ì �6
$
$
$
$�� against �5�Ì�Í
$
$
$
$ curve than the EMVA 1228 method when the light source 
was noisy. Therefore, the PTC measurement results presented in this thesis were all 
obtained using the proposed method. 

3.2.1.3 PTC Measurement Results 
The PTC measurement of the CDAVIS was performed under 1klux uniform 

illumination from an integrating sphere illuminated by a regulated LED built by 
Diederik Moeys. The exposure time was swept from 0 to 2200µs. 

Figure 35 plots the spatiotemporal mean signal �5�Ì�Í
$
$
$
$ in digital number (DN) and the 
linearity deviation �Ü�Ì in percentage (%) against the exposure time. The �5�Ì�Í
$
$
$
$ against 
exposure time curve between 5% and 95% of the saturation level (obtained from 
Figure 36) is fitted by a straight line Sfit using least-squares linear regression. The 
linearity deviation for each exposure is calculated as: 
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where S95 is the 95% saturation output level, and S5 is the 5% saturation output level. 
The saturation output level of the CDAVIS is determined to be 600DN from Figure 
36. Therefore, S95 is 570 and S5 is 30. 

The linearity error (LE)  by the EMVA 1228 standard is calculated as: 

�.�' 
L
�•�ƒ�š���:�Ü�Ì�; 
F �•�‹�•���:�Ü�Ì�;

�t
���>�¨ �? 

The LE of the CDAVIS was found to be 0.71%. 

In Figure 35, �5�Ì�Í
$
$
$
$ remained at 0 until the exposure time exceeded 200µs. This was 
due to the long rise and fall times that were configured for the APS control signals to 
suppress crosstalk. The reason that longer rise and fall times than simulated (in 2.3) 
are needed is thought to be insufficient power supply to the central part of the pixel 
array and possibly underestimation of the parasitic capacitance by the layout 
extraction. As a result, to suppress crosstalk, the slew rates of the APS control signals 
were set very low, around 200µs is needed for the APS pixel to initiate and terminate 
exposure. 

 
Figure 35 Linearity deviation of the CDAVIS frame output 

Figure 36 plots the temporal variance of the output signal �ê�Ì �6
$
$
$
$ against the 
spatiotemporal mean output signal �5�Ì�Í
$
$
$
$. Again, the curve between S5 and S95 is fitted 
by a straight line using least-squares linear regression. The slope of the fitted line 
indicates that the conversion gain of the APS pixels to be 0.037DN/e- or 66.8µV/e- 
(1DN equals 1.78mV). This result is slightly lower than the 75 µV/e- advertised by 
Towerjazz. The disparity is thought to be caused by the modified metal layers around 
the FD node (see Figure 7). 

The temporal variance at zero output signal level was measured to be zero, which 
indicates that the output referred readout noise level is less than 1DN. Therefore, the 
absolute sensitivity threshold (explained in 3.2.1.1) of the frame output is limited by 
ADC quantization, where 1DN equals 1.78mV. Given the conversion gain, the 
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absolute sensitivity threshold of the CDAVIS frame output is 
�5�ä�;�<�à�Ï

�:�: �ä�<�œ�Z���c�?

L

�t�x�ä�x���‡�Ž�‡�…�–�”�‘�•�•. 

Figure 36 also shows that the CDAVIS frame output saturates at 600DN, where 
the temporal noise/variance �ê�Ì �6
$
$
$
$ starts to drop. Therefore, the dynamic range (DR) of 
the CDAVIS frame output is calculated as: 
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Figure 37 plots the output SNR against the spatiotemporal mean �5�Ì�Í
$
$
$
$. For every �5�Ì�Í
$
$
$
$ 
the SNR of the frame output is calculated as: 
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As seen from Figure 37, the output SNR increases with �5�Ì�Í
$
$
$
$. This is because with 
increased �5�Ì�Í
$
$
$
$, which corresponds to increased exposure duration, the temporal 
noise/variance �ê�Ì �6
$
$
$
$ is dominated by photoelectron shot noise, hence longer 
exposure/higher �5�Ì�Í
$
$
$
$ means more photoelectrons collected, thus higher SNR. The peak 
SNR of the CDAVIS frame output reached 41.4dB before saturation (when �5�Ì�Í
$
$
$
$ is 
600). The SNR turns upwards after saturation because �ê�Ì �6
$
$
$
$ drops rapidly with further 
increase in �5�Ì�Í
$
$
$
$ as seen in Figure 36. 

 
Figure 36 Temporal noise of the CDAVIS frame output 
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Figure 37 SNR of the CDAVIS frame output 

The PTC measurement can also provide information on the frame output fixed 
pattern noise (FPN). Figure 38 plots the FPN of the output signal in the unit of DN 
against the spatiotemporal mean signal �5�Ì�Í
$
$
$
$. At each �5�Ì�Í
$
$
$
$ level, the FPN is computed 
as the spatial standard deviation of the pixel output: 

�(�2�0
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¨
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$�:�T�á�U�; 
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Although the PTC analysis method proposed in 3.2.1.2 requires only two frames 
per exposure, a sufficient number of frames are needed to compute pixel level 
temporal mean �5�Í
$
$
$�:�T�á�U�; for the FPN analysis. 

Furthermore, the FPN across columns (FPNX) and across rows (FPNY) are 
computed as: 
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¨
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where �5�Ñ�Í
$
$
$
$
$�:�U�; and �5�Ò�Í
$
$
$
$�:�T�; are the row average and column average of the temporal 
mean signal �5�Í
$
$
$�:�T�á�U�;: 
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The plots in Figure 38 of FPNX and FPNY against �5�Ì�Í
$
$
$
$ reveal that the column FPN 
increases linearly with �5�Ì�Í
$
$
$
$, which indicates about 0.3% gain mismatch of the column 
parallel ADC. The decrease of row FPN with �5�Ì�Í
$
$
$
$ is not well understood. 

Lastly, performing the same PTC measurement in the dark provides information 
on the dark signal of the frame output. The CDAVIS frame output was found to 
contain zero dark signal even when the exposure was swept up to 900ms. This is 
thought to be due to that the leaky anti-blooming mechanism (explained in 2.1.1) leaks 
away electrons faster than the dark current can accumulate in the PPD. This leaky 
anti-blooming mechanism hinders the low light performance of the frame output, 
because incident light need to induce a sufficient photocurrent (higher than anti-
blooming leakage subtracting PPD dark current) in order to be detected. 

The EMVA 1228 standard further differentiates the contributions of dark signal 
non-uniformity (DSNU) and photo response non-uniformity (PRNU) to the total FPN. 
Because the dark signal of the CDAVIS frame output was suppressed by anti-
blooming leakage thus not able to be measured, The FPN data plotted in Figure 38 are 
treated as the result of PRNU alone. The figure of merit PRNU1228 of the CDAVIS 
can be calculated as the ratio of the FPN at 50% saturation level to the 50% saturation 
output S50 (300DN), which was found to be 1.576%. 

 
Figure 38 Total FPN and row/column FPN of the CDAVIS frame output 

3.2.2 Characterization of the Event Output 
Although the event output from prior event-based or two-stream sensors have been 

characterized extensively, their characterization methods varied significantly [58], 
[63], [67], [69]. For better future benchmarking, Federico, Diederik and I worked 
towards a standard protocol to characterize the event output. Our standard protocol 
characterizes the event output on the following aspects: the temporal contrast 
sensitivity, dynamic range, and latency. 
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3.2.2.1 Definition of Temporal Contrast Sensitivity Threshold 
In many prior characterization works of the DVS, the temporal contrast sensitivity 

threshold was defined based on the working principle of the pixel circuit. Recall from 
2.1.2 that the DVS circuit first converts the photocurrent �+�ã�Û (proportional to incident 
light intensity) into a voltage signal logarithmically, then compares the amplified 
change of this voltage signal since last reset. Therefore, Lichtsteiner et al. defined the 
temporal contrast sensitivity threshold as �à�ß�á: 

�à�ß�á 
L
�Ž�•
k�+�ã�Û�6
o
F �Ž�•
k�+�ã�Û�5
o

�0
 

where N is the number of events generated when the DVS photocurrent changes from 
�+�ã�Û�5 to �+�ã�Û�6 [58]. This definition was adopted by many prior characterization works 
of the DVS [63], [68], [69], [89], [90]. 

This �à�ß�á defined by Lichtsteiner et al. is a simplified reflection of the pixel working 
principle, without taking the pixel refractory period in between events into 
consideration. However, the unit of �à�ß�á is natural logarithmic unit. Alternatively, the 
temporal contrast sensitivity threshold can also be defined as �à�¨ , the percentage 
change in the photocurrent/incident light  in order to produce one event: 

�à�¨ 
L 
¨
�+�ã�Û�6
�+�ã�Û�5

�¿

F �s 

If �à�ß�á is small, the mathematical approximation below is reasonable: 

�à�ß�á
L
�Ž�•
k�+�ã�Û�6
o
F �Ž�•
k�+�ã�Û�5
o

�0

L �Ž�•�L 
¨

�+�ã�Û�6
�+�ã�Û�5

�¿
�M
N 
¨

�+�ã�Û�6
�+�ã�Û�5

�¿

F�s
L �à�¨  

where �à�ß�á is approximated to �à�¨ . Based on this approximation, many prior 
characterization works of the DVS used the �à�ß�á definition to indicate the temporal 
contrast sensitivity threshold as a percentage [63], [68], [69], [89], [90]. 

However, this approximation between �à�ß�á and �à�¨  is no longer valid when �à�ß�á and 
�à�¨  are large. For example, if  �+�ã�Û�6 is two times of �+�ã�Û�5, and three ON events are 
generated when the pixel photocurrent changes from �+�ã�Û�5 to �+�ã�Û�6, �à�ß�á for ON events 
can be calculated as: 

�à�ß�á
L
�Ž�•�:�t�;

�u
�� �r�ä�t�u�s 

while �à�¨  for ON events is actually: 

�à�¨ 
L �¾�t
�/


F �s�� �t�x�ä�r�¨  

If �+�ã�Û�6 is half of �+�ã�Û�5, and still three OFF events are generated when the pixel 
photocurrent changes from �+�ã�Û�5 to �+�ã�Û�6, �à�ß�á for OFF events can be calculated as: 

�à�ß�á
L
�Ž�•�@

�s
�t�A

�u
�� 
F�r�ä�t�u�s 

while �à�¨  for OFF events is actually: 
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�à�¨ 
L 
¨
�s
�t

�/


F �s�� 
F�t�r�ä�x�¨  

In the above two examples, the calculation of �à�ß�á for ON and OFF events yields 
symmetrical results, which reflects the pix�H�O�¶�V���Z�R�U�N�L�Q�J���S�U�L�Q�F�L�S�O�H�����+�R�Z�H�Y�H�U�����W�K�H���U�H�V�X�O�W�V��
of �à�ß�á are not intuitive in the sense that in order to stimulate this DVS pixel to generate 
an ON event, the incident light intensity needs to be increased not by 23.1%, but by 
26.0%. Similarly, for the DVS to generate an OFF event, the incident light intensity 
only needs to decrease by 20.6% instead of 23.1%. 

Therefore, I propose that the temporal contrast sensitivity threshold of the event 
output adopts the percentage of photocurrent definition �à�¨ . The temporal contrast 
sensitivity threshold results presented in this thesis use percentage of photocurrent 
definition �à�¨ unless stated otherwise. 

Furthermore, the AC signal gain of the photoreceptor circuit in the DVS pixel by 
Lichtsteiner et al. varies with the DC photocurrent level, hence the DC illumination 
level [90] (more details on this are discussed in 5.1.2). Therefore, the temporal 
contrast sensitivity threshold of the event output should be characterized at multiple 
clearly stated DC illumination levels. 

3.2.2.2 Definition of Dynamic Range 
In the prior characterization works of the DVS, the dynamic range of the event 

output was only qualitatively defined. Lichtsteiner et al. �G�H�I�L�Q�H�G���³�W�K�H���G�\�Q�D�P�L�F���U�D�Q�J�H��
as the ratio of maximum to minimum scene illumination at which events can be 
�J�H�Q�H�U�D�W�H�G���E�\���K�L�J�K���F�R�Q�W�U�D�V�W���V�W�L�P�X�O�L�´��[58]. But this definition was not quantitative on 
two key criteria: how to determine if events are generated by stimuli, and how large 
should the stimuli contrast be. Without quantitative definition of the above two criteria, 
the prior characterization of the event output dynamic range was subjective and not 
meaningful for benchmarking. 

To quantitatively define the dynamic range of the event output, we need to specify 
the stimulus, as well as the criteria of determining if the event output is the result of 
the stimulus. 

Raphael Berner described in his PhD thesis the use of artificial stimulus created by 
passing an alternating triangle wave current through an LED [91]. Compared to the 
method of moving a gray scale calibration chart by hand used by Lichtsteiner et al. 
[58]���� �%�H�U�Q�H�U�¶�V�� �W�H�F�K�Q�L�T�X�H�� �L�V�� �E�H�W�W�H�U�� �V�X�L�W�H�G�� �I�R�U�� �W�K�H�� �T�X�D�Q�W�L�I�L�F�D�W�L�R�Q�� �R�I�� �W�K�H�� �P�H�D�V�X�U�H�P�H�Q�W��
because both the amplitude and frequency of the temporally alternating (AC) stimulus 
can be specified precisely. Characterization performed using the well specified AC 
stimulus (including both the amplitude and the frequency of the AC signal) can be 
reproduced and therefore used for benchmarking. The amplitude of the AC signal 
should be specified as a percentage of the DC offset component of the stimulus. 

With the well specified stimulus, I propose using the SNR of the event output as 
the criterion to determine if the event output is the result of the stimulus. To determine 
the SNR of the event output, I first explain the definition of noise in the event output. 

A DVS pixel has several types of noise events. The first type is caused by thermal 
noise. Thermal noise is a white noise as a result of thermal energy acting on charge 
carriers. The second type is caused by photon shot noise. Shot noise is also a white 
noise and is more pronounced at low light as explained in 1.1. Thirdly, noise events 
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can be caused by 1/f noise (also known as flicker noise). 1/f noise has a power density 
spectrum inversely proportional to frequency. The photoreceptor circuit of the DVS 
amplifies the above-mentioned noise power within the photoreceptor bandwidth. The 
resulted noise events have about equal probabilities to be an ON or OFF event. 
Minhao Yang has derived a mathematical noise model of the DVS circuit in his PhD 
thesis [90]. Furthermore, the DVS pixel produces noise events caused by junction 
leakage current. When the differencing amplifier (in Figure 9) is not in reset, the input 
node of the amplifier is floating. The reset switch is a p type transistor. The source-
bulk junction leakage of this p type transistor will gradually charge the floating input 
node of the amplifier upwards. As a result, the DVS pixel eventually produces 
junction leakage induced noise events spontaneously. Junction leakage induced noise 
events are of one type only, either ON or OFF, depending on the pixel design. In the 
DVS circuit employed by the CDAVIS, which was inherited from [58], [68], [69], the 
junction leakage induced noise events are ON events. Lastly, if the reset transistor is 
not well shielded by opaque metal layers, parasitic light will create more charge 
carriers at the transistor source-bulk junction, hence exacerbating junction leakage 
induced noise events. 

In order to separate signal events and noise events from the event output, the sensor 
should be recorded both with the AC stimulus present and without the AC stimulus. 
Both recordings should be done at the same DC offset level. 

When the AC stimulus is present, the event output is recorded for a fixed number 
of oscillations �3. The average gross ON/OFF event count per oscillation at each pixel 
�)�È�Ç���È�¿�¿�:�L�E�T�A�H�; is calculated as: 

�)�È�Ç���È�¿�¿�:�L�E�T�A�H�; 
L
�6�)�È�Ç���È�¿�¿�:�L�E�T�A�H�;

�3
 

where �6�)�È�Ç���È�¿�¿�:�L�E�T�A�H�; is the total gross ON/OFF event count of this pixel during 
the rising/falling phases of the AC stimulus. The ON/OFF events during the 
falling/rising phases are not counted. �)�È�Ç���È�¿�¿�:�L�E�T�A�H�; contains both noise events and 
possible signal events. 

