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Figure 1. Log Photocurrent (A)
Cross section through the biological retina. R, photoreceptor; H,
horizontal cell; IB, invaginating bipolar cell; FB, flat bipolar cell; A, Figure ) B

amacrine cell; IP, interplexiform cell; G, ganglion cell. The outer- 2 p .
sientiounciuyecn lespesth theSout ol the potasseegbons, The Measured response of logarithmic photodetector. Photocurrent is

invagination into the foot of the photoreceptor is the site of the triad proporh'onal to incident llghf intensity. RCSPOI’\SC is logarithmic over

synapse. In the center of the invagination is a bipolar cell process, . o & ¢
TR ot . et more than four orders of magnitude in intensity.
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Figure 3.

The silicon retina. Diagram of the resistive network and a single pixel
element, shown in the circular window. The silicon model of the triad
synapse consists of the conductance (G) by which the photoreceptor
drives the resistive network, and the amplifier that takes the differ-
ence between the photoreceptor (P) output and the voltage on the
resistive network. In addition to a triad synapse, each pixel contains
six resistors and a capacitor C that represents the parasitic capaci-
tance of the resistive network. These pixels are tiled in a hexagonal
array. The resistive network results from a hexagonal tilling of pixels.
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Photons absorption imasenic _
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Moore’s law and pixel scaling imasenic -
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CMOS process cross-section Imasen

Isolated Isolated
Diode PMOS NMOS PMOS

Deep P-Well

R. Fontaine: Innovative technology

elements for small and large CIS pixels,
lISW 2013




Front- vs Back-side illumination imasen :

Front Side lllumination (FSI) Back Side Illumination (BSI)

Used for improving
guantum efficiency of

AL LI mmcecren

electrons / X-rays, EUV

SiO2+interconnect Epitaxial layer

Epitaxial layer SiO2+interconnect

N



BSI processing imasenic

1) Mounting on handling wafer: BI device dilemma: Physics of Si / SiO2 Interface

S¥/Si0, interface charging produces spontaneous “self-bias™:

> gl uel ng * QE hysteresis: Low and unstable low quantum efficiency.
» Back illuminated silicon detectors are useless without surface passivation.
» wafer bonding &/&
Back surface Trapping of photo

-generated charge

/

2) Surface annealing:

/ i

2 la
. “la
» Laser annealing

» delta doping

» Passivation (also ARC)




3D integration Imasen
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Image sensor stack Direct Bond Interconnect (DBI)
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Stacked CIS

First sensor announced by Sony in 2012

Sony ISX014 8 MP Stacked CIS — CIS Die at Poly Level

Sony ISX014 8 MP Stacked CIS — ISP Die at Poly Level 9 0 nm C I S

65 nm CIS

2014: Sony sensor for Apple
iPhone 6/6 Plus iSight:
90 nm Sony CIS + 40 nm TSMC

Imasenic _

SAMSUNG ISOCELL Fast
2L3 (2018)

1.4pm pixel
J\QMPixel image

sensor layer

& Anglog and
-y logic layer

2Gb LPDDR4

A_—~ DRAM layer

Memory layer to allow recording of super-slow
motion video at up to 960 frames per second (fps).
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Pixel limitation

Standard pixel DR is sub-optimal

Readout noise = O(100puV)

Voltage swing = O(1V)

Dynamic range = Voltage swing / Readout noise

= 0(10%) = 0(13 bits)

HDR without changing sensor architecture
Multiple reads: reads with different integration time
+ Simple, no change to sensor architecture

- Reduce speed. Increased motion blur

frame

N
Final Image = E frame;
i=1

Signal ~ N
EN ~VN



Logarithmic pixel IMma

VRESET :
Current sensing

VDD

. High dynamic range
1 cetecr High Fixed Pattern Noise (FPN)

COLUMN l>7
OUTPUT




Dual gain pixel IMma

VRESET . Low and high capacitance

1 VDD " mode (mutually exclusive)
RESET T @

—||: 1) Low cap mode = low noise,
I ;
L sewecr | low full well
Gs - L= i : :
y N - 2) High cap mode - high
i noise, high full well

i vV ¥ i >
COLUMN
OUTPUT



| ateral overflow

...........................................................

