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Goals of this lecture

Understand what prevents the ideal camera
from being a realty

Understand sources of noise in digital imaging

Decipher meaning of camera specification
sheets

Understand basic architecture of digital
SEeNsors



How Image sensors sense an image

1. Need way to detect photons
Photoelectric Effect
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Point Detectors

Photodiodes
— Photons will
generate electron }
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— But detecting few electrons
is hard

— Need way to amplify the signal



Point Detectors

e Avalanche Photodiode (APD)

— Initial e becomes amplified through impact
lonization
— Gains of 100 to 1000

"
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Image from http://www.leica-microsystems.com/science-lab/sensors-for-true-confocal-scanning/



Point Detectors

 Photomultiplier Tube (PMT)

— Used widely in confocals
— High linearity
— Fast response

Dynode Number vs PMT Gain
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Image from http://www.leica-microsystems.com/science-lab/sensors-for-true-confocal-scanning/
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How well are photons detected?

Quantum Efficiency
Electronic Detector Spectral Sensitivities
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How Image sensors sense an image

2. Must detect photons over an array of
pixels

CMOS




How Image sensors sense an image

3. Electrons generated in each pixel must
be read out

CMOS

Serial devices
where each pixel’s
charge is read out
one at a time

Each pixel contains

amplifier electronics

so read out can be
much faster

. N ———




What is meant by “read out™?

Photons
\ Analog-Digital
- = - = (ADC)-

Bit Depth Number of gray levels

8 28 =256

10 210=1024
12 212 = 4096
14 214 =16384

16 216 = 65536



CCD Detectors

Charge-Coupled Device

Metal Oxide Semiconductor (MOS) Capacitor

Incoming . :
Photons +V Polvallicon 2009 Nobel Prize in Physics

ate

Invented at Bell Labs in 1970

Silicon
Dioxide

n-Channel N

Potential = .
Potential
Barrier " Well

 Widely used in TV, medical,
astronomy cameras

e Array of light sensitive MOS
capacitors (pixels)

* Incoming light generates
electrons which are captured

Figure 2 _ _
in a potential well

Photogenerated

Electrons p-Type Silicon

* Electrodes, or gates, move the
charge

Image from http://www.microscopyu.com/articles/digitalimaging/ccdintro.html



Front or Back llluminated

Frontside and Backside llluminated CCDs
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http://en.wikipedia.org/wiki/Cephalopod_eye

From http://learn.hamamatsu.com/articles/quantumefficiency.html

Traditional, front-illuminated have
wiring in front of photosensitive
region
» This blocks some light,
reducing QE

Back-illuminated CCDs:
» Back side of the CCD is etched
to 10-15 microns
» More fragile and costly, but
higher QE
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Metal Oxide Semiconductor (MOS) Capacitor

Incoming

Photons +V

Polysilicon

Silicon
Dioxide

n-Channel —
Potential =
Potential
Barrier Wl

Figure 2

Photogenerated - |
'Vl p-Type Silicon

Electrons

“ CCD Detectors
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CCD Detectors

Three-phase clocking method

o

- )

Photoelectrons from each pixel must be shuttled to the readout area
to be amplified, converted to a voltage and then a digital number.



Bucket brigade analogy for read out

Integrationof . . | MR '.
Ph°t°n.lnduced L I o ‘k Ra'ﬂdmps | ’ LN \" \| o
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e Rain accumulates in
buckets

Rows of buckets
shifted to readout row

-----

Parallel Register .
Shift (1 Row) * Readout row shifted

iy bucket-by-bucket to
| EEEEE 3 e, measuring device

Serial Register

S eister * Unless rain stops, last

bucket to be read out
will have much more

water than the first

Figure 5 Conveyer Belt 8 (0

Bucket Brigade CCD Analogy ﬁ:ﬂmﬁg J '