Then, the AC component of the stimulus is turned off, but the DC offset of the 
stimulus remains. The event output is recorded for same duration as when the AC 
stimulus is present. The average noise ON/OFF event per oscillation �0�È�Ç���È�¿�¿�:�L�E�T�A�H�; 
for every pixel is estimated as: 

  

�0�È�Ç���È�¿�¿�:�L�E�T�A�H�; 
L
�6�0�È�Ç���È�¿�¿�:�L�E�T�A�H�;

�3
 

where �6�0�È�Ç���È�¿�¿�:�L�E�T�A�H�; is the total noise ON/OFF event count of this pixel during 
the recording period without the AC stimulus. 

This estimated �0�È�Ç���È�¿�¿�:�L�E�T�A�H�; contains noise events caused by thermal noise, 
photon shot noise and 1/f noise. To include also the junction leakage induced noise 
events, the DC recording should be sufficiently long, because the junction leakage 
induced noise events usually occur at a frequency much lower than one event per pixel 
per second at room temperature. 
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Knowing both �)�È�Ç���È�¿�¿�:�L�E�T�A�H�;  and �0�È�Ç���È�¿�¿�:�L�E�T�A�H�; , the number of signal 
ON/OFF events per oscillation �5�È�Ç���È�¿�¿�:�L�E�T�A�H�; as the result of the AC stimulus can 
be inferred as: 

�5�È�Ç���È�¿�¿�:�L�E�T�A�H�; 
L �)�È�Ç���È�¿�¿�:�L�E�T�A�H�; 
F
�s
�t

�®�0�È�Ç���È�¿�¿�:�L�E�T�A�H�; 

where �0�È�Ç���È�¿�¿�:�L�E�T�A�H�; is divided by two because the �5�È�Ç���È�¿�¿�:�L�E�T�A�H�; only refers to 
the ON/OFF events during the rising/falling half of an oscillation. 

With �5�È�Ç���È�¿�¿�:�L�E�T�A�H�; for every pixel, the array level event output SNR at this DC 
illumination level is calculated as: 

�5�0�4�È�Ç���È�¿�¿
L �t�r �®�H�K�C�5�4
�/�1�&�' �:�5�È�Ç���È�¿�¿�;

�s
�t �®�/�1�&�' �:�0�È�Ç���È�¿�¿�;

���>�†���? 

where �/�1�&�' �:�5�È�Ç���È�¿�¿�; is the most frequent value of �5�È�Ç���È�¿�¿�:�L�E�T�A�H�; among all 
pixels, �/�1�&�' �:�0�È�Ç���È�¿�¿�; is the most frequent value of �0�È�Ç���È�¿�¿�:�L�E�T�A�H�; among all 
pixels. 

The above �5�0�4�È�Ç���È�¿�¿ analysis is repeated for multiple DC illumination levels. I 
propose that the event output is considered a result of the AC stimulus if the event 
output has �5�0�4�È�Ç���È�¿�¿ both larger than 0dB. The choice of 0dB as the cut-off line was 
based on the observation that the playback of event recordings with negative 
�5�0�4�È�Ç���È�¿�¿ had no discernable AC signals to a human observer. 

Hence, the dynamic range of the event output is defined as: 

�&�4�Ø�é�Ø�á�ç
L �t�r �®�H�K�C�5�4
�&�%�à�Ô�ë

�&�%�à�Ü�á
���>�†���? 

where �&�%�à�Ô�ë and �&�%�à�Ü�á are the maximum and minimum DC illumination levels that 
lead to �5�0�4�È�Ç���È�¿�¿
P �r. 

3.2.2.3 Definition of Latency 
The latency of the event output is defined as the amount of delay from the time the 

stimulus occurs to the time the corresponding events are received. In order to precisely 
register the time when the stimulus occurs, a well-controlled stimulus should be used. 
Lichtsteiner et al. used a 30% contrast (which means the amplitude of the AC 
component is 30% of the DC offset of the stimulus) 10Hz square wave stimulus for 
the latency measurement in [58]. This technique is ideal for characterizing the latency. 
A square wave stimulus is used instead of a triangular or sine wave because the square 
wave has clearly defined timing of the rising and falling edges. The square wave is 
produced by a function generator. Hence the timing of the stimulus is precisely known 
and controllable. The contrast of the stimulus should be chosen to be higher than the 
temporal contrast sensitivity threshold �à�Ü�á defined in 3.2.2.1 to ensure events can be 
produced. But the contrast of the stimulus should not be too high, in the sense that 
more than one events are generated per pixel by one rising/falling edge of the square 
wave stimulus. The stimulus can be designed to only stimulate a small region of the 
pixel array in order to minimize the delay introduced by overloading the AER bus. 

After obtaining the event output in response to multiple oscillations of the square 
wave stimulus, a histogram is plotted, containing the latency of the ON/OFF events 
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from the rising/falling edge of the square wave stimulus for all measured pixels in all 
recorded oscillations. Examples of such histograms are shown in 3.2.2.4. 

In the latency histogram, the latency of the overall event output is determined by 
the peak of the histogram, which is the statistical mode (most common value). This 
mode is used instead of the median or mean because the median or mean value is more 
easily affected by noise events (explained in 3.2.2.2�����R�U���³�K�R�W���S�L�[�H�O�V�´����defect pixels that 
generate spontaneous events constantly). 

According to analysis and measurements done in [58], [63], [67], the latency of the 
event output is inversely proportional to the pixel bandwidth, which is proportional to 
the photocurrent, hence the DC illumination level. Therefore, the latency of the event 
output should be characterized under multiple clearly stated DC illumination levels. 

3.2.2.4 Characterization Results: Temporal Contrast Sensitivity 
Threshold and Dynamic Range 

The temporal contrast sensitivity threshold and dynamic range of the CDAVIS 
event output were characterized together for reasons explained in 3.2.2.1 and 3.2.2.2. 
The event output of the CDAVIS with its lens removed was recorded for 20s at room 
temperature. In the first 10s, the CDAVIS received a spatially uniform but temporally 
oscillating stimulus. The AC component of the stimulus was a sine wave signal with 
a frequency of 1Hz and an amplitude of 25% of the DC offset of the stimulus. In the 
second half of the 20s, the AC component of the stimulus was turned off while the 
DC offset level remained unchanged.  

By applying the analysis method described in 3.2.2.2 on the recorded event output, 
�)�È�Ç���È�¿�¿�:�L�E�T�A�H�; was computed from the first 10s. �0�È�Ç���È�¿�¿�:�L�E�T�A�H�; was computed 
from the second 10s. Then �5�È�Ç���È�¿�¿�:�L�E�T�A�H�; was computed for every pixel. With 
�5�È�Ç���È�¿�¿�:�L�E�T�A�H�;, the pixel temporal contrast sensitivity threshold �à�È�Ç���È�¿�¿�:�L�E�T�A�H�; can 
be calculated according to the photocurrent percentage definition explained in 3.2.2.1: 

�à�È�Ç�:�L�E�T�A�H�; 
L 
¨
�s
E�r�ä�t�w
�s
F�r�ä�t�w

�Ä�À�¿�:�Û�Ô�ã�Ð�×�;


F �s 

�à�È�¿�¿�:�L�E�T�A�H�; 
L �s
F 
¨
�s
F �r�ä�t�w
�s
E�r�ä�t�w

�Ä�À�·�· �:�Û�Ô�ã�Ð�×�;

 

where AC is the amplitude of the AC component, DC is the DC component of the 
stimulus. 

After �à�È�¿�¿�:�L�E�T�A�H�; of every pixel was computed, the statistical mode of all the 
threshold values, �/�1�&�' �>�à�È�¿�¿�:�L�E�T�A�H�;�? was computed as the overall temporal 
contrast sensitivity threshold of the CDAVIS at this DC illumination level. The 
histogram of �à�È�¿�¿�:�L�E�T�A�H�; under 10lux DC illumination is plotted in Figure 39. Due 
to transistor mismatch, �à�È�¿�¿�:�L�E�T�A�H�; varies from pixel to pixel. Lichtsteiner et al. used 
the standard deviation from the mean as the measure of non-uniformity in temporal 
contrast sensitivity [58]. However, as can be seen from Figure 39, the distribution of 
�à�È�¿�¿�:�L�E�T�A�H�; is not symmetrical. Therefore, instead of using a single standard 
deviation value, the non-uniformity in temporal contrast sensitivity threshold is 
expressed as the one-sigma (�ê) confidence interval, where the �� �ê to 
E�ê interval 
contains to 68.27% of the values, from the 15.87 percentile to the 84.13 percentile of 
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the whole distribution. In this case, the one-sigma confidence interval of the OFF 
contrast sensitivity threshold is between 19.7% and 23.7%. 

 
Figure 39 Histogram of ��OFF(pixel) under 10lux chip illumination 

After obtaining �/�1�&�' �:�5�È�Ç���È�¿�¿�; and �/�1�&�' �:�0�È�Ç���È�¿�¿�;, the SNR of the event 
output �5�0�4�È�Ç���È�¿�¿ at this DC illumination level was calculated using the method 
explained in 3.2.2.2. 

The above measurement and analysis were repeated for five different DC offset 
levels from 0.1lux to 1000lux chip illumination using one bias configuration. The five 
orders of magnitude of illumination range was achieved by applying neutral density 
optical filters. The mode and one-sigma confidence interval of the temporal contrast 
sensitivity threshold as well as the SNR are plotted in Figure 40. 

The �5�0�4�È�Ç���È�¿�¿ for illumination levels of 10lux, 100lux and 1000lux are not 
shown in the plot because they were calculated to be much larger than 40dB. The error 
bars on �/�1�&�' �>�à�È�Ç���È�¿�¿�:�L�E�T�A�H�;�? denote the one-sigma confidence interval. As seen 
from Figure 40, the lowest �/�1�&�' �>�à�È�Ç�:�L�E�T�A�H�;�? is 27.4% and the lowest 
�/�1�&�' �>�à�È�¿�¿�:�L�E�T�A�H�;�?is 22.5%, both under 10lux DC illumination. 

According to the 0dB SNR criterion proposed in 3.2.2.2, Figure 40 shows the 
dynamic range of the CDAVIS is at least 80dB. The measurement did not continue 
beyond 1klux DC illumination because the highest DC illumination the measurement 
setup can produce through the integrating sphere is about 3klux. At the lower end of 
the plot, �/�1�&�' �>�à�È�Ç���È�¿�¿�:�L�E�T�A�H�;�? of the CDAVIS degraded because thermal noise 
starts to overpower signal at low DC illumination levels, which can be confirmed by 
the corresponding low �5�0�4�È�Ç���È�¿�¿ at 1lux and 10lux levels. 
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Figure 40 Temporal contrast sensitivity and dynamic range of the CDAVIS event 

output 

3.2.2.5 Characterization Results: Latency 
To measure the latency of the CDAVIS event output, a temporally oscillating 

stimulus was applied to a small region of the CDAVIS pixel array less than 100 pixels 
in diameter. Only a small region of pixels instead of the whole pixel array were 
illuminated so that the event output would not saturate the AER bandwidth, which 
would result in extra delay caused by events queueing. To achieve this small region 
illumination, the light from the LED was directly channeled through a circular hole 
with a diameter of 0.5mm without going through the integrating sphere. The CDAVIS 
camera had the lens (1/2 inch, focal length 4.5mm, f-number 1.4) on and focused on 
the circular light source from a regulated warm white LED (95% spectrum power is 
between 430nm to 730nm). The AC component of the stimulus was a square wave 
signal with a frequency of 100 Hz and an amplitude of 25% of the DC offset of the 
stimulus. The event output of the CDAVIS was recorded for 10s, which contained 
1000 oscillations of the square wave stimulus. The recorded event output from the 
stimulated pixels were then folded into one oscillation period to construct the latency 
histogram. The same recording and analysis was repeated three times for three DC 
offset levels at 300, 3000 and 30000cd/m2 source luminance measured at the circular 
point light source perpendicular to the circular disk. The latency measurements at 
different DC offset levels used one bias configuration. The latency histograms for the 
three DC offset levels are plotted in Figure 41 to Figure 43, where event count for 
OFF events are plotted as negative number. The peak of the latency distribution 
(statistical mode) was regarded as the overall latency of the event output. 
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Figure 41 Pixel latency histogram of the CDAVIS event output from a 300cd/m2 

square wave signal 

 
Figure 42 Pixel latency histogram of the CDAVIS event output from a 3000cd/m2 

square wave signal 
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Figure 43 Pixel latency histogram of the CDAVIS event output from a 30000cd/m2 

square wave signal 

Assuming the circular point light source has a Lambertian profile, the respective 
chip illumination �+�Ü�à�Ô�Ú�Ø from the circular point with luminance �.�â�Õ�Ý�Ø�Ö�ç�:�r�; can be 
calculated using the formula derived in 1.1: 

�+�Ü�à�Ô�Ú�Ø
L
�è

�v�®�0�6 �®�6�®�.�â�Õ�Ý�Ø�Ö�ç�:�r�; 

where �0 
L �s�ä�v�á�6
L �r�ä�z. Hence, 300, 3000 and 30000cd/ m2 source luminance levels 
correspond to chip illumination levels of around 10k, 1k and 100lux. 

Figure 44 plots the ON/OFF event output latency under three calculated chip 
illumination levels. As seen from Figure 44, the event output latency of the CDAVIS 
is inversely proportional to the chip illumination level, as the theory predicted [58]. 
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Figure 44 Latency of the CDAVIS event output from signals of different luminance 

levels 

3.2.3 Quantum Efficiency 
The concept of quantum efficiency (QE) has already been introduced in 1.1, that is 

the ratio of the number of photoelectron generated to the number of incident photons.  

The QE measurement was performed at imec, Belgium, using a setup built by 
Vasyl Motsnyi. As illustrated in Figure 45, the setup contained an xenon arc lamp 
light source, a spectral filter module, an integrating sphere, a reference diode 
(Newport 918) and a photocurrent measuring module (Newport 1936). The filter 
module was controlled through LabView. The measured photocurrent of the reference 
diode was used to infer the photon flux given the known photo response of the 
reference diode. The CDAVIS was measured without lens at a precise known distance 
fixed by a custom laser-cut mounting plate from the integrating sphere under constant 
and uniform illumination. 

 
Figure 45 QE measurement setup at imec (photo with permission from Dr. Vasyl 

Motsnyi) 

The measurement was repeated for wavelengths from 300nm to 1000nm with a 
step size of 10nm. The complete measurement went as follows: First, the dark signals 



Chapter 3: A Color VGA Two-Stream Vision Sensor: Characterization Results 

65 
 

of both the CDAVIS frame output and the reference diode were measured. Then, for 
every wavelength from 300 to 1000 nm, the signals under illumination of both the 
CDAVIS frame output and the reference diode were measured. Lastly, the dark 
signals of both the CDAVIS frame output and the reference diode were measured for 
a second time. 

At each illumination wavelength or in the dark, the frame output of the CDAVIS 
were measured at varying exposure durations similar to the PTC measurement. The 
signal of the CDAVIS frame output here refers to the mean frame output change rate 
with exposure time, in V/s. The signal of the reference diode refers to the optical 
power density inferred from the measured photocurrent, in W/m2. The real photo 
response signals of both the CDAVIS and the reference diode were calculated by 
subtracting the illuminated signal with the average of the dark signals measured at the 
beginning and the end of the measurement.  

Given the measured conversion gain, 66.7µV/e (from Figure 36) and the pixel area, 
10×10µm2, the photo response signal of the CDAVIS frame output in V/s was 
converted into the photoelectrons collection rate per unit area in the CDAVIS pixel, 
in e-/(s�Âm2). Given the photon energy at a particular wavelength, the photo response 
signal of the reference diode in W/m2 was converted into photon flux, in 
photons/(s�Âm2). The QE at that wavelength was then calculated as the ratio between 
the photo response signals of the sensor and the reference diode, in percentage.  

Figure 46 shows the CDAVIS QE versus wavelength, where Red, Green and Blue 
refer to pixels with R, G and B color filters, Mono refer to pixels without color filters. 
Red, Green and Blue pixels were measured on a CDAVIS chip processed with CFA 
and 1µm thick ULS, while Mono pixels were measured on another CDAVIS chip 
processed without CFA but with 3µm ULS and spacer. 