COLUMN
OUTPUT

~

IMd

LO biased at an
intermediate level

Low and high capacitance

mode (in the same frame)

1) Low cap mode - low
noise, low full well

2) High cap mode = high

noise, high full well



Analogue-Digital pixel with Range

Extremely Wide (ANDREW) e

AMPRST
AMPRSTBAR
COMPRST
N COMPRSTBAR Type 1 2 3 4 5 6 7
Charge Injector ENE;I%TI\:I.E“BZR ” CFB N CO"eCtion 1 * 1* 1 * 4* 1* 1* 4*
IFB 300F Node 7x7um | 7x7um 4Ax4um | 4x4um | 4x4um 4x4um 4x4pum
VRS ._. VNN s Implants | NWell [ NW+DNW | NW NW NW_PIX [ NW_PIX [ NW_P
it - e o Crg 300fF | 300fF 300fF | 300fF [ 300fF | 300fF | 300fF
CLKVINN cc:lF —+ — Fill Factor | 50% 50% 50% 50% 50% 50% 50%
CLKVINNBAR 101 VCOMPING + 1S Count QE 32% | 32% 26% | 49% | 26% 25% 51%
UREFSW i lpari/Pix | 127fA | 128fA 116fA | 169fA | 114fA [ 112fA [ 181fA
VREFSWBAR Qin Noise | 2.3 2.4 24 2.2 2.1 2.2 2.3
VREF VRT mscu——P are:7 Qi 90 88 90 82 88 87 88
RESET —— CLR Range
RESET 53,‘3;: PIXSEL ——] OF SNRqy | 31.9dB | 31.3dB 31.3dB [ 31.4dB | 32.4dB | 31.7dB | 31.5dE
F'Q " [ Ramp 0.27 0.29 0.23 0.28 0.28 0.28 0.44
COMP compGo1 ENDFRAMEGQ1_| [MSCLK LS Counter /] Noise
P Sk clncrcor NFINECOWVORRERY  msauswoaic L sowx Ramp 97 97 97 97 97 97 97
ek ek QT[AMERST (1 ycle) R e e Lseik = Q[e:0) Range
=P qzfcarrsT 2 ovdes) TESTMQDE] RESET = CLR SNRgame | 51.0dB | 50.5dB 52.4dB [ 52.1dB | 50.9dB | 50.8dB | 46.8dE
Q3[HBRFSW (3 cycles) PIXSEL mme OE Table 1 Photodiode Types and Pixel Performance

Figure 1 Pixel Architecture [11]

o o ST's 1P4M 65nm (BEOL) / 90nm (FEOL) BSI imaging
process. The pixel contains 63 GO2 transistors for the
ora Comparato analogue and 812 GO1 for digital. The test device has al
cn Pholodiodes array format of 64(H)x68(V) pixels,

Con S50um pixel

counter

Figure 3 Pixel Layout

J. Raynor (2015)
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Hyper-Active Pixel
Sensors (HAPS)



Hyperactive pixel sensors mid

e Forget a few transistors per pixel

« Go wild and just add functionalities
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Hyperactive pixel sensors

e Scientific applications

« ADC in pixels

* High Dynamic Range

e Focal plane processing

« Neuromorphic sensors
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Scientific applications imasenic

e Mass spectroscopy

t=5.Fus t=6.8us t=8.1us t=89us
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Scientific imagers imasenic
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In pixel Charge amplifier
for X-ray sensors

................................................................................
.......................................

IMmd

vDD

Column
current
source

SEL :

M1
Photo diodes

Very linear

Acceptable noise
performance

Higher transistor count:

OK for large pixels



In pixel ADC mea

........................................................................................

« Complex pixel

ERESET v : * Low fill factor

N-bit

—L ) memoryé * Low yield
— WRITE .« Ideally high
ref ' READ

speed

DATA out
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Focal plane

processing



Edge extraction, centroid tracking, and

high-dynamic-range

.

I_rstb

6

~S_normal

.....................

