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Silicon Retina

– Mimics retinal processing in a 
silicon chip

• Neuromorphic

– imitating form and function of 
neurobiology

• Integrated photosensors (rods) Boahen, “Neuromorphic Chips”, 
Scientific American, May 2005
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Silicon Retina
Mahowald and Mead, 1991

Mahowald and Mead, Scientific American, 1991
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Silicon Retina
Mahowald and Mead, 1991

Mahowald and Mead, Scientific American, 1991
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Silicon Retina
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Mahowald and Mead, Scientific American, 1991
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Retina and Visual System

Light

Light

J.D. Weiland and M.S. Humayun, 
IEEE EMB Mag., Sept/Oct 2006.

• Photoreception

– Cones are color sensitive (red, green, blue)

– Rods are sensitive to low light for dark vision  

• Retinal processing

– Horizontal and bipolar cells: spatial highpass 
filtering

– Amacrine cells: temporal highpass filtering

• Optic nerve neural encoding

– Retinal ganglion cells: spike rate and temporal 
event encoding
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Retinal Prostheses

• Subretinal implant
– uses intact retinal processing, 

accessing bipolar cells

– surgically more involved, 
constraining device sizing  

• Epiretinal implant
– uses silicon retina to emulate 

retinal processing

– easier to integrate and interface

Light
Light

J.D. Weiland and M.S. Humayun, 
IEEE EMB Mag., Sept/Oct 2006.
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Retinal Implant

Concept of a retinal prosthesis that converts light to 
an electrical signal with an image acquisition and 
processing system. The information is transmitted to 
an implant positioned somewhere in the eye. The 
implant receives the signal and produces an artificial 
stimulus signal at the retina. The stimulus is 
delivered by an electrode array. The electrode array 
(shown in inset, lower right) is positioned on the 
surface of the retina or underneath the retina 
(electrode array not shown for subretinal implant).

 

 J.D. Weiland, W. Liu, M.S. Humayun, Ann. Rev. 
Biom. Eng., vol. 7, 2005
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Why Neuromorphic Sensory Processing?

• Conventional Digital Sensory Processing:

– General-purpose

– High precision (limited by A/D)

• Neuromorphic Analog/Mixed-Signal Sensory Processing:

– “Smart” A/D

– Low power

A/D DSPSensor

Analog Digital

ASP A/DSensor

DigitalAnalog
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Silicon Model of Visual Cortical Processing
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Event-Coding Silicon Retina

– Models coding and communication of visual events in the 
mammalian retina and optic nerve 

• Integrated photosensors (rods)

• On and off transient and sustained ganglia cell outputs

– Spatiotemporal compressed coding and communication in optic nerve

– Address-event coding of spikes

Zaghloul and Boahen, 2006
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Hierarchical Vision and Saliency-Based Acuity Modulation
Vogelstein, Mallik, Culurciello, Cauwenberghs, and Etienne-Cummings, NECO 2007

IFAT Cortical Model
4800 silicon neurons

4,194,304 synapses

Octopus Silicon Retina
80 x 60 pixels

AER spiking output

OR image Simple cell response Saliency map
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Dynamic Vision Sensors (DVS)

– Visual event detection on the 
focal plane.

– High dynamic range, high 
temporal resolution.

– Power scales with activity.

http://siliconretina.ini.uzh.ch/wiki/index.php

http://siliconretina.ini.uzh.ch/wiki/index.php
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DVS Applications

• The compactness, lower system complexity, low power 

consumption can benefit the areas of:

– High-speed/high temporal-resolution dynamic machine vision 
systems that need access to real-time visual information (robotics, 
roving robot ad-hoc networks, autonomous navigation, industrial 
robotics).

– Motion detection and analysis applications (e.g. gesture 
recognition, contact-less device control, 3D touch screen, game 
controller)

– Low-data rate video for e.g. wireless sensor networks or TCP-
based applications (smart buildings, ambient intelligence, …)

– High Dynamic Range, high quality, high-temporal resolution 
imaging and video e.g. for scientific applications. (x-ray 
crystallography, fluidics, particle physics, fluorescence imaging, 
medical imaging)

http://www.institut-vision.org/index.php?option=com_content&id=283%3Aequipe-de-r-benosman&Itemid=15&lang=en

http://www.institut-vision.org/index.php?option=com_content&id=283:equipe-de-r-benosman&Itemid=15&lang=en
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Active Pixel vs. Dynamic Vision Sensors
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Kubendran, Paul and Cauwenberghs, “A 256x256 6.3pJ/pixel-event Query-driven Dynamic 