 
Figure 46 Quantum efficiency of the CDAVIS 

In general, the measured QE was much lower than the pixel fill factor of 14%, even 
though the CDAVIS pixels have micro-lenses on top covering 81% of the pixel area. 
This is because the CDAVIS was measured without lens. The direct light source in 
the measurement setup was the exit of an integrating sphere, which produced a 
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Lambertian profiled illumination (equal apparent brightness in all directions within 
the hemisphere facing away from the exit of the integrating sphere). The reference 
diode can receive all incident light of all angles from the Lambertian profiled 
illumination because the reference diode has unobstructed receptive cone. However, 
the CDAVIS pixel has a much narrower receptive cone restricted by the metal layers. 
The geometry of the PPD opening in the CDAVIS is 4.4×3µm2 large but 8.4µm deep. 
Figure 47 illustrates conceptually how the geometry of the photodiode opening can 
restrict the receptive cone, hence limiting the number of photons reaching the 
photodiode and lowering the measured QE. However, the QE measured in this fashion 
(where receptive cone is a factor) does not usually reflect the performance in real 
applications, where the camera lens limits the incident light angles. For example, a 
lens with an f-number of 1.4 restricts the incident light angle to be 19.65º from the 
central axis. If the light incident angle range is within the receptive cone of the 
photodiode, then the overall QE is not constrained by the receptive cone of the 
photodiode. 

 
Figure 47 Conceptual illustration of the effect of receptive cone on QE 

To my best knowledge, there is no standardized specification on the illumination 
incident angle for the QE measurement. However, if the objective is to benchmark 
different sensors in an application scenario, it is reasonable to make sure the 
illumination incident angle in the QE measurement setup mimics the real application 
scenario. In the case of the CDAVIS, if the CDAVIS is going to be fit under a 1.4 f-
number lens in applications, its QE should be measured under an illumination that has 
incident angle within 19.65º. 

Nonetheless, it is predictable that the CDAVIS suffers from low QE, because of its 
complex pixel, low fill factor and high metal stack compared to the state-of-the-art 
APS pixels. Without increasing the pixel size or scaling down the fabrication process 
node size, the QE of the CDAVIS can only be improved by adopting BSI process. The 
impact of BSI on a DAVIS sensor is presented in Chapter 5. 

3.2.4 Power Consumption, Bandwidth and Benchmark 
The power consumption of the CDAVIS with both the frame and event outputs 

enabled and the frame rate at 5fps (frames per second) was measured to be 106-
120mW depending on the scene activity. When only the event output was enabled, 
the CDAVIS consumed 15-32mW depending on the scene activity. The prototype 
CDAVIS camera has a maximum frame rate of 30fps. The CDAVIS frame rate is 
limited by the rise and fall time of the APS control signals explained in 2.2. Relatively 
long rise and fall time were configured to suppress crosstalk in the pixel array. The 
tradeoff is a low frame rate. But the priority is given to minimizing the crosstalk 
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between concurrent frame and event outputs. The prototype CDAVIS camera has a 
maximum event output throughput of 10Meps (mega-events per second). The event 
output throughput is limited by the four-phase handshake protocol which requires 8 
clock cycles on the 120MHz clocked off-chip field-programmable gate array (FPGA) 
to perform handshake and another 4 clock cycles delay to allow the AER bus to settle. 

Table 8 summarizes the characterization results of the CDAVIS and compares the 
results with DAVIS240C and �%�H�U�Q�H�U���D�Q�G���%�U�D�Q�G�O�L�¶�V DAVIS [68], [69]. DAVIS240C 
was an exact copy of the �%�H�U�Q�H�U���D�Q�G���%�U�D�Q�G�O�L�¶�V���'�$�9�,�6 fabricated in the same process 
(see Appendix A). DAVIS240C was characterized by the same setup and methods 
described in this chapter. The CDAVIS frame output had slightly larger FPN than 
DAVIS240C, because the on-chip column parallel ADC of the CDAVIS contributed 
to the FPN, whereas DAVIS240C and �%�H�U�Q�H�U���D�Q�G���%�U�D�Q�G�O�L�¶�V���'�$�9�,�6 employed one 
single off-chip ADC for the frame output. DAVIS240C also measured a slightly 
higher SNR because its FD has larger capacity, thus is able to collect more photons 
for measurement. However, the SNR of DAVIS240C listed in the table is only valid 
under the measurement setup with up to 0.1ms exposure duration under 1klux chip 
illumination, because the temporal noise of the DAVIS pixel frame output exhibits 
dependency on illumination or exposure duration as discussed next in 3.3.1. A lower 
illumination or longer exposure worsens the peak SNR of DAVIS240C. Overall, the 
CDAVIS frame output has better resolution, linearity, sensitivity, dynamic range than 
the frame output of DAVIS240C. 

The event output performance and bandwidth of the CDAVIS are comparable to 
DAVIS240C. The disparity between the results of DAVIS240C and Berner and 
�%�U�D�Q�G�O�L�¶�V�� �'�$�9�,�6 is due to different characterization methods. The event output of 
DAVIS240C was characterized using the setup and methods described in 3.2.2 and 
with realistic bias configurations. The temporal contrast sensitivity threshold of the 
CDAVIS and DAVIS240 were characterized using the photocurrent percentage 
definition explained in 3.2.2.1�����Z�K�L�O�H���%�H�U�Q�H�U���D�Q�G���%�U�D�Q�G�O�L�¶�V���'�$�9�,�6���X�V�H�G���W�K�H��natural 
logarithmic unit definition. The significant increase in power consumption of the 
CDAVIS compared to �%�H�U�Q�H�U�� �D�Q�G�� �%�U�D�Q�G�O�L�¶�V�� �'�$�9�,�6 is due to the increase in pixel 
numbers, more complex APS control logic circuitry and the on-chip column parallel 
ADC. The power consumption of DAVIS240C was not measured because it was 
assembled in a production board that does not provide access to power consumption 
measurement. 
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Table 8 CDAVIS Specs and Performance Benchmark 
 CDAVIS DAVIS240C DAVIS [69] 

Fabrication Process 6M1P 0.18um CIS process with MIM 

Supply Voltage [V] 3.3 (analog), 1.8/4 
(digital)  3.3 (analog), 1.8 (digital) 

Pixel Complexity 
2×2: 56 transistors, 3 
MIM capacitors, 4 

photodiodes 

44 transistors, 2 MIM 
capacitors, 1 photodiode 

Pixel Size [µm2] 20×20 (2×2 pixels) 18.5×18.5 (1 pixel) 
Fill Factor [%] 14 22 
Die Size [mm] 8(W) 6.2(H) 5(W) 5(H) 

QE [% @550nm] 3.3 (G) 6.9 - 
Power Consumption [mW] 106-120 - 5-14 

F
ra

m
e 

Resolution 640×480 240×180 240×180 
Linearity Error [%] 0.71 3.49 - 
Absolute Sensitivity 

Threshold [e-] 26.6 73.3 200 

Saturation Capacity 
[e-] 16012 32248 - 

Dynamic Range [dB] 55.6 52.9 51 
FPN [%] 1.58 1.04 0.5 

Peak SNR [dB] 41.4 43.1 - 

E
ve

nt
 

Resolution 320×240 240×180 240×180 
Temporal Contrast 

Sensitivity Threshold 
[%] 

ON: 27.4 
OFF: 22.5 

ON: 27.6 
OFF: 20.5 

0.11 (natural 
log units) 

Dynamic Range [dB] >80 >60 130 

Latency[µs] ON: 19 
OFF: 18 

ON: 17 
OFF: 22 3 

Maximum Bandwidth [fps, 
Meps] 30, 10 40, 10 50, 12 

3.3 Discussion and Summary 

Despite the design error in the APS part (under W filter) of the DAVIS circuit, the 
CDAVIS met the overall initial design goal: becoming the first two-stream vision 
sensor with VGA color frame output. 

Both the frame and event output of the CDAVIS were characterized by a carefully 
chosen protocol. The frame output was characterized following the EMVA 1228 
standard, with an improved temporal noise analysis method to remove temporal noise 
caused by light source fluctuation. The linearity, absolute sensitivity threshold (noise 
floor), dynamic range, FPN and SNR of the frame output were characterized. 

The event output characterization protocol was designed based on the methods 
established by Lichtsteiner et al. in [58]. The event output characterization protocol 
aimed to standardize the characterization methods of neuromorphic event-based 
vision sensors, in particular on the aspects of temporal contrast sensitivity threshold, 
dynamic range and latency. 

The characterization of the temporal contrast threshold sensitivity adopted the 
intuitive photocurrent percentage definition. To quantify the dynamic range 
characterization, a well-controlled stimulus with specified frequency, AC amplitude 
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and DC offset [91] was adopted and the criterion of 0dB SNR cutoff was proposed. 
The latency characterization adopted the same methods established by Lichtsteiner et 
al. in [58]. 

The event output of the CDAVIS was found comparable to �%�H�U�Q�H�U���D�Q�G���%�U�D�Q�G�O�L�¶�V 
DAVIS re-characterized with the methods proposed in this chapter. The addition of 
APS pixels did not present noticeable negative impacts on the event output 
performance, despite of the lower QE. �,�W�¶�V�� �Z�R�U�W�K�� �P�H�Q�W�L�R�Q�L�Q�J�� �W�K�D�W�� �L�Q�� �W�K�H�� �W�H�P�S�R�U�D�O��
contrast sensitivity threshold and dynamic range measurement, 10s of recording with 
AC stimulus and 10s of recoding with only DC offset were performed immediately 
one after another. It was later realized that 10s of recording with only DC offset 
immediately after the AC stimulus was turned off might not be sufficiently long to 
record junction leakage induced noise events under room temperature. However, if 
this is indeed the case, that the junction leakage induced noise events occur at a 
frequency lower than 0.1Hz, they would have very little effects on the characterization 
results of the temporal contrast sensitivity threshold and dynamic range. 

The frame output of the CDAVIS performed better than the prior DAVIS in terms 
of resolution, linearity, sensitivity, and dynamic range. However, the 10-bit column 
parallel ADC limited absolute sensitivity threshold hence dynamic range, and 
contributed to total FPN of the frame output. The CDAVIS also measured a lower QE 
of 3.3% (G pixel at 550nm) than the prior DAVIS (6.9% without CFA). Both the QE 
of the CDAVIS and the prior DAVIS were much lower than the listed QE of the 
supplied APS pixel (45% with CFA).  

Lastly, I will discuss in 3.3.1 an observed illumination/exposure duration 
dependent extra temporal noise seen in the frame output �I�U�R�P���%�H�U�Q�H�U���D�Q�G���%�U�D�Q�G�O�L�¶�V��
DAVIS design. Although only having a qualitative explanation, this experimental 
observation proves that the re-designed APS readout scheme of the CDAVIS (see 
2.2.2.1) was the right choice. 

3.3.1 Temporal Noise in the DAVIS Frame Output 
During the PTC measurement of the frame output of DAVIS240C, as well as 

DAVIS346B and DAVIS346C (another two DAVIS chips on the same MPW 
�L�P�S�O�H�P�H�Q�W�L�Q�J�� �%�H�U�Q�H�U���D�Q�G�� �%�U�D�Q�G�O�L�¶�V�� �'�$�9�,�6�� �G�H�V�L�J�Q, see Appendix A), it was found 
that the PTC measurement produced unrealistically high estimates of the conversion 
gain. Theoretically, the conversion gain can be inferred from the slope of the temporal 
variance of the output signal versus the output signal curve [86], as shown in Figure 
36. However, in all the DAVIS chips that do not employ standard APS pixel for the 
frame output, the inferred conversion gains from photon transfer measurement were 
always much higher than the simulated values. The on-chip and off-chip ADC were 
both measured and were both excluded from contributing to the output signal 
dependent temporal noise. 

In contrast, similar measurement conducted on the CDAVIS did not find any 
correlation between the illumination or exposure duration and the frame output 
temporal noise. Therefore, the source of the additional temporal noise in the frame 
�R�X�W�S�X�W���R�I���%�H�U�Q�H�U���D�Q�G���%�U�D�Q�G�O�L�¶�V���'�$�9�,�6���Z�D�V���W�K�R�X�J�K�W���W�R���E�H���L�Q���W�K�H���S�L�[�H�O���F�L�U�F�X�L�W���D�Q�G���R�U��
the frame readout scheme. 

The steeper slope of the temporal variance versus signal curve suggests additional 
source of temporal noise other than photon shot noise. Also, because the temporal 
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variance versus signal curve still appeared linear before saturation, the additional 
temporal noise was initially thought to be proportional to the signal. The first suspect 
that could cause the additional temporal noise in the output was the electronic shutter 
(ES) transistor MN3 as shown in Figure 48. 
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Figure 48 Simplified schematic of the DAVIS [69] 

The transfer noise in the charge coupled device (CCD) and in the APS has been 
extensively studied [92], [93]. In a state-of-the-art APS pixel, the use of PPD achieves 
high transfer efficiency, thus negligible transfer noise in the output. However, the 
frame outpu�W���P�H�F�K�D�Q�L�V�P���R�I���%�H�U�Q�H�U���D�Q�G���%�U�D�Q�G�O�L�¶�V���'�$�9�,�6���L�V���G�L�I�I�H�U�H�Q�W���I�U�R�P���W�K�H���V�W�D�W�H-
of-the-�D�U�W���$�3�6�����%�H�U�Q�H�U���D�Q�G���%�U�D�Q�G�O�L�¶�V���'�$�9�,�6���S�L�[�H�O���G�R�H�V���Q�R�W���L�Q�W�H�J�U�D�W�H���S�K�R�W�R�H�O�H�F�W�U�R�Q�V��
on the photodiode (PD), but on the FD directly. The ES does not perform charge 
transfer, but controls the duration of exposure. The DAVIS pixel starts exposure by 
switching the ES from 0 to 3.3V and terminates exposure by switching the ES from 
3.3V to 0V in both rolling and global shutter mode. When the ES is turning off, the 
residual charge in the channel is partitioned between the source and drain (FD) of 
MN3 [94]. The partition mechanisms include self-induced drift (driven by electric 
charge repulsion) and thermal diffusion (driven by concertation gradient). When the 
gate of MN3 is above threshold, the dominant mechanism is self-induced drift. When 
the gate of MN3 falls below threshold, thermal diffusion dictates charge partition. The 
stochastic nature of thermal diffusion leads to the partition noise [95]. The faster ES 
falls, the more residual charge remain in the channel [96]. 

According to [95], the partition noise of a transistor NP can be calculated as: 
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where n(x) is the residual charge profile across the channel. Psource(x) is the probability 
for an electron at position x to go to the source during partition, Pdrain(x) is the 
probability for that electron to go to the drain, and L is the channel length. 

When there is no gradient in the residual charge profile across the channel, n(x)=n0: 

�2�æ�â�è�å�Ö�Ø�:�T�; 
L
�T
�.

 

�2�×�å�Ô�Ü�á�:�T�; 
L �s
F
�T
�.

 

The partition noise NP can be calculated as: 
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Therefore, the partition noise of a transistor is proportional to the amount of 
residual charge in its channel when it is turned off. In the case of the DAVIS, given 
the same photocurrent and the same ES fall time, the longer the photocurrent 
integrates on the drain (FD) of MN3, the lower the drain (FD) voltage of MN3 reaches, 
hence more residual charge remains in the channel when ES turns off, which leads to 
larger partition noise.  

The above analysis shows that partition noise is proportional to the signal, which 
contributes to the steeper measured slope than the theoretical slope of the temporal 
variance to signal curve in the PTC measurement. However, further PTC experiment 
showed that the partition noise was not the whole story. 