Container



Transferring photoelectrons out

* Full frame
— Full area of CCD collects light
— During readout, shutter must block light
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Transferring photoelectrons out

e Full frame

* Frame transfer
— Half of CCD collects light; other half is for storage

— After exposure, charge transferred to storage half and read
out

Incoming light

Light blocking mask




Transferring photoelectrons out

e Full frame
* Frame transfer

* |nterline transfer

— Alternating columns of light sensitive and storage/transfer pixels

— Photosensitive pixels collect charge; charge shifted to
neighboring columns and read out

Incoming light




Transferring photoelectrons out

Full frame Frame-transfer Interline
- e o |
// /"’ //
.:‘ /n? 7 0::/"/’33 /./ ) Output
— 0 1y —10 /j’ " 'ﬂ/j'kamplifier
7 | L~
vl 1 L v
L L~ /
Readout// v v
register
Pros: Pros: Pros:
* Nearly all of CCD area * Fast: exposure and * Fast: shift of only one pixel
is usable readout occur needed to store charge
Cons: simultaneously Cons:
* Frame rates limited by  Cons: » Reduced fill factor (abated
shutter speed e Half of CCD is not light with microlenses)

sensitive



CMOQOS Detectors

Anatomy of the Active Pixel Sensor Photodiode

Microlens

Amplifier
Transistor —

Column
Bus : }
Transistor "

Silicon
Substrate

Potential
5 Well
Figure 3

Complementary Metal Oxide
Semiconductor

* Transistors in each pixel
convert charge to voltage

e More can be done within a
pixel meaning frame read
out can be faster

e Fabricated much like
microprocessors and RAM so
are cheaper to make

 Used in webcams, phone
cameras since they use less
power

Image from http://www.olympusmicro.com/primer/digitalimaging/cmosimagesensors.html



CMOS read out

e Each pixel has at least 3 transistors
— For converting charge to voltage; resetting pixel;

transferring voltage

e Voltage transferred along columns to
amplifiers and ADCs [esf e | poo
> e oo e

AW,

* Each row is then read out to memory



CMOS read out

Global vs. Rolling Shutter

e Rolling Shutter:

— Exposure start is delayed between each row
— Readout goes row by row
— Offset time between rows as low as 10 ps

R b ° b‘. b 0@ | < Exposure starts

b ® b ® b o’ b < Exposure starts
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CMOS read out

Global vs. Rolling Shutter

e Rolling Shutter:
— Exposure start is delayed between each row
— Readout goes row by row
— Offset time between rows as low as 10 ps

;.2 boo b‘.‘ b 0@ | < Readout starts
b % b ‘; b‘.‘ b‘ <——— Readout starts
t%o k'. kq)oot:. < Readout starts

° b:O: b;; °_
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CMOS read out

Global vs. Rolling Shutter

* Rolling Shutter:
— Exposure start is delayed between each row
— Readout goes row by row

— Offset time between rows as low as 10 ps

Rolling Shutter exposure sequance (single frame)

Exposure start Exposure Readout

http://www.andor.com/pdfs/literature/Tech_Note_Rolling_Global_Shutter.pdf



CMOS read out

Global vs. Rolling Shutter

* Rolling Shutter:
— Exposure start is delayed between each row
— Readout goes row by row
— Offset time between rows as low as 10 ps

* Global Shutter:
— All pixels begin and end exposure at same time
— Requires extra transistor in each pixel
— Higher read noise
— Half the maximum frame rate