Vision Sensor with Energy-conserving Row-Parallel Event Scanning,” IEEE CICC 2021. 
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Active Pixel vs. Dynamic Vision Sensors

18

PARAMETER APS eDVS qDVS

LATENCY HIGHEST 

(upto ~100fps ≈ 10ms)

LOWEST 

(frameless ≈ 10µs)

MEDIUM AND VARIABLE 

(upto ~1000fps ≈ 1ms)

BANDWIDTH

UTILIZATION

HIGHEST  

Activity independent
(High resolution, 
high speed ADC)

MEDIUM

Activity dependent 
(Pixel address + 

2 bit event + REQ/ACK)

LOWEST

Activity dependent
(2 bit event)

DENSITY HIGHEST 

(3T-5T/pixel)

LOWEST 

(>10T/pixel)

HIGH 

(7T-10T/pixel)

POWER HIGH DYNAMIC 

MEDIUM STATIC
(100-500 nW per pixel)

MEDIUM DYNAMIC

HIGH STATIC
(80-500 nW per pixel)

LOW DYNAMIC

LOW STATIC
(<10 nW per pixel)

Kubendran, Paul and Cauwenberghs, “A 256x256 6.3pJ/pixel-event Query-driven Dynamic 

Vision Sensor with Energy-conserving Row-Parallel Event Scanning,” IEEE CICC 2021. 
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Change Threshold Detection APS CMOS Imager

– Event-driven video compression

• Change detection and threshold encoding 

on the focal plane

– 6T pixel combines APS and change event 
coding 

– 4.3mW power at 3V and 30fps

Chi, Mallik, Clapp, Choi, Cauwenberghs and Etienne-Cummings (2007)
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Change Detection APS: Compression and Reconstruction

Frame 0

Frame 50

Change Events

Reconstructed

Uncompressed Low

Threshold

High

Threshold
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Query-Driven Dynamic Vision Sensor (qDVS)

– The qDVS active pixel combines functions of 
phototransduction, temporal differencing, threshold 
detection, and reference reset, using as few as five 
MOS transistors and two MOS capacitors.

– Custom photodiode nwell/psub in 180nm CMOS

– 10:1 ratio of CPH / CREF  for high contrast sensitivity

– No source follower – no static bias current

– Voltage clamp sense line for zero CV2 readout energy
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Kubendran, Paul, and Cauwenberghs, 2021

Kubendran, Paul and Cauwenberghs, “A 256x256 6.3pJ/pixel-event Query-driven Dynamic 

Vision Sensor with Energy-conserving Row-Parallel Event Scanning,” IEEE CICC 2021. 
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qDVS Performance

22

Temporal Contrast Sensitivity Energy Efficiency

Kubendran, Paul and Cauwenberghs, “A 256x256 6.3pJ/pixel-event Query-driven Dynamic 

Vision Sensor with Energy-conserving Row-Parallel Event Scanning,” IEEE CICC 2021. 
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qDVS Movement Tracking

23

Gesture Tracking

Kubendran, Paul and Cauwenberghs, “A 256x256 6.3pJ/pixel-event Query-driven Dynamic 

Vision Sensor with Energy-conserving Row-Parallel Event Scanning,” IEEE CICC 2021. 

Eye Tracking
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qDVS Performance Comparison

Kubendran, Paul and Cauwenberghs, “A 256x256 6.3pJ/pixel-event Query-driven Dynamic 

Vision Sensor with Energy-conserving Row-Parallel Event Scanning,” IEEE CICC 2021. 
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Photodiode Low-Noise Photoreceptors

Murari, K., Etienne-Cummings, R., Thakor, N., & Cauwenberghs, G, “Which Photodiode to Use: A 

Comparison of CMOS-Compatible Structures,” IEEE Sensors Journal, 9(7), 752–760, 2009.

3T Active Pixel Sensor (APS)

Capacitive 

Transimpedance 
Amplifier (CTIA) 
APS

n+ / p-sub n-well / p-sub p+ / n-well / p-subPhotodiode 

Structure:

Interface 

Circuit:
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Photodiode Low-Noise Photoreceptors

Murari, K., Etienne-Cummings, R., Thakor, N., & Cauwenberghs, G, “Which Photodiode to Use: A 

Comparison of CMOS-Compatible Structures,” IEEE Sensors Journal, 9(7), 752–760, 2009.

3T APS CTIA APS

n+/p n-well/p p+/n-well/p

3T APS CTIA APS n-well/p
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