�3�7�&���P�H�D�V�X�U�H�P�H�Q�W���Z�H�U�H���S�H�U�I�R�U�P�H�G���R�Q���%�H�U�Q�H�U���D�Q�G���%�U�D�Q�G�O�L�¶�V���'�$�9�,�6���Z�L�W�K���G�L�I�I�H�U�H�Q�W��
exposure duration sweeps under different illumination levels and the results were 
compared. It was found that the additional temporal noise was actually also 
proportional to the exposure duration, in the sense that at the same signal level, longer 
exposure (weaker illumination) resulted in higher temporal noise. As a result, the 
slope of the temporal variance versus signal curve appeared to vary with illuminations. 
The stronger the illumination, the closer the slope of the temporal variance versus 
signal curve was to the theoretical conversion gain value. Partition noise has no 
correlation with exposure duration, hence cannot explain why the slope of the 
temporal variance to signal curve depends on illumination level. So, while partition 
noise contributes to the additional temporal noise seen in the frame output of Berner 
�D�Q�G���%�U�D�Q�G�O�L�¶�V���'�$�9�,�6�����L�W���L�V���Q�R�W���W�K�H���R�Q�O�\���F�X�O�S�U�L�W����The next suspect in line is the 1/f noise 
�L�Q���W�K�H���U�H�D�G�R�X�W���V�F�K�H�P�H���R�I���%�H�U�Q�H�U���D�Q�G���%�U�D�Q�G�O�L�¶�V���'�$�9�,�6�� 

Unlike the readout scheme used by the CDAVIS (see 2.2.2.1), the double sampling 
scheme used in Berne�U���D�Q�G���%�U�D�Q�G�O�L�¶�V���'�$�9�,�6���L�Q�W�U�R�G�X�F�H�V extra 1/f noise because the 
signal and reset samples of the frame are separated by the exposure. Robert Kansy 
published a thorough mathematical analysis of the response of double sampling to 1/f 
noise for the CCD technology in1980 [78], which can also be applied to the APS and 
DAVIS circuits because they share the same transistor physics���� �.�D�Q�V�\�¶�V�� �D�Q�D�O�\�V�L�V��
showed that the 1/f noise in the output is a function of the temporal separation �¿�6 
between two samples: 
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where �t�A�¿�6 is a transistor geometry and process dependent constant, �ñ�Ö is the 
bandwidth of the readout channel. 

The relation between �8�5���Ù
$
$
$
$
$�6 (normalized to �t�A�¿�6) and �¿�6 (normalized to 
�5

� �Î
) can be 

visualized in Figure 49 �H�[�W�U�D�F�W�H�G���I�U�R�P�� �.�D�Q�V�\�¶�V�� �S�D�S�H�U��[78]. In Figure 49, the upper 
curve is 1/f noise versus temporal separation, the lower curve is Johnson-Nyquist 
noise (thermal noise) versus temporal separation. Normally, the two samples are 
acquired at a rate much lower than the bandwidth of the readout channel. Therefore, 
�ñ�Ö�®�¿�6 is usually much greater than 1. On the left side of Figure 49, both the 1/f noise 
and Johnson-Nyquist noise curves fall to zero because two samples are acquired at a 
rate faster than the bandwidth of the readout channel. On the right two thirds of Figure 
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49, John-Nyquist noise curve remains flat, independent of �¿�6, while 1/f noise 
increases with �¿�6, although not linearly, but logarithmically. 

Therefore, the 1/f noise introduced by the double sampling scheme can 
qualitatively explain all �W�K�H���H�[�S�H�U�L�P�H�Q�W�D�O���R�E�V�H�U�Y�D�W�L�R�Q�V�����%�H�F�D�X�V�H���%�H�U�Q�H�U���D�Q�G���%�U�D�Q�G�O�L�¶�V��
DAVIS was designed to acquire signal and reset samples at the beginning and the end 
of the exposure respectively, the two samples are separated by the exposure duration. 
The PTC measurement sweeps the exposure of the DAVIS under constant 
illumination. The increase in exposure duration not only leads to the increase in the 
signal, but also leads to the increase of the 1/f noise in the signal, therefore resulting 
a steeper slope of the temporal variance versus signal curve. When the PTC 
measurement is performed under stronger illuminations, shorter exposure sweep is 
required to reach the full output range, hence smaller amount of 1/f noise is present in 
the signal, which explains why the slope of the temporal variance versus signal curve 
was closer to theoretical value when the PTC measurement was performed under 
stronger illumination. 

 

Figure 49 �.�D�Q�V�\�¶�V���R�U�L�J�L�Q�D�O���S�O�R�W���R�I���8�5���Ù
$
$
$
$
$�6 (normalized to �t�A�¿�6) versus �¿�6 

(normalized to 
�5

� �Î
), where �U
L �ñ�Ö�®�¿�6 
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Chapter 4 A Color VGA Two-Stream Vision 
Sensor: Applications 

The color VGA frame output of the CDAVIS is compatible with the processing of 
a state-of-the-art APS in most vision applications. Meanwhile, various ongoing 
research are exploring the potential of the event output in different fields, such as in 
visual odometry [97], [98], [99], simultaneous localization and mapping (SLAM) [66], 
[100], [101], [102], [99], and in conjunction with convolutional neural networks 
(CNN) for feature recognition  [103], [104], [105]. However, the advantages offered 
by combining events and frames [104] is still relatively unexplored, let alone 
combining events and frames with color. 

This chapter aims to demonstrate how the concurrent VGA color frame and event 
outputs make the CDAVIS advantageous for tasks that combine feature perception 
and motion perception. The VGA color frame output of the CDAVIS is compatible 
with state-of-the-art object feature perception algorithms. Meanwhile, the low latency 
low bandwidth event output can support fast and inexpensive event based motion 
perception algorithms [65], [106], [107]. This chapter elaborates on a proof-of-
concept application example �± towards a RoboCup Small Sized League (SSL) Vision 
System using the CDAVIS. The rules of RoboCup SSL require that all teams share 
one standardized vision system. Therefore, this chapter is not proposing a method to 
gain a competitive advantage in the SSL competition. Rather, this chapter aims to 
demonstrate the advantages of the CDAVIS over conventional frame-based image 
sensors in performing vision tasks required by the SSL vision system. 

4.1 Towards A RoboCup Small Size League Vision 
System 

In RoboCup SSL, two teams, each with six cubic color marked robots, compete 
with an orange golf ball on a green field. The robots and the ball are tracked under 
diffusive lighting of at least 500lux by a standardized vision system, SSL-Vision, 
utilizing two cameras mounted 4m above the field, each covering half of the field 
(3m×4.5m) [108], [109]. Each camera streams video at 60fps (frames per second) with 
the resolution of 780×580 and uses YUV422 color encoding format, which encodes 
color with 8-bit luma (human perceived brightness) per pixel, 16-bit chrominance 
(color) per two pixels. The chrominance value is spatially sub-sampled every two 
pixels horizontally [110]. 

SSL-Vision does not perform motion tracking, but performs only color 
thresholding and basic feature detection in the input video stream. The processing 
time of a single frame by SSL-Vision is around 6ms using an Athlon 64 X2 4800+ 
processor. The color thresholding step alone takes 3.6ms. By using a GPU (Graphics 
Processing Unit), the color thresholding time can be reduced to 32us. However, this 
approach requires transfer of data between system memory and video memory and 
thus increases the overall frame processing time to around 15ms [109].  

High frame rate and low latency of SSL-Vision are crucial for SSL robots to react 
quickly and accurately. Current SSL-Vision receives video streams at 60fps, which 
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translates to about one frame every 16ms. Hence the worst-case latency caused by 
frame capture and SSL-Vision processing is around 20ms using a CPU and around 
31ms using a GPU. This latency does not yet include the latency of the subsequent 
tracking algorithms. 

In comparison, the CDAVIS does not depend completely on the frames to support 
tracking. The frames can be used to detect and locate the features, but the subsequent 
tracking can be supported by the events alone. Under diffuse lighting of at least 500lux, 
and considering the typical high reflectance of the color markers of the robots or the 
orange ball, the event output latency can be estimated to be in the sub-millisecond 
range according to the latency versus illumination curve shown in Figure 44 
(measured using a 1.4 f-number lens from a warm white spectrum light source). Hence, 
streaming the event output from the CDAVIS reduces the worst-case latency at the 
video capture stage from 16ms introduced by frame based cameras to less than 1ms. 
Here, the event capture time does not take into account the latency caused by the USB 
interface. Delbruck and Lang found that the system level latency from a DVS camera 
to a host computer using USB2.0 interface was dominated by the USB FIFO filling 
time, which meant a worst case latency of 1ms (at low event rate) or 125µs (at high 
event rate) determined by the polling interval [64]. The CDAVIS camera uses USB3.0 
interface. Although no experiment has been conducted to measure the system level 
latency of the CDAVIS camera, the improved architecture of USB3.0 suggests a 
device-to-host latency lower than USB2.0 [111]. 

As a proof-of-concept demonstration, a CDAVIS tracking filter called the Red-
Dot-Tracker (class CdavisFrameBlobDetector) was built in jAER to track the red dots 
among red and yellow dots on a green background under a diffuse fluorescent office 
lighting (500lux). The tracking system receives both frames and events from the 
CDAVIS. The events are streamed continuously, while the frames are acquired via a 
jAER auto-shoot algorithm called DavisAutoShooter originally developed by Tobi 
Delbruck. DavisAutoShooter initiates frame acquisition whenever the event rate 
reaches a threshold, which suggests changes in the scene. However, in the SSL 
scenario, the CDAVIS does not need to stream frames continuously when there is 
movement in the scene. Frames acquired during fast movement also contain motion 
blur, making it difficult to determine precise locations of features. Therefore, I 
modified DavisAutoShooter to have two thresholds, an upper threshold and a lower 
threshold. Once the event rate exceeds the lower threshold, a frame acquisition flag is 
raised. However, if the event rate also exceeds the upper threshold, the frame 
acquisition is put off, until the event rate fall below the upper threshold. The 
pseudocode of the modified DavisAutoShooter can be found in Appendix C. This 
simple mechanism of using the overall event rate as an indicator of the movement 
speed in the scene only applies to this simplified proof-of-concept example. To handle 
the real SSL scenario where multiple robots and the ball all move independently, a 
more robust algorithm is needed to determine when to acquire a frame based on the 
movement of the target of interest. This is feasible through the event-based tracking 
algorithm that will be introduced shortly. 

Figure 50 shows one CDAVIS frame of the scene. The acquired CDAVIS frame is 
processed by jAER for color interpolation and correction. The output frame has VGA 
resolution (640×480) and the color format of RGB101010 (10-bit for each R/G/B 
value per pixel). The VGA RGB101010 frame is then handled by the OpenCV toolbox 
[112]. Using built-in OpenCV methods, the frame is converted into HSV (hue, 
saturation and value) color space, Gaussian smoothed and then converted into a binary 
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image by hue thresholding as shown in Figure 51. In this case, the binary image was 
generated by rendering the regions with a hue value between 110 and 115 as bright, 
the other region as dark. The final binary image is passed to the OpenCV 
SimpleBlobDetector for blob detection, based on the binary pixel value alone. The 
center coordinates of the detected blobs and their diameters are communicated back 
to a jAER event-based cluster tracker (class name: RectangularClusterTracker) 
developed by Lichtsteiner et al. [58] and Litzenberger et al. [106] and further 
improved by Delbruck and Lang in [64]. The pseudocode of the Red-Dot-Tracker can 
be found in Appendix C. 

 
Figure 50 One VGA RGB101010 frame from the CDAVIS processed by jAER 

 
Figure 51 Left: the hue image of the CDAVIS frame (numbers denote average 

hue values), right: the binary image after hue thresholding by OpenCV 

The coordinates and diameters of the red dots detected by the OpenCV 
SimpleBlobDetector in the frame shown in Figure 51 are overlaid on the same frame 
as two blue squares shown in Figure 52, where the sizes of the squares correspond to 
the radius of the detected red dots. Upon receiving the information from the OpenCV 
SimpleBlobDetector, the jAER cluster tracker initiates two cluster trackers centered 
on the received coordinates with slightly larger radius than the diameter of the 
detected dots, marked as two orange squares in Figure 52. The short straight orange 
line inside each cluster tracker denotes the movement direction (initialized randomly). 
The cluster trackers are based on a mean-shift approach [113], [114]. They are 
initialized with slightly larger diameter than the diameter of the detected dots in order 
to account for possible shift of the actual dots during the frame processing time. 
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Figure 52 Two jAER cluster trackers initialized on the centers of the red dots 

After the cluster trackers are initialized, each new event that falls within the radius 
of a cluster tracker is used to update the velocity and position of that cluster tracker. 
A 640ms slice of the CDAVIS event output is shown in space-time view in Figure 53, 
where four trails of events were caused by the four moving dots respectively. Only 
the events caused by the red dots were within the radius of the cluster trackers. These 
events continuously �X�S�G�D�W�H���W�K�H���F�O�X�V�W�H�U���W�U�D�F�N�H�U�V�¶��positions, as shown Figure 54. The 
green and red crescents are the ON and OFF events in a 10ms slice. The two trails 
connecting the centers of the frame-initialized trackers to the centers of the updated 
trackers show the movement trajectories of the two red dots. 

 
Figure 53 A 640ms slice of the CDAVIS event output in space-time view (blue 

events are newer) 
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Figure 54 A 10ms slice of the CDAVIS event output and the updated tracker 

position (lower) 

The behavior of the Red-Dot-Tracker was analyzed over a period of about 4.5 
seconds, during which time, the four red and yellow dots on the green background had 
completed the movement pattern illustrated in Figure 55 (moved by hand). Figure 55 
also shows the only four frames captured by the CDAVIS during one complete 
movement pattern. Each frame was captured at the moment when the colored dots 
were having a brief pause, such as when the colored dots stopped moving to the left 
and were about to move downwards. As explained previously, each frame was 
processed by the SimpleBlobDetecter to detect the red dots and initialize jAER cluster 
trackers on the centers of the detected red dots. As the red dots moved, the positions 
of their corresponding cluster trackers were continuously updated using the event 
output from the CDAVIS. When the SimpleBlobDetecter detected red dots within the 
radius of existing cluster trackers in a subsequent frame, no new trackers were 
generated [106]. 

 
Figure 55 Four frames from the CDAVIS showing the movement pattern of the 

colored dots 

Therefore, once the jAER cluster trackers were initialized on the red dots, the Red-
Dot-Tracker were able to tack the targets continuously using only the event output 
from the CDAVIS. Figure 56 plots the trajectory of the lower left red dot reconstructed 
by the Red-Dot-Tracker, overlaid on a picture of the accumulated CDAVIS events 
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during the 4.5 seconds. The reconstructed trajectory can be seen to coincide with the 
picture of the accumulated events caused by the lower left red dot. 

 
Figure 56 Trajectory of the lower left red dot reconstructed by the Red-Dot-Tracker 

overlaid on a picture of the accumulated events 

Furthermore, the Red-Dot-Tracker utilized the built-in method of the jAER cluster 
tracker to compute the speed of the tracker in real time using only the event output 
from the CDAVIS. Figure 57 plots the computed speed of the same lower left red dot 
over time. Figure 58 maps the speed of this red dot along its trajectory visualized in a 
three-dimensional speed versus trajectory graph. The cyan line on the XY plane is the 
reconstructed trajectory, while the red-green gradient colored line is the computed 
speed. Each light red vertical drop line under the speed line denotes one computation 
of the cluster tracker position and speed by the jAER cluster tracker. The results in 
Figure 58 was obtained by applying the Red-Dot-Tracker on a real-time playback of 
a 4.5s-long recorded frame and event outputs from the CDAVIS. Therefore, events 
were collected into data packets and processed with a temporal step size of 16.6ms, 
which was determined by the graphics rendering rate at 60Hz. If the Red-Dot-Tracker 
is used on the CDAVIS outputs in real time, the data packets would be received as 
soon as the USB FIFO is full, or when 1ms has elapsed since last data packet [64]. 
Therefore, when the Red-Dot-Tracker is used in real-time, the cluster tracker position 
and speed will be updated with less than 1ms intervals. 
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Figure 57 Speed of the lower left red dot computed by the Red-Dot-Tracker 

 
Figure 58 Speed of the lower left red dot mapped on its trajectory 
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The speed versus trajectory plot presented in Figure 58 was achieved using only 
four frames and continuous events. Figure 59 plots the data rate processed by the Red-
Dot-Tracker when it was processing the 4.5s playback. The four peaks of the data rate 
curve correspond to the four frames as displayed in Figure 55. The data rate was 
calculated by dividing the size of the data packets received by the Red-Dot-Tracker 
with the temporal step size of the data packets. Therefore, although the data packets 
were formed according to the 60Hz graphics rendering rate, the computed data rate 
during the processing of the real-time playback reflect the processing data rate in real 
time. It can be seen that the data rate was more than 10 times higher during the frame 
readout than during the event readout. The data packet size received by the Red-Dot-
Tracker during the real-time playback is plotted in Figure 60. The processing time of 
each packet over time is plotted in Figure 61. The processing time per packet can be 
seen as an indicator of computational cost of processing the playback by the Red-Dot-
Tracker, because it is the processing time needed for every 16ms of playback data. As 
seen from Figure 61, the processing time per packet is about 5~10 times higher during 
the processing of the frame output than during the processing of events. 