VPD,

I_rst

0

~RST,

€«PWM sensor-»

S_

Center row
bus

Center col
bus bus

Image/edge

image RST_ e Rsel A v

€——Edge Extraction/lmage—> €&——Centroid logic—> )

€———Array Shared—> €

Q. Yin (2013)

Pixel Core > :
Fig. 2. Pixel core description (a) Schematic (b) Timing diagrarn

Function

Imasen

edge filtering,

tracking, HDR

Technology (um) 0.18
Supply voltage (V) 0.5
Array size 64 x 64
Pixel pitch (pm) 20

Fill factor (%) 324
Dynamic range (dB) 105
Power (nW/px-frame) 1.25
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Gaussian pyramide
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Fig. 2. Processing Element (PE) of the chip.
Fig. 1. Chip micrograph with dimensions (in mm) and a close-up of the PEs.

Function Gaussian filtering
Technology (um) 0.18
Supply voltage (V) 1.8
Array size 176 x 120
Pixel pitch (um) 44

M. Suarez (2014) Fill factor (%) 10.25
Dynamic range (dB) —_
Power (nW/px-frame) 26.5




HDR, Gaussian filter, multi-resolution Imasenic _

/'// ENsQun
1 f""“hl"’ 1 SC3 / : : Y -
TREG T RTT / ~ el -~
Lr—m“ [IREE IR IR T-l </;'§';'g] T HDR, Gaussian filt
sam ADG /ey . aussian filter,
e = .- - i integral image, multiresolution
1 ' Technology (m) 0.18
]?" i . Supply voltage (V) 1.8
i- : ” Array size 320 x 240
é-; j : i Pixel pitch (um) 19.6
& : =n Fill factor (%) 5.4
L L] = Dynamic range (dB) 102
i1 [cannu-ummm.;u registag ¢ Seal “'“" ‘H} Power (nW/px-frame) 239
*'- M«l\l—.-ﬁu«\;‘ ] Vsuu
Block-wise HDR, Gaussian m!-h., multi-resolution rep. ... ",_. ﬂ
\
\-_ i

Fig. 1. Functional diagram of the chip architecture and schematic of the processing element.

R. Carmona-Galan
(2015)
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Neuromorphic imagers Imasenic 4

 Inspired by the way our vision system works

e Event-driven imagers
TUNING CURVE U' l'\./': l\'./" b IJ L’, U

STIMULUS RESPONSE
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Event-Based Vision

The Silicon Eye only reports intensity changes
which results in more information encoded in less

data

entations. (Berner 2018)

FIGURE 4.8 Response of a single cortical cell to bars presented at various ori




The Silicon Eye Principle imasen

2 3 B 5 6 1) The light falling onto the pixel is
converted into a photocurrent
< \ . e ON 2) The phptoqurrent Is converted into
@ T 5 ON m} a logarithmic volt_age
aQ o = é E 3) The log. voltage is sampled
g = ‘_5:_ % - B S 4) Changes in the log. voltage are
U e £ E c e OFF amplified
g’ @ o < o OFF |y 9) The changes are compared against
— v —/ - event fix thresholds
6) Once the change exceeds the
g T reset | threshold, an event is generated
1 7) The pixel is reset and the latest log.

7 voltage is sampled

The computation performed in the pixel is analog (no large digital memory needed), using sub-
threshold currents (super low power consumption)
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Advantages imasenic

Low Data Rate High Temporal Resolution

> The vision sensor captures motion with a
high temporal resolution (—~100us*)

> The sensor does only produce data if new
information is captured (~2MBps)

Low Latency High Dynamic Range

> The pixels may operate independently
under extreme light conditions (spanning
>100dB from dark to bright)

> The sensor has a very fast reaction time to
capture changes in a scene (a few 100us™)

Low Power
> _ Silicon Eye Conv. Camera*
The sensor burns little power (<70mW) and :
the low data rate requires less compute Resolution . QVGA VGA
power Temp. resolution 10'000fps 60fps
) ) Power consumption ~70mW 320mwW

+ Large pixel (18.5u pitch)

+ Cumbersome asynchronous data interface Data rate | ~2MB/s 27MB/s

« Cumbersome non-standard configuration interface Dynamic range > 100dB 55dB

+ Needs FPGA to control and interface Optics 1/3.2 inch 1/3 inch

+ Jitter dependent on event rate




I I I S t O ry Table I Comparison between AER vision sensor devices. Pixel size is given both in lambda (the scaling parameter) and um units. Power .

consumption is at chip and not board or system level. Best metrics are in bold. (Extended from [5].)