Many options




System Specifications *

Camera Spec Sheets

- ©+ Specifications
Sensor OF options. EX2: Back iluminated, dual AR coated
BV: Back llluminated, standard AR coated
UVE: Back standard AR with g
Fringe Suppression Available on EX2 and BV sensor options Imaging device Scientific CMOS sensor FL-400
A 512x512 Effective number of pixels 2048(H) x 2048(V)
Call size 6.5 pm x 6.5 pm
S X100 Effective area 13.312 mm x 13.312 mm
Image area 82 x 8.2 mm with 100% fil factor Full well capacity (typ.) 30 000 electrons
Minimum temperature, air cooled, ambient 20°C arc Readout | Standard scan (at 100 frames/s) 10ms
Recirculator iquid cooing, cootant @ 22°C, >0.78/min -85°C fime Slow scan (at 30 irames/s) a3ms
S R CHO S I W T o Readout | Standard scan (at 100 frames/s, typ.) 1.9 alactrons rms (1.3 elactrons median)
Thermostatic Precision =001°C noisa Slow scan (at 30 framesfs, typ.) 1.5 elecirons rms (0.9 electrons median)
o - 330001
— Higher than 70 % at 600 nm and 50 % at 750 nm
Triggering
‘System window type Dark current (typ.) Sensor Iy
Bomish Image sensor general +20C) 0.5 electrons/pixelfs -107C
type of sansor CCD power supply 8. 28VDC [12VDC typ) 0.15 alectrons/pixelfs 0cC
o rriage Sansor ICH2RSAL pawer consurmption <4dW 0,05 alectrans/pixelfs -30°C
- —— B all wasight 0.5 kg
Yo i asclution i x v ﬁxﬁéﬁﬂ_;mﬂmn.ﬂ. A — T EInn
Access pr—— A J_; - g:slm-l Operating temperihre P 100 framesfs 30 frames/s
porelsize nxv) e e operating humidity range 10 % .. 80 % (non-condensing) position) 200 framesls 60 frames/s
s Tormat/ ianon ZF 1144 =
sensar format [ disgonal [l T Siorage emperalse rngs - 20°C_+ 70°C |[|cu;} 25 855 framesi's ;:Q‘:Egafmss:
st N . N Ion| - TAIm S
Advanced Performance Spes Shutier mods global [srapshol) aptical intriace Crrmirtt
Dk ¢ and back d events 44 MTF T7.5 lpfmm (thecretical} prroe— e Je™ (C a Link only)
Dark current (e/pixelsec) @ -85°C fulliall capanity 16 000 &~ {full frame) Seamless readou
85°C 24 00D & finning) Top to bottom f Bottom 10 top
Active area pixs well rasadout noise 5.7 e s @ 12 MHz fiyp) 20 ms 10 204.8 € (at full area readour)
8 B e s @ 24 MHz [yp) Full area, Sub-array
P p— 2667:1(68.dB, 1ZMHz, tallframg] | 1TAME rate table*
b i narmal center
Pt cpuaniturm efficiancy 65 % @ peak 16 bit output
[MHz 12 a5 12 = Digital binning 2x 2/ 4 x4
Head noise {e] spactral ranga 280 nm . 1100 nm Sub-; .dout mod
© — _ 1300 x 1040 Tafpe  135f%e  117fps  218fps - ui-anzy e o) Moce
17 Mz through EMCCD ampifier dark cumant 1 eripinals @23°C ger mode (at full resolution) | 1 ms o 10 5
ampli T r— v binning 147 fps 27 fps 2Bips  ADAfps Jer mode with sub-array readout | 38.96 usto 10 s
:mmm-n— ger mode with sub-array readout | 1 msto 10 s
3 Mz through conventionl amplifier PRI =1% Camera Link full configuration Deca mode | USB 3.0
;“. tionad ampif C-mount
. AC 100 W to AC 240 V, 50 Hz/60 Hz
Linear absolute Electron Multipler gain quantum efficiency Approx_ 70 VA
Camera
Linearity * Jr——
- pre—— 7.3/ 13.5 fps (12 7 25 MIFz, rormal ) o !
o tRock spe 11.7.£21.8 fps (12 / 25 MHz, center) Edge, Level, Synchronous readout and Start trigger
Timestamp accuracy exposurashutier time Gps . 80s outing SMA connector or Camera Link F
dynarnic rangs AD 14 bi inction 010 10sin 10 us steps
AD convarsion factor 1.0 efeaunt
pixal scan rale 12 MHz § 28 MHz 3 programmable timing outputs
Global exposure timing and Trigger ready output
piosl data rate 19.5 Mpixalis 3uting SMA connecior
binning fhar x var) 1x1.2x2
non Enearty <1% X 1 am M an B MmN ER Wm0 U |PC-bassd acquisition package included
srrear = 0.002 % |DCAMSDK. commarcially available software