In the real-time playback, one frame was usually processed in 2~3 data packets, 
therefore took around 3.5~4ms in total to process. On the other hand, the average 
processing time per event over time during last 2s of the real-time playback is plotted 
in Figure 62. The average processing time per event was calculated based on the data 
packet size (number of events) and respective processing time of the packet, then 
averaged over time. The average processing time per event over the 4.5s real time 
playback was found to be around 300ns. 

 
Figure 59 Real time playback data rate processed by the Red-Dot-Tracker 
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Figure 60 Real time playback packet size processed by the Red-Dot-Tracker 

 
Figure 61 Packet processing time by the Red-Dot-Tracker during real time playback 
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Figure 62 Average processing time per event by the Red-Dot-Tracker during the last 

2 seconds of the real-time playback 

The above computational cost analysis of the Red-Dot-Tracker was performed on 
a Core i7-2700K processor using Java Standard Edition Platform JDK 1.8.0. Recall 
that on an Athlon 64 X2 4800+ CPU, SSL-Vision needs about 6ms to process one 
frame, from which 3.6ms is used on color thresholding. Figure 63 illustrates the 
latency from each stage of the SSL vision and the Red-Dot-Tracker. The sensor-to-
host latency caused by the USB interface is neglected in Figure 63 assuming both 
system share the same sensor-to-host interface. Because the Red-Dot-Tracker was 
running on a much more modern processor than SSL-Vision in [109], a direct 
comparison cannot be drawn. However, the computational cost of one frame and one 
event can be compared within the Red-Dot-Tracker. The processing time per 16ms of 
payback data is about 5~10 times higher during the processing of the frame output 
than during the processing of events, as seen from Figure 61. 

 
Figure 63 Latency diagram of SSL-vision and the Red-Dot-Tracker 
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4.2 Discussion and Summary 

As a proof-of-concept application example modelled after the RoboCup SSL vision 
system, a Java-based algorithm called the Red-Dot-Tracker was built to perform red 
dot tracking on green background. 

Similar to SSL Vision in [109], [110], the Red-Dot-Tracker performs color 
thresholding on the color frames produced by the CDAVIS. The resulting binary 
image (where only the regions with red color are bright) is fed to the OpenCV 
SimpleBlobDetector to detect the locations of the red dots. The locations of the 
detected red dots are then communicated to a jAER cluster tracker [58], [64], [106]. 
Thus, without acquiring new frames, the Red-Dot-Tracker is able to continuously 
track the movements of the red dots using only the event output from the CDAVIS. 
By using event-based tracking, the worst-case latency at the video capture stage is 
shortened by about 15ms compared to using a frame-based 60fps camera. 

During the 4.5s of recording time, the Red-Dot-Tracker was able to detect and track 
two red dots among two other yellow dots on a green background. Despite only 
acquiring four frames at four moments when the dots were relatively stationary, the 
Red-Dot-Tracker was able to plot the reconstructed trajectory and speed of the red 
dots. A direct comparison between the CDAVIS-based Red-Dot-Tracker and frame-
based SSL Vision could not be drawn because of different computing platform. 
However, through computational cost analysis of the Red-Dot-Tracker processing a 
real-time playback of the CDAVIS recording, it was found that the frame output 
produced more than 10 times of data traffic and required about 5~10 time more 
processing power than the event output in the same Java environment.  

The detection and tracking tasks in the SSL scenario are relatively ideal, where 
objects do not deform or occlude each other. Therefore, the color-thresholding-based 
detection using frames and the mean-shift-based cluster tracking using events would 
suffice. The CDAVIS produces VGA (640×480) RGB (10 bit per color) frames, 
which are comparable to the conventional cameras (780×580, YUV422) used in SSL 
Vision. The CDAVIS has slightly lower spatial resolution. If one CDAVIS camera 
covers half of the SSL field (assume the image of a half field 4.5m×3m occupies as 
much as possible of the pixel array of 640×480, one pixel pitch corresponds to 

�8�ä�9�k

�:�8�4
��

�y�•�• , without considering lens distortion), the golf ball with a diameter of 42.7mm 
(the smallest feature on the field) corresponds to an image about 6 pixels in diameter 
for the frame output, but only about 3 pixels in diameter for the event output. The 
frame output of the CDAVIS operates at below 30fps (frames per second), much lower 
than the 60fps of the cameras used in SSL Vision. However, the CDAVIS based two-
stream vision system does not depend on high frame rate to track movements. Quite 
the opposite, the CDAVIS based two-stream vision system minimizes frame output 
to reduce output data traffic and computational cost. 

The peak movement speed tracked by the Red-Dot-Tracker in the proof-of-concept 
example was below 700 pixels per second. The maximum allowed ball speed in SSL 
is 8m/s [108], which corresponds to about 1200 pixels per second (pps). Based on 
prior works on micro-particle tracking using the DVS [107], [115], [116], the 3-pixel 
wide golf ball image would correspond to a Gaussian spread of around 1 pixel. To 
track the golf ball at a top speed of 1200pps, the event generating pixel needs a 
temporal bandwidth at least multiples of 

�5�6�4�4�n�n�q

�6��
�� �s�{�s���œ. Although the temporal 
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bandwidth of the CDAVIS event output was not directly measured, the latency 
measurement results in 3.2.2.5 suggest that the CDAVIS event output is capable of 
following at least a 500Hz signal. Nonetheless, a real SSL field test is necessary to 
validate the theory. 

In general, compared to conventional frame-based image sensors, the CDAVIS has 
its unique advantages of low latency and low computational cost. Hence, the CDAVIS 
is useful in applications that combine color-based feature detection and fast tracking. 
For example, one of the most promising application fields today is the intelligent 
automotive industry. Both the Advanced Driver Assistance Systems (ADAS) concept 
and the driverless concept employ color vision systems for detections and tracking of 
vehicles, pedestrians and traffic signals. However, to prove the application value of 
the CDAVIS as the vision sensor for automotive, much more robust algorithms are 
needed to cope with real-world scenarios, such as wide variations in lighting during 
the day and the night [117]�±[121]. 
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Chapter 5 Ongoing Development of Two-
Stream Vision Sensors 

This chapter documents two ongoing development efforts on the two-stream vision 
sensors: to reduce spatial redundancy in the event output, and to shrink pixel size and 
improve QE using backside illumination (BSI) technology. 

The event output of the CDAVIS or the prior two-stream vision sensors [67], [68] 
all inherited from the DVS [58], which reduces temporal redundancy. However, the 
DVS-based event output still contains spatial redundancy. Because a DVS-based pixel 
detects only its own local temporal contrast without any knowledge of its neighbor 
pixels, a moving surface with a reflectance gradient or a global illumination change 
results in large number of redundant events. Reducing the spatial redundancy in the 
event output on the focal plane has been an ongoing quest to make an event-based 
vision sensor more efficient [4]. 

Meanwhile, as shown in 3.2.3, the CDAVIS suffered a low quantum efficiency 
(QE). Low QE is a direct result of the low pixel fill factor, defined as the percentage 
of photodiode area to the pixel area. Small fill factor and large pixel have been long 
existing drawbacks of neuromorphic vision sensors with complex in-pixel circuits, 
such as the 40µm pixel with a 9.4% fill factor in 0.35µm technology by Lichtsteiner 
et al. in 2006 [58], the 30µm pixel with a combined 30% fill factor in 0.18µm 
technology by Posch et al. in 2010 [67], the 30µm pixel with a 10.5% fill factor in 
0.35µm technology by Serrano et al. in 2012 [63], and the 18.5µm pixel with a 22% 
fill factor in 0.18µm technology by Berner et al. in 2014 [68]. It can be observed that 
over the years, the pixel size of neuromorphic vision sensors was gradually shrinking, 
in order to be more economically appealing for potential applications. However, the 
efforts in shrinking pixels were often accompanied by a reduced photodiode area. 
Smaller photodiode leads to a lower SNR of the sensor output, because smaller 
photocurrent means more relative photon shot noise, 1/f noise and thermal noise. 
Hence, miniaturizing pixel while improving QE has been another goal on the 
development roadmap of neuromorphic two-stream vision sensors. 

This chapter presents preliminary results of the ongoing development efforts 
towards the two above mentioned goals and outlines questions to be answered by 
future work. 

5.1 Reduce Spatial Redundancy in the Event Output 

In the mammalian retina, a retinal ganglion cell receives inputs from two 
antagonistic visual receptive field arranged in a center-surround pattern. This 
antagonistic center-surround arrangement was found to be the key to achieving retinal 
local gain control and to extract spatial information [122]. Similar to the center-
surround structure in the mammalian retina, machine vision has employed a difference 
of Gaussians (DoG), also called Laplacian of Gaussian (LoG), filter for spatial feature 
enhancement and edge detection [123]. Therefore, having a pair of antagonistic 
center-surround receptive filed is the key to extract spatial information and reduce 
spatial redundancy in an event-based vision sensor.  
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The focal plane antagonistic center-surround concept have been explored in some 
pioneering neuromorphic vision sensors using resistive networks [49], [54], [124]�±
[126]. However, the effectiveness of this concept was limited by the overall 
performance of the earlier neuromorphic circuits, which suffered particularly from 
large mismatch and therefore lacked practical usability. However, since the mid-
2000s, event-based sensors inspired by the DVS by Lichtsteiner et al. [58] 
incorporated more advanced circuitry that reduced mismatch and improved overall 
performance, hence opened up the field for event-based vision sensor applications. In 
this context, it is a good opportunity to revisit the idea of implementing antagonistic 
center-surround structures on the focal plane. 

5.1.1 Implementing Center-Surround with DVS 
An individual DVS pixel by Lichtsteiner et al. [58] consists of four main stages as 

shown in Figure 64: photoreceptor, differencing amplifier, comparators, and AER 
logic. The photoreceptor converts the photocurrent into a voltage logarithmically. The 
amplifier amplifies the voltage change since the last reset. Once the voltage change 
exceeds an upper/lower threshold set by the comparators, an ON/OFF event is 
communicated by the AER logic and the amplifier is reset. 
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Figure 64 Block diagram of the DVS pixel circuit 

To implement the antagonistic center-surround concept, the DVS circuit can be 
modified as illustrated in Figure 65. The photoreceptor converts the photocurrent into 
two antagonistic voltages logarithmically, an excitatory voltage VEX, and an inhibitory 
voltage VINH. VEX connects to the amplifier to serve as the center input. VINH connects 
to a diffuser network. The corresponding node on this diffuser network NVINH then 
connects to the amplifier to serve as the surround input. The sum-differencing 
amplifier first performs the summation of the center and surround inputs, then 
amplifies the change in the sum of the antagonistic inputs since last reset. The 
subsequent AER logic stages are identical as the original DVS. 
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Figure 65 Block diagram of the modified DVS pixel circuit implementing center-

surround concept 

The center-surround DVS design proposed in Figure 65 is equivalent of convolving 
the photoreceptor output VEX with a DoG mask, where the positive center has the 
width of one pixel and the width of the negative surround depends on the diffuser 
network. DoG convolution is essentially a spatial bandpass filter. The width of the 
positive center is inversely proportional to the upper cutoff spatial frequency, while 
the width of the negative surround is inversely proportional to the lower cutoff spatial 
frequency. In this case when the positive center is just one pixel, the upper cutoff 
spatial frequency is the native spatial frequency achievable by the DVS pixel. This 
one-pixel center configuration was chosen because: firstly, it does not reduce the 
spatial resolution of the DVS, which is already limited by the large pixel size; 
secondly, the one-pixel center configuration does not need any diffuser network, 
which simplifies the pixel circuit. The complexity of the diffuser network will be 
discussed shortly in 5.1.3. The effect of a 9×9 DoG kernel with one-pixel center is 
shown in Figure 66. The convolution study was performed by Jia Zhang in her 
�V�H�P�H�V�W�H�U���S�U�R�M�H�F�W���³�0�R�G�H�O�L�Q�J���D�Q�G���'�H�V�L�J�Q���R�I���D���6�S�D�W�L�R�W�H�P�S�R�U�D�O���9�L�V�X�D�O���&�R�Q�W�U�D�V�W���6�H�Q�V�R�U�´��
supervised by Tobi Delbruck and myself [127]. 

 
Figure 66 The original 512×512 gray scale image (A) and the convolved image (B) 

by a 9×9 DoG kernel with one-pixel center, adapted from [127] 

5.1.2 Photoreceptor with Two Antagonistic Outputs 
To achieve the center-surround DVS design, the photoreceptor needs to generate 

two antagonistic voltage outputs. These two antagonistic voltage outputs are both 
logarithmically converted from the relative photocurrent change, but with the opposite 
signs. Two modified photoreceptor designs with two antagonistic outputs are shown 
in Figure 67. The one on the left is based on the common source feedback 
photoreceptor (CSFP) used by Lichtsteiner et al. [58]. The one on the right is based 
on the common gate feedback photoreceptor (CGFP) used in [89], [128]. The CSFP 
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design is simpler in the sense that it requires only one bias signal Bias2, compared to 
two needed by the CGFP design. However, the small signal DC gain of the CSFP 
design depends on the subthreshold slope factor of MP1, which is slightly dependent 
on the DC level of VEX [129]. Therefore, over a wide dynamic range of DC 
illumination, the small signal DC of the CSFP design varies. In comparison, the CGFP 
has consistent small signal DC gain independent of the DC illumination level. But the 
downsides of the CGFP are: first, it requires one additional bias signal more than the 
CSFP design; second, its maximum working photocurrent is limited by the current 
provided by bias2, therefore the bandwidth of the CSFP cannot be freely reduced 
through lowering bias2 level. A more in depth comparison between the CSFP and 
CGFP designs was documented by Minhao Yang in his PhD thesis [90]. 

For the antagonistic photoreceptor, both the CSFP-based and CGFP-based designs 
produce V INH from VEX by two additional transistors: MN2 converts VEX into a current. 
MP2 converts the current back into a voltage VINH that react in the opposite direction 
as VEX. To ensure the bandwidth of VINH, MN2 must conduct sufficiently large current. 
The essential idea behind both designs shown in Figure 67 is to generate VINH through 
a current signal (in the channel of MN2) amplified from the photocurrent. The larger 
the channel current of MN2, the higher the bandwidth of VINH is, however, so is the 
power consumption. In the CSFP-based design, the gain between the channel current 
of MN2 and the photocurrent through MN3 is determined by the geometry and 
threshold of MN1~3 as well as Bias2. Bias2 also determines the speed of VEX, 
therefore cannot be freely adjusted to set desired channel current gain between MN2 
and MN3. Purely depending on transistor geometry and threshold to set the current 
gain between MN2 and MN3 is susceptible to process variation thus is difficult to 
predict. In comparison, in the CGFP-based design, Bias1 has the sole purpose of 
setting the DC level of VEX, which in turn determines the gain between the channel 
current of MN2 and the photocurrent through MP3. As an experimental design, 
adjustability is desirable, so the CGFP-based design was chosen to be further analyzed. 

MP1

MN1

MP3

Bias1

Bias2

VEX VINH

MP2

MN2
VPD

BPD

MP1

MN1

MN3

Bias2

VEX VINH

MP2

MN2
VPD

BPD

CSFP CGFP  
Figure 67 Schematic of two photoreceptor designs with two antagonistic outputs 

To prove the feasibility of the CGFP-based design, a circuit simulation was 
performed based on the transistor selections listed in Table 9 using Towerjazz 0.18µm 
process. MP3 has a wide and short channel in order to ensure MP3 stays in weak 
inversion even when photocurrent is large. MN2 uses a narrow and long 3.3V 
transistor so that VEX does not have to be set too low to limit the channel current of 
MN2. If VEX is set too low, MN1 and MP3 may go out of saturation when photocurrent 
is small and the CGFP no longer operates as designed. The width-to-length ratio of 
MP1 was chosen to match the transistor geometry in the existing bias generator [70]. 
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MP2 adopts the same width and length as MP3. �%�H�F�D�X�V�H���W�K�H�U�H�¶�V���Q�R���V�S�H�F�L�I�L�F���Y�R�O�W�D�J�H��
gain as a design goal here, MN1 assume unity width-to-length ratio.  