Prior work This session
Year 001 003 2005 006 2008 2009 010 P010 P010
. Source aghloul, Riedietal. Mallik et al.[9, Lichtsteiner et al. Massari et al. [27][Ruedi et Posch etal. 2010 [34] Linares- Culurciello et al.
Y TW O m a I n p | a ye rS Boahen [30]  [16] 32] 5, 33] k.31 Barranco et [3)
Bl [2]
Functionality Asynchronous  [Frame-based |Temporal IAsynchronous  [Binary spatial and [Digital log ~ JAsync. Time-based Async. Temporal intensity
ppatial and Bpatial frame- emporal emporal contrast [pixel + RISC Jmage Sensor (ATIS) eber change or spatial
emporal ontrast and [difference contrast dynamic oroc. Contrast difference can
contrast, pradient intensity ision sensor SC), with  frigger readout
L] direction,  |change DVS) ither rate or
O a y . prdered jdetection APS [TTFS coding
putput imager
Type (Sec.3) SC TD AE ISC FE 1D FE TC AE SD TD FE ISC, TC AE ISC AE 1D SD FE
lembedded
Gray picture outpui] ° ° ° ° -
Pixel size um 34x40 9x69 P5x25 10x40 26x26.5 14x14 [30x30 (333x333) 30x80 6x21 (??)
Y P r O p h e S e e (ambda) 170x200) 276x276) [100x100) [200x200) 130x130) (311x311) 400x400)
Fill factor (%) 14% 9% 17% 3.1% 0% 20% 10%(TC)/20%(gray)  P.5% 2%
Fabrication process0.35um 4M 2P [0.5um M 10.5um 3M 2P 0.35um 4M 2P [0.35um 4M 2P |180nm 180nm 4M 2P MM~ [0.35um 4M [180nm SiGe
pP 1PE6M pP BiCMOS 7M
Pixel complexity  [38T 50T, 1C  |6T (NMOS) P6T(14 anal), M5T ~80T, 1C  |77T, 4C, 2PD 1317, 2C 1T
m T=MOS, C=cap 2C 3C
O r e r y < n O W n a S \Array size 96x60 128x128  [90x90 28x128 128x64 320x240 [304x240 [32x32 [128x128
Die size mm? 3.5x3.5 -10x10  [3x3 6x6.3 11 5.2x8.4 9.9x8.2 P .5x2.6 7?7
Power 27/mW@  BoomW @ 30mW @ 5V p4mW @ 3.3V [100uW@2V, mW b0-175mW 0.66- 1.4mW@3y
C h consumption 3.3V 3.3V (50 fps) |50fps (11m\l;/ 5.6mW
m ensor]
r O n O C a Dynamic range ~ |~50dB 20dB 51dB 20dB 100dB 132dB  [143dB (static) 100dB DV/s/(uW/cm?)
Plux to >100 6V/Iux s [1250B@30FPS 11 to 100kIx[@550nm.
klux scene 39dB SNR  |p6dB SNR Aduv/e
PD dark 7 300fA i WA INA [ 44mV/s [1.6nA/cm? A
curent@25C ~10nA/cm?)

] I n S I h t n e S S [Response atency, |-10Meps oms < 5ms? 5us@ 1 Kux |Max 4000ips _ [BOips 2us@1Kux T000s __[00-8007ps dep.
frames/sec (iDs), 60 t0 500 200 fps? chip illumination EOMEDS peak, 6Meps  |@50kix bn mode
events/sec (eps) ps PMeps ustained 6Meps 3Meps
FPN matching 1-2 decades % contrast J0.5% of ful P.1% contrast [10% contrast  [0.8% 0.87%

scale, 2.1% fontrast
[TD change

(Delbruck 2010)