anti-bloaming factor

= 400 fetandard 100 ms exposure)
4 [NIR anbanced 100 ms axp

ribacframing time’

T

frigger input signals

srftware £ TTL laved

trigger output signals

33V LVTTL leval

;Mmmmmnl“mmmmuwwu

Sk reacaa A ety

R

122 partss i e

ut noise median in slow scan

| intemnal trigger mode varies depending on sub-armay setting. Minimum exposure time is in standard scan.



The Ideal Camera

High resolution
— Optically resolvable features span a couple pixels

Large area

— Covers field of view

Linear response

— Twice the photons gives twice the output
Uniform response

— Same response no matter where photon lands
Fast

— Can capture dynamic processes

High sensitivity

— All photons get measured



Going into the spec sheet

technical data

Image sensor general

type of sansor CCOD pawer Suppily 8 _28VDC (12WVDC typ)
I FAGE Sansor ICH2BSAL I power consumption < 4W

rasalution f x v 1392 x 1080 pixal [Porrmal) wasight 0.25 kg

wperating temperatura

SONY Interline CCD chip w==srmv=

Aorags emperaiure ra S o NY
shitler rode globsal [srapshof) Toptoal interface

WTF 77.5 Ipfmm (thecretical) pmp—"
[=
Ribwel capacky S Diagonal 11 mm (Type 2/3) Progressive Scan CCD Image
0 & fhinning) . .
readout noise 5.7 e ms@ 12 MHz [yp) Sensor with Square Pixel for B/lW Cameras
8 B e @ 24 MHz byp.) .
dhymarnic ranga 2887 : 1 (88 dB, 12 MHz, full framas) Trame rate table Lo
- — : —] Description
quentum eficiency 06 9 O paak i - The ICX285AL is a diagonal 11 mm (Type 2/3) 20 pin DIP (Ceramic)
spaciral ranga 200 nm .. 1100 Am e I — interline CCD solid-state image sensor with a square
e Tp—— 1 ajoials @230 362 x 1040 t pixel array. High sensitivity and low smear are
Ty pp— %2 binning 14, achieved through the adoption of EXview HAD CCD
. o technology. Progressive scan allows all pixel's signals
PRI <1% to be output independently within approximately
1/15 second. Also, the adoption of high frame rate
readout mode supports 60 frames per second. This
quantum effi chip features an electronic shutter with variable
{:lar.nem. — ganten stoeny [ charge-storage time which makes it possible to realize
e frane rale ™1 full-frame still images without a mechanical shutter.
—r— — m{ This chip is suitable for image input applications
exposure/shutter time | such as still cameras which require high resolution,
dynarmic ranga AT = etc.
MDD conwarsion factor 1.0 erfeaunt =1
pixal scan rala 12 MMz / 24 MHz =
pixal data rafe 19.5 Mpixal's o |
Birning fhor x var) 121 2x2 wq
en Iﬂﬂn.‘lll.'\' = 1 1‘: u:lr- =1 aE L A mD D ¥EE O 1TE T
SrTHsar < 0.002 %
andi-bleoming facior = 400 (standard 100 ms exposura)
= 4 (NIA enhanced 100 ms axpos.)
rterframing tirme” 1 s
trigger input signals software / TTL lavel
trigger output sgrals A3V INTTL level

! St magral STy ITEARITAS I 8 R0 G TOH O P TGS SR
S, e e BTty
s et T SO TGRS 137 AT g STy (Y] AppACART