Table 9 Transistor sizing of the photoreceptor with two antagonistic outputs 

Transistor Type Width [µm] Length [µm] 
MN1 1.8V N 0.8 0.8 
MN2 3.3V N 0.6 3.6 
MP1 1.8V P 3.2 0.8 
MP2 1.8V P 0.8 0.2 
MP3 1.8V P 0.8 0.2 

The circuit was connected with 1.8V power supply. Bias1 was set at 250mV to 
ensure MN2 stays in sub-threshold regime, and both MN1 and MP3 stay in saturation 
even with low photocurrent. Bias2 was set to source MP1 with 10nA channel current. 
The photodiode was modelled by a current source in parallel with a capacitance. A 
15fF photodiode capacitance and 3fF load capacitance for VEX and VINH were 
assumed. Figure 68 and Figure 69 plot the magnitude of VEX and VINH in response to 
a 10% photocurrent AC signal versus the signal frequency at different photocurrent 
DC offset levels ranging from 1fA to 1nA (a 120dB span). 

As seen from the figures, VEX had a magnitude between 2.6~3mV, while V INH had 
a smaller magnitude between 2~2.4mV. The magnitude disparity caused by the back-
gate effect can be compensated at the later sum-differencing amplifier stage. The 
bandwidth of both VEX and VINH were limited mainly by the photocurrent once the 
photocurrent dropped below 1pA. The magnitude peaking of both VEX and VINH 

occurred at frequencies higher than 10kHz when the photocurrent was larger than 1pA. 
This second order effect can be filtered out at subsequent stages, if 10kHz and above 
are not inside the frequency band of interest. 

The power consumption of this photoreceptor circuit increased with the 
photocurrent, depending on how much channel current gain from MP3 to MN2 is set 
by Bias1. With the above simulated bias configuration, when the photo current 
reached 1nA, which was the upper limit of the dynamic range, the channel current of 
MN2 reached about 150nA, the overall power consumption of the photoreceptor was 
less than 300nW, or 23mW for a QVGA pixel array. 
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Figure 68 Frequency response of VEX to a 10% photocurrent AC signal at different 

photocurrent DC offset level 

 
Figure 69 Frequency response of VINH to a 10% photocurrent AC signal at different 

photocurrent DC offset level 

5.1.3 Diffuser Network 
The concept of diffuser network has been explored in various neuromorphic vision 

sensor works through the late 80s to early 2000s [49], [54], [124]�±[126]. All of the 
prior works employed resistive networks using biased transistors called horizontal 
resistors (HRES) as resistive elements described in [48]. Passive resistive element 
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made of polysilicon was not used because high resistance polysilicon was not 
available in many commercial processes back in the late 80s. A rectangular resistive 
network built with HRES is illustrated in Figure 70. The resistive element itself 
consists of 2 transistors (enclosed by dotted blue line). Each of these 2 transistors is 
biased by a biasing circuit (enclosed by green dotted line). Each biasing circuit biases 
the resistive transistor according to the voltage of the node the transistor is connected 
to. The equivalent lateral resistance R is adjustable through the biasing voltage VB2. 
Each pixel drives the resistive network through a trans-conductance amplifier 
(enclosed by red dotted line). The equivalent transverse conductance is adjustable 
through bias voltage VB1. In this case, the resistive network needs 15 transistors in 
each pixel. A simplified biasing circuit for the HRES circuit proposed by Kameda and 
Yagi in [130] reduced the number of transistors to 8 per pixel to form a rectangular 
resistive network. By using transistors as resistive elements, their resistance values 
are adjustable through changing the bias voltage applied to their gates. Hence, high 
resistance value and small characteristic length (explained later in this sub-section) 
can be achieved, which is desirable for the network to compute the local mean. 
However, transistors have mismatches. To make such a transistor-based resistive 
network more uniform, large transistor sizing are needed to reduce the effect of 
�P�L�V�P�D�W�F�K�����)�R�U���H�[�D�P�S�O�H�����.�D�P�H�G�D���D�Q�G���<�D�J�L�¶�V���P�X�O�W�L-chip analog silicon retina in [130] 
had a pixel size of 103.5×89.6µm2, with a fill factor of 6.98% in 0.6µm process in the 
photoreceptor network (P) chip, where each pixel contained a 3 transistor APS circuit, 
10 transistors for a hexagonal resistive network, 9 transistors for the analog readout, 
and 12 other transistors as switches (in total 34 transistors per pixel). Kameda and 
�<�D�J�L�¶�V���P�X�O�W�L-chip analog silicon retina used a second horizontal cell network (H) chip 
which contained another 38 transistors per pixel. 
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Figure 70 Schematic of a rectangular resistive network built with HRES 

In contrast, the center-surround DVS design proposed in Figure 65 requires only 
one diffuser network for the negative surround. Moreover, the negative surround of a 
DoG kernel should have a relatively large width. The example DoG kernel shown in 
Figure 66 had a negative surround width of 9 pixels. In order to achieve a relatively 
large negative surround with the resistive network with minimum increased pixel 
complexity, polysilicon is reconsidered as a candidate for the resistive element. Today, 
non-salicide polysilicon is a standard resistor device offered in many processes. In 
Towerjazz 0.18µm standard logic process for example, non-salicide polysilicon 
resistor has a sheet resistance up to 2k�Ÿ/square and a �u�ê mismatch within 5% (on a 
2µm wide 100µm long stripe). If we use 0.5µm wide and 5µm long non-salicide 
polysilicon as one resistive element, its resistance is 20k�Ÿ�����,�I���Z�H���V�W�L�O�O���X�V�H���W�K�H���W�U�D�Q�V-
conductance amplifier illustrated in Figure 70 to drive the resistive network, each 
trans-conductance amplifier only needs to consume 3.5nA current to achieve a 
characteristic length �R�I�������S�L�[�H�O�V���D�F�F�R�U�G�L�Q�J���W�R���-�L�D�¶�V���P�R�G�H�O�O�L�Q�J��[127], which scales up 
to about 1mA for a VGA (640×480) network. Here the term characteristic length of a 
discrete diffuser network is defined as the distance from the origin of a single point 
input to the node where the signal has decayed to 

�5

�Ø
 of the signal at the origin node. 

Mead has derived that for a one dimensional discrete resistive network, the 
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characteristic length L has the following relation with the transverse conductance G 
and the lateral resistance R [48]: 

�. 
L
�s

�¾�4�)
 

For a two dimensional discrete resistive network, the above relation is no longer 
linear. David Feinstein did an extensive mathematical analysis of approximating a 
discrete rectangular resistive network using circular approximation with in a 
continuum limit [131]. Through �-�L�D�¶�V���P�R�G�H�O�O�L�Q�J of a 101 by 101 rectangular resistive 
network, the characteristic length L appeared to increase approximately with the 
square root of 

�5

�¾�Ë�À
 [127]. In other words, the larger the characteristic length we desire, 

the smaller the current of the trans-conductance amplifier should be biased through 
VB1. 

Therefore, a resistive network built with 1 trans-conductance amplifier (5 
transistors in this case) and 2 stripes of non-salicide polysilicon per pixel is simple 
and power efficient for achieving large characteristic length (width of negative 
surround of a DoG kernel). However, the weaker the trans-conductance amplifier is 
biased, the slower is the signal NVIHN. 

Besides the resistive diffuser network, Jia also modelled a capacitive diffuser 
network as illustrated in Figure 71. Built purely with passive metal-insulator-metal 
(MIM) capacitors, the most appealing feature of the capacitive network is zero power 
consumption (ignoring leakage). �7�K�U�R�X�J�K���-�L�D�¶�V���P�R�G�H�O�O�L�Q�J of a 101 by 101 rectangular 
capacitive network, the characteristic length L of such capacitive network appeared to 
increase approximately with the square root of 

�5


§
�´ �º�¿

�´ �¿�¶�Å
�>

�´ �½
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, where CL is the load 

capacitance of each NVINH node [127]. 

In order to achieve a large characteristic length, large CNET-to-CIN ratio and CNET-
to-CL ratio is needed. For example, a 10:1 CNET-to-CIN ratio and CNET-to-CL ratio 
results in a characteristic length of less than 2 pixels [127]. A characteristic length of 
2 pixels is less than ideal for the negative surround of the DoG kernel. But a 10:1 
capacitance ratio would mean the minimum MIM capacitor area per pixel for the 
capacitive network is at least 11 times of process-allowed minimum MIM capacitor. 
Moreover, CL directly correlates to the gain of the sum-differencing amplifier (as will 
be discussed next in 5.1.4)�����+�H�Q�F�H�����L�Q���-�L�D�¶�V���P�R�G�H�O�O�L�Q�J���V�W�X�G�\�����V�K�H���S�U�R�Y�L�G�H�G���D�Q���H�[�D�P�S�O�H��
design that has one 8×8µm2 CIN MIM capacitor and two 26×26µm2 CNET MIM 
capacitors per pixel, using standard 1fF/µm2 MIM capacitor technology provided by 
Towerjazz 0.18µm process. Therefore, even though a capacitive network has the 
appealing zero power consumption feature, with current standard MIM capacitor 
technology, it is not economical to implement capacitive network in the focal plane 
for two dimensional designs. 

Overall, a resistive network built with one trans-conductance amplifier (5 
transistors) and two stripes of non-salicide polysilicon (0.5×5µm2 in the example 
above) per pixel is the most suitable solution for the proposed center-surround DVS 
design. 
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Figure 71 Simplified illustration of a capacitive network 

5.1.4 Sum-Differencing Amplifier  
The sum-differencing amplifier performs the summation of the center and surround 

inputs, VEX and NVIHN, then amplifies the change in the sum of the antagonistic inputs 
since last reset. The schematic of the sum-differencing amplifier is shown in Figure 
72. The summation of VEX and NVINH is done at the input of the switched capacitor 
amplifier through the capacitors C+ and C-. The amplifier is reset by the subsequent 
AER logic block (see Figure 65). The ratio of C+/C- to CFB determines the respective 
DC gain of Vdiff over VEX/NV INH. The smallest size of CFB is determined by the 
process-allowed minimum MIM capacitor size, hence a larger capacitance of C+/C- is 
desirable for higher gain. However, the capacitor C- is a load capacitance on the 
diffuser network discussed in 5.1.3. Given the proposed polysilicon-based resistive 
network driven by trans-conductance amplifiers, with a certain driving strength set by 
VB1 (see Figure 70), the larger C- is, the slower is the resistive network. Therefore, a 
trade-off exists between the speed of the resistive network and the DC gain of the 
sum-differencing amplifier.  

-A

CFB

C+

Vdiff

C-

VEXT

NVINH

Reset  
Figure 72 Simplified schematic of the sum-differencing amplifier 

Overall, comparing to the original DVS circuit shown in Figure 64, the proposed 
center-surround DVS design requires additional 7 transistors, 2 stripes of non-salicide 
polysilicon and 1 MIM capacitor. Hence, the proposed center-surround DVS design 
is theoretically feasible. The immediate next step is to figure out appropriate values 
of C+, C- and CFB that balance the speed of the resistive network and the gain of the 
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sum-differencing amplifier. After working out the appropriate values of C+, C- and 
CFB, the circuit design of the proposed center-surround DVS is ready for pixel layout 
implementation.  

If both the speed of the resistive network and the overall signal gain are the design 
priorities, one potential work-around to the trade-off between these two features is to 
choose a small C- value to ensure the speed of the resistive network, then introduce 
pre-amplification in the photoreceptor similar to [89] or a second amplification stage 
like [128] to compensate the overall signal gain. The down side of this work-around 
is further increased pixel complexity. 

5.2 BSI �± the Key to Small Pixel and high QE 

As mentioned earlier, like all prior neuromorphic vision sensor work, the CDAVIS 
has compromised fill factor (14%) in order to squeeze 56 transistors and 3 MIM 
capacitors into a 20×20µm2 area. One straight forward strategy to shrink the CDAVIS 
pixel size is to adopt a smaller process node size. Being a vision sensor, the CDAVIS 
pixel benefits from low dark signal buried photodiode offered only by CMOS image 
sensor process. However, �&�0�2�6�� �L�P�D�J�H�� �V�H�Q�V�R�U�� �S�U�R�F�H�V�V�� �Q�R�� �O�R�Q�J�H�U�� �I�R�O�O�R�Z�V�� �0�R�R�U�H�¶�V��
law after scaling down into deep sub-micron region. The departure of CMOS image 
�V�H�Q�V�R�U�� �S�U�R�F�H�V�V�� �I�U�R�P�� �0�R�R�U�H�¶�V�� �O�D�Z�� �K�D�V�� �W�Z�R�� �P�D�L�Q�� �F�D�X�V�H�V���� �I�L�U�V�W���� �V�W�D�W�H-of-the-art APS 
pixels are compact and simple, with typical size ranging from 1 to 5µm and transistor 
count per pixel ranging from 1.5 to 5. Their pixel sizes are more dependent on their 
photodiode sizes (too small photodiode degrades SNR and low light performance), 
hence do not need smaller technology node size to further shrink pixels. Second, the 
APS pixels are analog devices that have low tolerance on process variation and 
mismatch, which are more pronounced in smaller technology node size. Therefore, 
�W�R�G�D�\�¶�V�� �W�\�S�L�F�D�O�� �&�0�2�6�� �L�P�D�J�H�� �V�H�Q�V�R�U�� �S�U�R�F�H�V�V�� �D�G�R�S�W�V�� �W�H�F�K�Q�R�O�R�J�\�� �Q�R�G�H�� �V�L�]�H�� �U�D�Q�J�L�Q�J��
from 65nm to 180nm. The CDAVIS chip was fabricated in 180nm process. Imagine 
if the same CDAVIS design is fabricated in 65nm, one RGBW unit would measure 
7.2µm if scaling holds. A CDAVIS pixel array that produces VGA resolution event 
output would measure about 4.6mm×3.5mm and could be fit under a 1/3-inch lens. 
These numbers sound economically appealing, however, the pixel fill factor is still 
14%. Even though the fill factor remains unchanged, the pixel area in 65nm is about 
8 times smaller than in 180nm, so is the photodiode area. As discussed earlier, smaller 
photodiode leads to lower SNR of the sensor output, because smaller photocurrent 
means relatively more photon shot noise, thermal noise and 1/f noise. 

To solve the same dilemma between pixel size and photodiode size, the concept of 
backside-illuminated (BSI) sensor was developed for CCD technology in the 70s [41], 
[42], and was later applied to APS technologies in the 2000s [39], [40]. A BSI sensor 
uses its front side surface to build transistors and wiring, and the completely 
unobstructed backside as the photosensitive side, thus increases the fill factor to near 
100%. Hence, BSI technology is particularly beneficial to pixels with large in-pixel 
circuit areas. In 2007, Son et al. from Samsung reported the first DVS implemented 
in a 90nm BSI image sensor process [132]. Without photodiode opening on the front-
side, Son et al. placed circuit components such as the area-consuming MIM capacitors 
above the photodiode area. The BSI DVS pixel measured 9µm, although the fill factor 
or the QE were not reported. To explore the potential of BSI technology on two-stream 
vision sensors, Tobi Delbruck and David San Segundo Bello planned an experiment 
on the dedicated MPW described in Appendix A. The MPW contained an identical 
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chip design in two process variants, the front-side illuminated (FSI) DAVIS346B and 
the backside illuminated (BSI) DAVIS346C to allow a direct side by side comparison 
in order to learn the impacts of BSI technology on the DAVIS. 

5.2.1 FSI vs. BSI Experiment: Preliminary Results 
The FSI and BSI variants of DAVIS346 implemented �%�H�U�Q�H�U���D�Q�G���%�U�D�Q�G�O�L�¶�V pixel 

design [68], [69] with the addition of BPD and selective salicide block to reduce 
leakage current caused by surface imperfections. Moreover, the n well inside the pixel 
has a layer of deep p implant (cross-section illustrated in Figure 14) underneath to 
reduce the likelihood of photo-electrons being attracted by the n well as illustrated in 
Figure 73. The BSI DAVIS346 was fabricated by Towerjazz and then back-thinned 
down to 15µm thickness and bonded on a standard 735µm thick carrier silicon at imec, 
Belgium. 