Evolution of pixel pitch

SEES1 o
Year 2017
Tech 180nm Year 2017
Pitch 13u Tech 90nm
QVGA Pitch 9
. é

Year 201 DAVIS240

Seneun Year 2013

F Tech 180nm

s Pitch 18.5u

240x180, 346x260

* The output data of event-based vision sensors is very different
from the data of image sensors

« Standard computer-vision algorithms cannot be used

* New algorithms have to be developed, and our customers won’t
do that

* To commercialize EBVS, we need to deliver sensors and the
according algorithms

Imasen

Coming soon:

SEES2

Early 2019

Tech <=110nm

Pitch 6.5u

VGA
Resolution
Pixel pitch
Optical format
Die size
Technology
Temporal resolution
Sensitivity
Dynamic range Events
Min. latency
Latency 100 lux
Readout bandwidth

Power nominal

Low power mode (1kHz temp.

res., no gray scale)

320 x 262

13um

1/3.2 inch
5.3mm x 5.3mm
180nm 6M1P
Up to 10kHz
Down to 50% contrast
>100dB (1)
100us

<1ms (2)

>50 Meps

80 mW (3)

<20 mW
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2334 IEEE JOURNAL OF SOLID-STATE CIRCUITS. VOL. 49, NO. 10, OCTOBER 2014

Switched cap amplifier g ; 1\ i DVS
7ev T T T RS y
| o Oo<
| g &
- c2 5
1 |
: L ON
org | oo | i RR>--
: |_ TR aad T
e s1 :
e I T —
1 - reset DVS

Fig. 1. DAVIS pixel schematic. The transistor-level schematic of the DVS 1s described 1n [1]. Caps represents the gate capacitance ON t
events

OFF events




Ima

Compressive

sensing



The Data challenge masene :'

2020

50.1B
BILLIONS OF DEVICES

50

| 2016

40 22.98 .

2014

30 14.2B

20

1 2003

0 .,0_._58 |
1992 loT INCEPTION

1Y oT INCEPTIO

0 o—

1988 1992 1996 2000 2004 2008 2012 2016 2020

Source: https://www.ncta.com/positions/internet-of-things




Spatio-temporal compressive
sensing

Conventional
Global Exposure

—

M / One
Tv image

Video Scene

X € RMXNXT
S € RMXNXT

Pixel-wise Code
Exposure (PCE)

4

A/

Z

7/

%

Video Scene

—_—

Motion Coded
Image

Sparse
Reconstruction

Reconstructed Scenes

Over-complete Dictionary

T
Y(m,n) = ) S(m,n,t) - X(m,n,t)

X(m,n) = argming lallys.t. | Y —SDa |,< ¢

(A) An Optical Implementation

IMmd

<«—— Natural Light
«—— S-polarized Light
<«—— P-polarized Light

Image Sensor

Relay lenses

/ Objective lens

LCOS

Incident

Polarizing

Beam Splitter

Light

(B) AlI-CMOS Implementation
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\

o]” QRST
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mage, | L Ve z\]_{>8“ffL
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©
O
o
Ui
O
°
o

Timing Diagram
One Frqme

Vep \,\,\rl\




Compressive sensing imasenic _»
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Counter 7] & Acc | & Acc | & Acc | & Acc b & Acc B sl 4 ,fz' 3 "‘f'.?rz'.'.;‘,
UMU U U U U 2y Phol&dlode Coniparalor Pixel selection
Adder -
Compressed

[M. Trevisi et al., DATE 2018] samples
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Compressive sensing N

2.23mm —\
a

Technology CMOS 0.18um 1P6M ﬁ__

Die size (w. pads) 3174pum x 2227um '? R

Pixel size 22pm X 22pm i =5

Fill factor 9.2% i = o
Image resolution 64 x 64 pixels c 2 Pixel Array i
Photodiode type n-well/p-substrate - ‘ ﬁ :
Power supply 3.3V-1.8V = S b
Predicted power consumption <100mW ¥ Sample & §-
Frame rate 30fps Ascumuiste 5 =
Max. compressed sampling rate 50kHz : Adder g;;ga
Clock Freq. 24MHz ® &

[M. Trevisi et al., DATE 2018]




Time pixel multiplexing

e Time-coded pixels

e Each pixels correspond to a different frame

V]
o
(2]

111]1] [2]2]2
112111212 - 17101 2|22
! M 81:] —t— —t—
343’4‘3‘4 52 D 1 1‘1‘ 2‘2‘2‘
1‘241‘241‘2 F’3 |:] 0-025s 025-05s
3|4|3|4]3]4] &4 L] 3[3[3] [4]ala
112/1]2/12 O O ) 313 a4l
..... S PP 3/3/3| 44 4
3/4]3]4]3]4 Exposure t(s) 3/3/3| |4 |4]|4] Oblect 1
0.5-0.75 0.75 -1
° ° e
G BUb, 2010 ?EjMicroscope
<
Conventional camera used together with MI

Digital Micromirror Devices (DMD)

High resolution still picture

acquired to a lower resolution,

high-speed video



Aperture Compressive CIS

e Multiple arrays on single chip

« High-speed compressive imaging

Single-chip
multi-aperture  Compressed images
Lensarray  Optical copies _c\os imager (time-multiplexed)

Optical signal
distribution

Subject

4
i} < gﬁg%
Sy

Local modulation

Solving
and accumulation

Post-processing l inverse

problem

Coded shutters

M MJ“ EEEEDEOaan
L] e el
P L ¢ T L

—>Time Decompressed (time-resolved)images

Aperture
«—
)

Figure 6.4.1: Overall flow of image acquisition and reproduction with
multi-aperture single-chip CMOS imager.

F. Mochizuki, 2015

PLL

Aperture controller

Aperture
CAP START— Clock addressing
- controller module

CK|26]

Aperture selection
and control signals

!
-

[— CAP_STATUS
[— CYC_END

o~
b

5 X Japerture

Clock tree

@
c
c
®
o
@
=
2
o
>

|
L.

Column-parallel
CDS and ADCs

Horizontal scanner
Readout ckt.

Image output

Figure 6.4.2: Sensor architecture.

Stop trigger

Air break
down
plasma

Single-shot compressed images (15 images)

_ -

CAP_START

Secondary
plasma

Camera

Tlme
Decompressed images (32 images)

#1 (Frame numbe) ——

_ L

Frame #8
Single-shotimages with sliding time windows (15 images)

#4
#5
Aperture #5

Primary plasma  Secondary plasma

Aperture

!?%f

Figure 6.4.5: Experimental results of single-shot image acquisition of air
break down plasma.
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Pixel-wise coded aperture imasenic

« Sensor designed to perform the compressive sampling

(A) Pixel (B) chip
» Power efficient — o
¥ |_1x[0:89)
2 | worojo:s9)| AP m A
- 2| rseLo:s9) i i T
(B) AII-CMOS Implementation o . = r—
Timing Diagram S OB = = ]
n One Frame 1 3 5 APS APS aps
_| Pixel i i I J- T T T
1-- : : 1 1 °
0| 5 RST I !
EX RST | 1 -
\ | I L :
mage | Light Vep ¥ I t Buffer X . . RO FraMie.L. ad RO Frame.gul
Sensor \ g 1 4 RseLAfs ! SRAM Write Drivers 1400 . . ,
N —_——————— - | EX 1 = OouT! ] _
\ \‘ — ! ! 1% plas ! SRAM value buffers Pixel Power - - >
1 | — _i M6 |
\ | N 1200
\| PD ' ! ' i g
1 Crp V [, . AP ! Random Single [ =
\ PD I PD :
\ Exposure Generation e 1000
\ ! | c
= D RENBIC oS
ROW 3 PCE, Te = 5, Tv=14, R =Y 800
7.1 fps (Readout), 100 fps (Reconstruction), £
Pixel Exposure time: 50ms, — a REC Frame 1
Compression Rate: 14x g 600 -+
(&}
Reconstruction (REC) REC REC o 400
Coded Image Frame 1 Frame 7 Frame 14 % |REC Frame 20 REC Frame 5
o 208uW
200
84uwW
14uW
J. Zhang, 2016 0 -
CR: 20x CR: 10x CR: 5x Full Rate
Tv: 20 Tv: 10 Tv:5 RO: 100fps
RO: 5fps RO: 10fps RO: 20fps