 
Figure 73 Deep p implant (enclosed in green) in the DAVIS346B/C 2×2 pixels unit 

The same QE measurement described in 3.2.3 was performed on both the FSI and 
BSI chips. The FSI chip was processed with 3µm thick micro-lenses (ULS) and spacer 
optimized for pixels with a size between 7.6 to 15µm (See Appendix A), while the 
BSI chip had no ULS on the backside. Both chips were measured without lens. 

Figure 74 plots the QE of both the FSI and BSI chips. The plot shows that the BSI 
chip has about 4 times the QE of the FSI chip. However, these results did not take into 
account the same pixel receptive cone factor as described in 3.2.3. The receptive cone 
of an FSI pixel is restricted by its photodiode opening geometry, while the receptive 
cone of a BSI pixel is unrestricted. Therefore, while BSI quadrupled QE of the DAVIS 
under the experiment setup, it is still to be measured how much QE improvement BSI 
can offer in a real applications scenario where the lens limits incident light angles. 
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Figure 74 Quantum efficiency comparison between the FSI and BSI versions of 

DAVIS346 

Unlike some of the state-of-the-art BSI that employ metal grid and deep trench 
isolation on the backside of the silicon to minimize optical and electrical crosstalk 
between neighboring pixels [1], [43], the backside of DAVIS346C did not employ 
any pixel isolation structure. Therefore, as show in Figure 75, the BSI chip expectedly 
performed worse than the FSI chip in the resolution chart test. Analysis of the 
modulation transfer function as a function of wavelength is the next step to quantify 
how much degradation in spatial resolution is caused by inter-pixel crosstalk in the 
BSI chip. 

 
Figure 75 Resolution chart test results comparison between the FSI (upper) and BSI 

(lower) versions of DAVIS346 

Lastly, recall that the DAVIS pixel experiences noise ON events caused by 
junction leakage at the reset transistor S1 (see Figure 9) accumulating charge on the 



Chapter 5: Ongoing Development of Two-Stream Vision Sensors 

98 
 

input node of the differencing amplifier (discussed in 3.2.2.2). The junction leakage 
induced noise events are exacerbated when parasitic light reaches the junction and 
generates mobile charge carriers. The FSI DAVIS pixel employs careful metal 
shielding on top of the S1 transistor to prevent parasitic light from reaching the 
junction near S1. However, no metal shielding was placed on the back of the BSI 
DAVIS pixel. Instead, the BSI DAVIS pixel relies only on the deep p implant (shown 
in Figure 73) to reduce the likelihood of photoelectrons generated near the back 
surface being drawn towards the n well instead of the photodiode. Such deep p implant 
offers no protection to the source/drain-bulk junction of S1 transistor from 
photoelectrons generated near the front surface, especially by long wavelength 
photons. 

Figure 76 compares the total ON events accumulated for 10s from two cameras 
with the FSI and BSI chip, where both cameras were looking at a stationary office 
fluorescent ceiling lamp. The BSI chip produced significantly more junction leakage 
induced noise ON events than the FSI chip at the pixels illuminated directly by the 
florescent ceiling lamp. The side-by-side comparison confirms the prediction that the 
BSI chip is more vulnerable than the FSI chip to parasitic light. As future work, to 
quantify the difference in vulnerability between the BSI and FSI chips to parasitic 
light, the junction leakage induced noise events rate of both chips should be measured 
at different illumination levels. Nozaki and Delbruck further proposed to use parasitic 
light quantum efficiency as the new metric to measure vulnerability to parasitic light 
for the event output [133]. Parasitic light quantum efficiency is defined as the ratio 
between photoelectron-collection-rate by the input node of the differencing amplifier 
to the photon flux received by the pixel. 

 
Figure 76 Comparison of ON events accumulated for 10s between the FSI and BSI 

chips 

5.3 Discussion and Summary 

This chapter documents two ongoing development efforts on the two-stream vision 
sensors: to reduce spatial redundancy in the event output, and to shrink pixel size and 
improve QE using BSI technology. 

To reduce spatial redundancy in the event output, this chapter described a modified 
DVS circuit that implements the antagonistic center-surround concept. A novel 
photoreceptor circuit produces two antagonistic signals representing the excitatory 
center and inhibitory surround. The novel antagonistic photoreceptor requires only 2 
additional transistors more than the original DVS photoreceptor, and demonstrates 
stable small signal voltage gain up to 1nA of photocurrent in simulation.  

The inhibitory surround signal goes through a diffuser network. A resistive 
network built with one trans-conductance amplifier (5 transistors) and two stripes of 
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non-salicide polysilicon (0.5×5µm2 as an example) per pixel is found the most suitable 
solution. The proposed resistive network consumes about 3.5nA current per pixel (by 
the trans-conductance amplifier) to achieve a characteristic length of 5 pixels. The 
bigger the characteristic length, the smaller the current the trans-conductance 
amplifier consumes. However, as the trans-conductance amplifier is biased weaker, 
the resistive network is slower. 

The two antagonistic signals are eventually summed through a sum-differencing 
amplifier, completing the analog front end of the proposed center-surround DVS. The 
sum-differencing amplifier is based on the same switched-capacitor differencing 
amplifier as in the original DVS, and requires one additional input MIM capacitor. A 
trade-off exists between the speed of the resistive network and the gain of the sum-
differencing amplifier, both determined by the values of the MIM capacitors. 

To continue the work on the proposed center-surround DVS design, the immediate 
next step is to find appropriate values of the MIM capacitors that balance the speed of 
the resistive network and the gain of the sum-differencing amplifier. After working 
out the appropriate values of the MIM capacitors, the circuit design of the proposed 
center-surround DVS is ready for pixel array design and pixel layout implementation. 

�,�Q���W�K�H���P�H�D�Q�W�L�P�H�����L�W�¶�V���Z�R�U�W�K���Q�R�W�L�Q�J���W�K�D�W���V�X�F�K���D���V�S�D�W�L�R�W�H�P�S�R�U�D�O���Y�L�V�X�D�O���F�R�Q�W�U�D�V�W���V�H�Q�V�R�U��
might result in sandwiched event polarities produced by one moving edge compared 
to the original DVS, depending on the event generating threshold. As illustrated in 
Figure 77, a single moving edge that would results in one temporal upward step in 
Vdiff (the output of the differencing amplifier) in the original DVS pixel would result 
in a down-up-down fluctuation in Vdiff in the center-surround DVS pixel. If this down-
up-down fluctuation exceeds both the ON and OFF event generating thresholds 
(drawn as dotted green and red lines in Figure 77), this single moving edge would 
result in OFF-ON-OFF sandwiched event polarities. Hence, the effects of such 
encoding scheme on existing event-based vision algorithms need to be studied. 

 
Figure 77 Illustration of the difference in Vdiff along pixels between the original 

DVS and the center-surround DVS in response to a moving edge 

The second ongoing research work is to explore the potential of BSI on 
neuromorphic vision sensors that have complex in-pixel circuits. Preliminary side by 
side comparison between the FSI and BSI versions of DAVIS346 demonstrated that 
BSI quadrupled the measured quantum efficiency (QE) of the DAVIS pixel in the 
measurement setup scenario. However, BSI introduced more inter-pixel crosstalk 
which degraded the spatial resolution of the BSI chip. BSI also made the chip more 
vulnerable to parasitic light, which resulted in more junction leakage induced noise 
ON events at strongly illuminated pixels in the BSI chip. 

�,�W�¶�V���Z�R�U�W�K���Q�R�W�L�Q�J���W�K�D�W���W�K�H���4�(���U�H�V�X�O�W�V���R�I���E�R�W�K���W�K�H���)�6�,���D�Q�G���%�6�,���F�K�L�S�V���Z�H�U�H���P�H�D�V�X�U�H�G��
using the same setup described in 3.2.3. Therefore, these results did not take into 
account the same pixel receptive cone factor as described in 3.2.3. The receptive cone 
of an FSI pixel is restricted by its photodiode opening geometry, while the receptive 
cone of a BSI pixel is unrestricted. Hence, to investigate how much BSI improves QE 



Chapter 5: Ongoing Development of Two-Stream Vision Sensors 

100 
 

in a real application scenario, the QE measurement should be performed under 
illumination with incident angle that mimics the real application scenario. 

To take the FSI vs. BSI study further, comparison of the modulation transfer 
function between the FSI and BSI chips can quantify how much degradation in spatial 
resolution is caused by inter-pixel crosstalk in the BSI chip. Also, to quantify the 
difference in vulnerability between the BSI and FSI chips to parasitic light, the 
junction leakage induced noise events rate of both chips should be measured at 
different wavelengths and illumination levels. The vulnerability of the event output to 
parasitic light should be quantified by the new metric, parasitic light quantum 
efficiency, proposed by Nozaki and Delbruck [133]. 

Nonetheless, it can be learned that to fully utilize BSI, a two stream vision sensor 
need to borrow the optical and electrical isolation techniques from the state-of-the-art 
BSI APS to reduce inter-pixel crosstalk [1], [43]. On the other hand, vulnerability to 
parasitic light has been an inevitable drawback even among the state-of-the-art APS. 
As a result, BSI global-shutter APS is particularly difficult to achieve good 
performance due to parasitic light sensitivity of the charge storing node. This parasitic 
�O�L�J�K�W�� �F�K�D�O�O�H�Q�J�H�� �K�D�V�� �S�U�R�P�S�W�H�G�� �W�K�H�� �G�H�Y�H�O�R�S�P�H�Q�W�� �R�I�� �³�Y�R�O�W�D�J�H�� �G�R�P�D�L�Q�´�� �J�O�R�E�D�O-shutter 
APS pixels, which converts the amount of collected photoelectrons into a voltage and 
stores the voltage on a MIM capacitor with relatively large capacitance to reduce the 
effect of parasitic light induced leakage on the stored voltage signal [134]. Recent 
advancement in BSI image sensor process has proposed a light shielding pattern on 
the backside of the sensor covering the pixel array periphery [135] or even covering 
charge storing nodes in individual pixels [136]. With backside metal shielding on the 
junctions around the input node of the differencing amplifier, the event output can be 
theoretically almost completely immune to parasitic light. However, both the inter-
pixel lateral isolation techniques and the backside metal shielding techniques are 
unavailable in image sensor processes for academic use at the moment. 
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Chapter 6 Conclusion and Outlook 

Inspired by mammalian visual systems, two-stream vision sensors employ two 
different types of pixels to support feature perception and motion perception tasks. 
Pixels supporting feature perception prioritize spatial resolution, color sensitivity and 
SNR, while pixels for motion perception prioritize speed and temporal resolution. 
This thesis is dedicated to the research and development of two-stream vision sensors 
based on contemporary CMOS technologies. 

6.1 Summary 

Chapter 2 described the design of the first color sensitive two-stream vision sensor, 
the CDAVIS, implementing a heterogeneous pixel array consisting of both the state-
of-the-art APS pixels and modified DAVIS pixels based on the prior DAVIS [68], 
[69]. The APS technology was chosen because of its compact pixel size, high SNR 
and compatibility with standard CFA. The compact size of the additional APS allowed 
the CDAVIS to achieve 7.1 times more pixels than the prior DAVIS for the frame 
output with only 2 times more pixel array area. The addition of standard Bayer RGBW 
CFA enabled color sensitivity in the frame output. 

The CDAVIS was successfully fabricated on a dedicated multi-project wafer run 
in Towerjazz 0.18um CMOS image sensor process. Chapter 3 described the 
characterization of the CDAVIS. Despite a design mistake that compromised the 
intensity readout from the DAVIS pixels, the overall function of the CDAVIS met the 
design expectation. The intensity values at the DAVIS pixels were replaced by 
interpolated values from neighboring APS pixels. Compared with the prior DAVIS, 
the CDAVIS frame output had 10-bit RGB color and VGA resolution, showed better 
linearity, absolute sensitivity threshold, dynamic range, and free from exposure 
duration dependent temporal noise, as discussed in 3.3.1. 

The improved frame output performance was achieved without compromising the 
event output. Through characterization, the event output of the CDAVIS was found 
comparable to the prior DAVIS in all aspects. However, the complex in-pixel circuits 
of the CDAVIS resulted in a low quantum efficiency (QE) of only 3.3% (G pixel at 
550nm) as shown in 3.2.3, a common drawback of vision sensors with complex in-
pixel circuits. 

Through the development and characterization of the CDAVIS, I found a 
heterogeneous pixel array of the DAVIS and APS pixels a possible design for a two-
stream vision sensor. However, considering both performance and currently available 
CMOS image sensor process, I propose that the heterogeneous array should employ 
dedicated DVS pixels instead of DAVIS pixels for motion perception. 

There are two reasons for choosing the DVS over the DAVIS in a two-stream 
vision sensor: Firstly, the quality of the intensity output from the non-standard APS 
circuit in the DAVIS falls behind the state-of-the-art APS using PPD, therefore do not 
contribute to improving the overall frame output quality. Secondly, the non-standard 
APS circuit in the DAVIS requires different control signals from the standard APS, 
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and hence increases pixel complexity and makes the pixel array more prone to signal 
crosstalk. 

One obvious drawback of such a heterogeneous pixel array with dedicated pixels 
is the lower silicon fill factor compared to either a homogeneous DVS or a 
homogeneous APS. Theoretically, a DVS-APS two-chip combo setup offers better 
performance in both the event and frame output than a single heterogeneous pixel 
array chip. However, it again comes down to the question if the gain in performance 
of a two-chip setup justifies the increased cost of the silicon, the additional optics, the 
increased form factor and the calibration effort. In short, I believe one heterogeneous 
pixel array with carefully chosen APS-to-DVS ratio based on application needs offers 
the best performance-to-cost ratio. 

To demonstrate the application potential of combining color frames and events, 
Chapter 4 elaborated one proof-of-concept example, towards a RoboCup SSL vision 
system using the CDAVIS. A Java-based algorithm, the Red-Dot-Tracker, 
implemented the approach of using frames for color-based feature detection, and 
events for tracking the detected features. The CDAVIS exhibited the capability to 
support real-time color-based object tracking with about 15ms shorter worst-case 
latency than using a frame-based 60fps camera. When applying the Red-Dot-Tracker 
on a real-time playback of the CDAVIS recording, the event output produced less than 
1/10 of data traffic and required 5~10 times less processing power than the frame 
output in the same Java environment. 

The rules of RoboCup SSL require all teams share one standardized vision system. 
So, this proof-of-concept example was not to propose a method to gain a competitive 
advantage in the SSL. Rather, this example aimed to demonstrate the advantages of 
the CDAVIS over conventional frame-based image sensors in performing vision tasks 
required by the SSL vision system. Admittedly, the proof-of-concept example was 
only an emulation of the RoboCup SSL scenario under well controlled conditions. 
Hence, a real SSL field test is necessary to assess feasibility of the CDAVIS as the 
sensor for the SSL vision system. 

Lastly, Chapter 5 presented preliminary results of two ongoing development efforts 
on the two-stream vision sensors: To reduce spatial redundancy in the event output, 
and to shrink the pixel size and improve QE using BSI technology. 

Section 5.1 proposed a modified DVS design that is able to reduce spatial 
redundancy in the event output through the implementation of a center-surround 
topology, an idea introduced in some pioneering neuromorphic vision sensor designs 
[48], [49]. Inspired by the advancement of DVS circuits, a novel compact 
photoreceptor design with two antagonistic outputs was described and simulated. 
Different types of diffuser networks were discussed, including a resistive network 
built with transistors [48], [130], a resistive network built with non-salicide 
polysilicon stripes, and a capacitive network built with metal-insulator-metal 
capacitors [127]. It was found that resistive network built with non-salicide 
polysilicon stripes is able to achieve desired characteristic length with low power 
consumption (on the order of mW for a VGA pixel array) and reasonably simple 
circuits (5 transistors and 2 polysilicon resistors per pixel). The overall proposed 
center-surround DVS pixel requires an addition of 7 transistors, 2 polysilicon resistors 
and 1 MIM capacitor to the original DVS pixel. 
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Because of the relatively complex in-pixel circuits for the event output, two-stream 
vision sensor pixels have a much lower fill factor and thus much lower QE than state-
of-the-art APS pixels. To address this low QE issue, section 5.2 presented the first 
side-by-side QE comparison between an FSI and a BSI version of the same DAVIS 
design. It was found that the BSI version had quadrupled QE of the FSI version in the 
measurement setup scenario. However, the BSI version had more inter-pixel crosstalk 
and was more vulnerable to parasitic light. Further characterization work is needed to 
quantify the observed spatial resolution degradation and increase in parasitic light 
induced noise events caused by the BSI process. 