REC: 100fps  REC: 100fps  REC: 100fps
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Readout architecture. : N
Sampling data from pixel. Imasern o

/\“

Data out of the pixel
to the periphery:
Two main time
constants:

1) time to select the
row
2) Time to settle the
data to the periphery

YYYYYVYYY

Row
control ‘
(Meynants 2010)



Readout architecture. imasen =
m
- a0 ‘ [
- » [
- > N
- > ‘ n
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> )

Save time by reading from two sides, controlling from two sides
or reading rows in parallel




Output path

N

McCcQo—o s >

o
u
t
p
u
t

YYYYYYYY

Reduced design complexity
Reduced area

Reduced power

but complexity, area and
power moved to camera
design!

s 0O

A>T — 0N

Imasen

YYYYYYYY

Limited design complexity
More area for ADC
Limited power
Limited speed
(Lenero 2014)



Output path |masen =
]
c I -
P —p
(o] —p i — >
| »P X 3
u —p —>
m —p f >
n —>
| |
e e
v Y%
e
N |
Small area for ADC A Minimal area for ADC
A Low power budget per ADC b Low power
D Mediumspeed Lowest speed
c High-bandwidth digital /0 C  Add complexity to the pixel (> 3D?)

High-bandwidth digital I/O
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Full frame voltage storage .

(LITTTTITITITITITT]
T & = 2 . 20 parallel horizontal
2 2 || AoelegE memeny ENEy .2 2 s scanning and output
2870 128 memories/pixel 2870 circuit on each side
- = = pixelarray = = = = Full frame sensor

400x256 Tochigi 2013
— b0 — 0
c C + o C
© ‘= '5| Analogue memoryarray | ‘2
P c @O . . Y c
o ® 5 128 memories/pixel o ©
> 9 > 9




Full frame voltage storage

. 20 pixels g
P iy 220 >
E: Pixel 2 Clut[:ng-:- //’
1
1 On-chip I' % PD
L-» Memory X 4 .
§ Array é" g
O il A |‘. 8 Noise Reduction Circuit
g ' ®
'S Pixel v
S Arra l 3 i
o y L ¥ L :
A 128 R i
© On-chip !
-_g On Chlp Memories \‘ !
- - 1
[} Source 2
== Memory Fallower ‘k‘ v
Array Buffers
(Gain=1)
0 / |
20 parallels '1‘ ] 32 |II‘IES;
Horizontal Scagl(nnmg Clrcmts.|t v 4 piXE'S |l |
Output Circuits i a) - Y= per line
H | Horizontal Scanning Circuit | ITﬁ
u Output T {
i_ Circuit M ¢ i 1

32 Pirel Outputs




51

Full frame voltage storage

Pixels used In

10}

% half operation Full mode operation
o N Y ;%é Ep
3 é\,%‘ x4

Half mode operation: half

the number of pixels,

double the number of

memory cells
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Charge storage '3°¢"¢ .

-

Photodiode

N+ Guard ring

|

Memory bank
A vertical entry (VEN) bank
with 10 cells

- Ten rows of lateral (LAT)
banks, each with 16 cells

- A vertical exit (VEX) bank
with 10 cells

|

Deep P-implant
Crooks, 2013
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The Kirana pixel
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: imasen
The Kirana sensor C

cr— |

e e e ‘

Highly scalable architecture:

- Number of memory cells - Low power
- Number of pixels




Frame: 012 Time from trigger: 77us Exposure: lus Framerate: 1000000fps




Frame rate at IMpixel resolution (fps)

Evolution of CMOS image

sensor speed

A

1,000,000
EAG A

1,000
U

2

Imasen

1,000,000,00¢
—— s

1,E+07 | [
1 E+06 - ¢ Conventional CMOS
® Framing CMOS (continuous)
1,E+05 - .
© Framing CMOS (burst) A A

_VLE*04 - & Framing ccD A on
o (]
$ 1,E+03 | A Time Stamping CMOS A—C g—00l—
£ 1,E+02 || I TPMCMOS
3 —
© 1,E+01
>
g 1,E+00
S 1990 1995
x 1,E-01
=

1,E-02

1,E-03

1,E-04 *

1,E-05

Year

Physics
limit

Saturation
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