6.2 Outlook 

In Chapter 4, the RoboCup SSL vision system example was chosen because of the 
relatively simple visual tasks involved, where feature detection is purely color-based 
and objects move in one plane without occlusion or deformation. In many other real 
world applications, such as vision for autonomous vehicles, various unpredictable 
factors such as lighting and occlusion pose great challenges on the robustness of the 
algorithm. To promote the research and development on algorithms using a color two-
stream vision sensor, I propose to create a color two-stream vision sensor dataset 
similar to the numerous frame-based datasets, such as the ETH datasets for pedestrian 
and vehicle tracking [137], [138], or the recently created event-based datasets [99], 
[105]. 

To continue the work on the center-surround DVS design proposed in Chapter 5, 
more circuit simulation is needed to find appropriate values of the MIM capacitors 
that balance the speed of the resistive network and the gain of the sum-differencing 
amplifier. The silicon verification of the proposed center-surround DVS design as 
well as its effects on the subsequent digital encoding and decoding scheme remain 
open for future exploration. 

The FSI vs. BSI comparison shown in Chapter 5 hinted that to suppress inter-pixel 
crosstalk caused by BSI process, a two stream vision sensor should borrow the optical 
and electrical inter-pixel lateral isolation techniques from the state-of-the-art BSI APS 
[1], [43]. Meanwhile, with the advancement of backside optical shielding techniques 
in BSI process [135], [136], it is expected that the vulnerability of the DVS circuit to 
parasitic light can be minimized in the near future by backside shielding when such 
techniques are more available in image sensor processes. 

Besides the two ongoing development efforts documented in Chapter 5, another 
main research focus related to event-based vision sensors is on the interface protocol. 
The CDAVIS as well as most of the prior event-based vision sensors employed a four-
phase handshake asynchronous protocol called address-event representation (AER) 
[52], [59]�±[61]. AER vision sensors have been limited to a maximum event 
throughput ranging from 10 to 20 Mega-events per second (Meps) by their handshake 
interface with external synchronous logic [63], [69]. The maximum throughput 
capability becomes a bottleneck when scaling up the pixel array, especially in 
application scenarios where global activity is present in the pixel array, such as vision 
for autonomous vehicles. To improve the efficiency of AER, Imam and Manohar 
proposed a 2-dimensional token ring architecture that theoretically handles bursts of 
global events more efficiently [139]. To my knowledge, this token ring AER scheme 
is yet to be tested in conjunction with an event-based vision sensor. In 2017, Son et 
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al. from Samsung presented a VGA(640×480) DVS implemented in BSI process, that 
employed a hybrid readout architecture called G-AER [132]. G-AER performs 
asynchronous handshaking only for individual columns. The acknowledged entire 
column is then encoded digitally. G-AER is essentially a half-digitalization of 
�%�R�D�K�H�Q�¶�V���Z�R�U�G���V�H�U�L�D�O���$�(�5��[59]�±[61]. Through an efficient digital encoding scheme, 
G-AER achieved a maximum throughput of 300Meps. However, just like the word 
serial AER, G-AER handles bursts of activities along the column direction better than 
those along the row direction, because only the events in the same column are encoded 
in parallel. 

Fundamentally, the communication bottleneck of an event-based vision sensor is 
caused by the fact that event-based vision sensors process visual information in 
parallel in each pixel, but can only send out pixel activity outputs through a highly-
limited shared bus. This fact may no longer be completely true in the near future. In 
recent years, stacked image sensors have been a rapidly emerging trend in the image 
sensor industry, from the first stacked image sensor available for consumer electronics 
in 2012, to the first 3-layer stacked image sensor reported in 2017 [1], [140], [141]. 
Stacked image sensors connect an image sensor die to a digital image signal 
processing die through interconnections such as Through-Silicon-Via (TSV). To date, 
interconnection arrays have mostly been mass produced at the periphery of the pixel 
array, matching the row and column pitch of the pixel array [1]. In 2015, Kondo et al. 
from Olympus reported a stacked image sensor with one interconnection per 2×2 
pixels [142]. It remains to be seen if one-to-one interconnection for the entire pixel 
array can also enter mass production. If an event-based vision sensor is able to 
communicate via one-to-one interconnection array to a second dedicated event 
processing die, the asynchronous handshaking can be performed in a pixel parallel 
level. The vision sensor die retains only the pixel array. The dedicated event 
processing die can bring many possibilities. Just to name a few examples, the event 
processing die can use a digital process with smaller node size than image sensor 
process, implement noise suppression similar to [143], perform center-surround 
convolution in the digital domain with quantized time windows, and explore different 
encoding schemes for the event output. 
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Appendix A Dedicated Image Sensor Wafer 

The silicon results presented in this thesis were all from a dedicated multi-project 
wafer (MPW) run in Towerjazz 0.18um CMOS image sensor process, using standard 
8-inch wafers with 12um thick epitaxial layer. This appendix section provides a 
detailed overview of this MPW run, including a summary of the eleven neuromorphic 
vision/audio sensing/processing chips on this wafer, the overall integration and the 
fabrication time line of the wafer. 

A.1 Summary of Chips 

A summary of the eleven chips on the Towerjazz MPW is presented in Table A-1. 
Among them, eight were two-stream vision sensors implementing different pixel 
designs, processes and array sizes.  

The CDAVIS was the only one that employed a heterogeneous pixel array, 
incorporating the state-of-the-art APS pixels with pinned photodiodes (PPD). More 
about the CDAVIS is covered in Chapter 2. DAVIS346A, DAVIS346B and 
DAVIS346C were identical designs based on [68]. DAVIS346A and DAVIS346B 
were processed as front-side illuminated (FSI) sensor, while DAVIS346C was further 
processed by imec into backside illuminated (BSI) sensor. The comparison between 
DAVIS346B and DAVIS346C is covered in Chapter 5. 

DAVIS240C was an identical to the chip of [68] which used n-type lightly doped 
photodiode (NLDD). The rest DAVIS chips implemented buried photodiodes (BPD) 
as well as salicide block (NS) to reduce leakage and deep p implant (DPW) to improve 
QE, except DAVIS346A, which did not implement NS and DPW as a control variant. 
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Table A-1 Summary of chips on the Towerjazz wafer 

Chip name Description Pixel process Designer(s) 

DAVIS128 128×128 DAVIS BPD, DPW, 
NS 

Simeon Bamford, 
Diederik Moeys 

DAVIS208 208×192 high sensitivity 
DAVIS 

BPD, DPW, 
NS Diederik Moeys 

DAVIS240C 240×180 DAVIS NLDD Christian Brandli 
DAVIS346A 346×240 DAVIS BPD Christian Brandli 

DAVIS346B 346×240 DAVIS BPD, DPW, 
NS Christian Brandli 

DAVIS346C 346×240 BSI DAVIS BPD, DPW, 
NS Tobi Delbruck 

DAVIS640 640×480 DAVIS BPD, DPW, 
NS Christian Brandli 

CDAVIS 640×480, DAVIS:APS=1:3 BPD, PPD, 
DPW, NS Chenghan Li 

AerCorrFilter DVS events correlation 
filter - Hongjie Liu 

CochLP Low power neuromorphic 
audio sensor - Minhao Yang, Chen-

Han Chien 
CochTow4Ear1 Neuromorphic audio sensor - Shih-Chii Liu 

Note: BPD = buried photodiode, PPD = pinned photodiode, NLDD = n-type lightly 
doped photodiode, DPW = deep p implant, NS = salicide black 

A.2 Wafer Integration  

Christian Brandli designed the wafer reticle plan illustrated in Figure A-1. One 
reticle measured 19.2×29.75mm2. One wafer contained 38 complete reticles as shown 
in the wafer map in Figure A-2. 
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Figure A-1 Wafer reticle floor plan 

 
Figure A-2 Wafer map 

I reviewed all pixel variants used in the above eight vision sensor chips, and worked 
on putting together all eleven chips onto the reticle and the reticle level pre-tape-out 
checks, including design rule check, antenna rule check, and density rule check. To 
prevent accidental minuscule stray piece outside of one chip from intruding its 
neighboring chips, all eleven chips placed on the reticle had non-overlapping instance 
envelopes. The reticle was exported in Graphic Database System (GDS) format. The 
GDS file was re-imported into Cadence for layout vs. schematic check to ensure the 
correctness of the file. The final reticle GDS file was submitted for tape-out on 14 
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June 2014. A partial resubmission was done on 20 July 2014 to correct mistakes in 
the color filter layers. 

A.3 Wafer Split Plan 

Twenty-five wafers were planned to be fabricated in this dedicated wafer run. The 
wafer split plan is shown in Table A-2. In October 2014, ten wafers were fabricated 
without optical stack to be further processed as backside-illuminated (BSI) wafers by 
imec. Eight wafers were fabricated with optical stack as front-side-illuminated (FSI) 
wafers. Among the eight FSI wafers, three contain color filter array (CFA) with 1µm 
thick micro-lenses (ULS), three contain no CFA but 3µm thick ULS, and two contain 
no CFA, 3µm thick ULS with additional ULS spacer. The 1µm thick ULS is optimized 
for smaller pixels up to 7.6×7.6µm2 in size. The 3µm thick ULS is optimized for larger 
pixels up to 15×15µm2 in size. The additional ULS spacer improves the focus of the 
3µm thick ULS on pixels larger than 15×15µm2. 

Table A-2 Wafer split plan 

Number of 
Wafers CFA ULS 

Spacer 
1µm 
ULS 

3µm 
ULS ARC 2 µm 

Passivation 
Pad 

Opening 

10 N N N N N Y N 

3 N N N Y Y N Y 

3 N Y N Y Y N Y 

3 Y N Y N Y N Y 

6 These 6 FSI wafers are on hold. Their back-end finish is to be 
determined. 

A.4 Dicing and Packaging 

The inexpensive wafer dicing technique by using diamond saw was chosen to dice 
thirst first wafer. However, because the MPW contained various chip sizes, the dicing 
streets contained T-junctions. A diamond saw blade is unable to follow T junction 
dicing streets. As a result, dicing our wafer by a diamond saw inevitably lead to a low 
yield of around 25%. 

In December 2014, I worked with Christian Brandli and Diederik Moeys to arrange 
the dicing and bonding of one CFA FSI wafer. The wafer was diced by diamond saw 
following the dicing plan as illustrated in Figure A-3.  
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Figure A-3 Dicing plan by diamond saw 

The CDAVIS chips were packaged in 0.4inch cavity PGA 144 packages together 
with six other small to medium sized DAVIS chips and AerCorrFilter. The DAVIS640 
and two audio sensor chips were packaged in 0.7inch cavity PGA144 packages. The 
bonding diagram of the CDAVIS in a PGA 144 package is shown in Figure A-4 as an 
example. The digital and analog power supplies were double or triple bonded for 
lower impedance. 
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Figure A-4 Bonding diagram of the CDAVIS 

In April 2015, I arranged dicing of one BSI wafer by the same diamond saw 
technique and packaged the DAVIS346C chip.  

In Feb 2016, as an attempt to increase yield, I arranged the stealth dicing 
experiment on one FSI wafer. Because our wafer contains dummy metals inside the 
dicing streets, which prevents laser from penetrating, the wafer was mounted to a 
carrier tape on the front side and diced from the backside. The wafer was first ground 
down to below 200µm thick from the backside. The backside was then polished to 
allow precise focus of the laser. The laser is of an infrared wavelength that is well 
absorbed by silicon. The laser was focused inside the wafer from the backside along 
the dicing streets to generate defects. When sufficient defects were generated, the 
underlying wafer carrier tape expanded in both directions to separate all the chips on 
the wafer [144]. The stealth dicing experiment with one FSI wafer was performed 
successfully by DISCO HI-TEC as shown in Figure A-5 and Figure A-6. 
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Figure A-5 Successful separation of three chips from a T junction of the dicing 

streets (image by DISCO HI-Tec) 

 
Figure A-6 Cross section view of the cut from stealth dicing (image by DISCO 

HI-Tec) 

A.5 Summary of Results 

Overall, the dedicated image sensor MPW run was a success. Seven out of eight 
vision sensor chips were tested functional. DAVIS346A was not able to be powered 
on during testing due to short circuit on chip. DAVIS346A differed from DAVIS346B 
and DAVIS346C only in the DPW and NS pixel process steps, and the chip 
input/output (I/O) pads. DAVIS346A was the only chip that used the original 
Towerjazz supplied I/O pads, while DAVIS346B and DAVIS346C used a modified 
version of the Towerjazz I/O pads to separate analog and digital ground in the pads. 
In theory, none of the above described differences could result in a short-circuit in 
DAVIS346A. The culprit of the short circuit on DAVIS346A remained a mystery. 

Two important lessons learnt from the overall MPW run were: 

1. If the MPW contained chips of different sizes, and would possibly be cut by 
stealth dicing technology, the dicing streets should be kept free of metal 
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dummies or any other metal structures. Without any metal in the dicing streets, 
the laser can focus well from the front side of the wafer. Otherwise, stealth 
dicing has to be performed from the backside of the wafer, which incurs 
additional back polishing procedure and poses risk of damaging front side 
optical finishes. 

2. If two identical vision sensor designs were to be processed as FSI and BSI 
versions, their layout should be mirrored from each other, so that the finished 
chip can share the same circuit board. 
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Appendix B The Shared Testing Circuit Board 

A mother-daughter circuit board prototype setup was built to test the vision sensor 
chips on the MPW. The mother board was designed by Vicente Villanueva. The key 
components on the motherboard include voltage regulators, a field programmable gate 
array (FPGA) and a USB3.0 interface. Luca Longinotti developed the prototype 
system firmware. I designed the daughter board. As illustrated in Figure A-7, the 
daughter board contains voltage regulators, one ultra-low insertion force PGA144 
socket for easy chip swapping, external bypass capacitors for all on-chip analog biases, 
and the footprint of three backup digital-to-analog converters (DAC) for the biases 
and a backup ADC for the frame readout. The daughter board connects to the 
motherboard via two 30-pin connectors, and can connect to a neuromorphic visual 
processing via the CAVIAR connector [145]. The mother-daughter board setup was 
designed to support six vision sensor chips on the wafer, except for DAVIS24C and 
DAVIS346C. DAVIS240C was the copy of [68] and had a different pinout. 
DAVIS346C had a mirrored pinout because it was further processed as a BSI sensor. 
Vicente Villanueva designed the daughter board for DAVIS346C. In retrospect, the 
layout of DAVIS346C should have been mirrored on the MPW reticle, so that it could 
share the same circuit board setup with the rest of the vision sensor chips. The 
prototype circuit board can communicate with a host computer using open-source 
software project jAER [11]. Both the event and frame output are visualized through 
the jAER viewer. The board can also work with the embedded C framework cAER 
[146], [147]. 

 
Figure A-7 Layout of the daughterboard 
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Appendix C Pseudocode of the Red-Dot-
Tracker Algorithm  

class CdavisFrameBlobDetector  

# The modified DavisAutoShooter  

when NewEvent {  

    if (eventRate < lower ThresholdHz  and activityFlag  == true )  or  
( lower ThresholdHz  < eventRate  < higherThresholdHz)  {  

        DavisChip. acquireFrame ;  

        activityFlag = false;  

    } else if ( eventRate  > higherThresholdHz ) {  

        activityFlag = true;  

    }  

}  

# Detecting the red dots from frames using OpenCV  SimpleBlobDe tector  

when NewFrame {  

    NewFrame.convertTo RGB888;  

    NewFrame.convert Color ToHSV;  

    hueImage = NewFrame. getChennel(hue) ;  

    hueImage.gaussianBlur ;  

    binaryImage = inRange(hueImage, lowerBound, upperBound);  

    blobCenter Vector  = SimpleBlobDetector .detect(binaryImage );  

    # Initializing  jAER RectangularClusterTracker  

    if (blobCenterVector != null) {  

        for (i = 1 to blobCenterVector.size ) {  

            blobCenter = blobCenterVector.get(i);  

            if ( blobCenter.size > 5) {  

                RectangularClusterTracker . addCluster(blobCenter);  

            }  

        }  

    }  

}  

# Tracking the red dots using jAER RectangularClusterTracker  

when NewEvent {  

    RectangularClusterTracker(NewEvent);  

}  
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