Going into the spec sheet

technical data

Image sensar general

types of sansor CCD power supply & 28VDC (12VDC typ)

T — KCHOREAL power consumpdion < 4W

—— 1332 x 1040 pixel [rormal) waight 025 kg

fixv]

B0 x 600 jeanbad

pial size (h xv)

8,45 prn x B.45 pm

operating temperature

#10°C .+ 45 °C

sansor format [ diagonal

237 M 114 mm

operating humidity range

10 % .. 80 % (non-condensing)

el uticn B 1 )

1392 x 1020 ool [Aorral)

00 = 600 {cartbarn)

gl sizg (X v

845 ym x E.45 pm

siorage emperaiwerange -20°C L+ T0°C
shutier mods jlobal [srapshod)
i Global [srapshed optical imerface C-rigunt
WTF 77.5 Ipfmm (thecretical)
CE certified yas
fullwall capacity 16 D00 & {full Fram.s)
24 000 &~ fhirning)
raadout noiss 5. Termsd 12 MHz by
B _ B e @ 24 MHz [byp)
yramic ange T667:1(B0 0, 12NHz, Rllirame) | TTAME rate table’
- 1 i
quarttum afficiancy 85 W @ paak
declock [MHz] 12 5 12 -
200 am .. 1100 am
— - 1382 x 1040 T.afps 135fps 11.7fps 2186fps
dark currant 1 eripioal’s @ 23 °C
w2 biinniny 147 fps 2T fps 21Bfps 404 fps
DSMU’ 2 & rms 4 - . s .
PRMNLF <1%
fuantum efficiency
Camera
iRy %)
. frarne raba T.3/13.5ps 12725 MHz, normal ) ?0_"“

axposura’shutier time

!
1177 21.8 fps (12 /35 Mz, cenbar)

dynarmic ranga AT

AD eonversion fastor

1.0 erfeaunt

pixal scan rala

12 MHz / 24 MHz

pixal data rafe

19.5 Mpixalis

Birning fhor x var)

1x1.2x2

nan linsdrity

<13

ST

= 0.002 %

anti-bleaming facior

= 400 (standand 100 ms exposund)
= 4 (NIA enhanced 100 ms axpos.)

riterframing tirrw”

1 s

trigger input signals

sofiware / TTL laved

trigger output sigrals

LIVINTTL level

! St magral STy ITRARITAS I 8 R0 G TOH O P TGS BT

e ———

A trme sartevman e conmac ' Imiages or At Images wecoimaTy (YY) AppRCAton

monachmme

Suppose you want 3 pixels per
resolvable unit of 300 nm:
0.3umxM=3x6.45 um

M = 64.5x



Going into the spec sheet

technical data

Image sensor general
types of sansor CCD power supply & 28VDC (12VDC typ)
FAGgE Sansor ICH2RSAL povnar consumption <dW
rasslution 1 x v] 1392 x 1040 pixel [norrmal) nadghl 025 kg

800 x E00 jeantad) operating temperature #10°C .+ 45 °C
el size 8.45 urm x .45
plxel size [ =¥ e Fn operating humidity range 10 % .. 80 % (non-condensing)
L format / diagons F3" S 1114 fom
R TR Ao i m siorage emperaiwerange -20°C L+ T0°C
shutier mode jlobal [srapshof)

i Global [srapshed optical imerface C-rigunt
WTF 77.5 Ipfmm (thacretical)
CE certified yas

fullwall capacity 16 D00 & {full Frams)

24 000 &~ fhinning)
raadout noiss 5. Termsd 12 MHz by

B _ B e @ 24 MHz [byp) -
yramic ange T8A7.1(BEAE, 12 MHz, fllfame) | (TAme rate tabl

ki narmal cender
quarttum afficiancy 85 W @ paak
dclock [MHz] 12 =] 12 k-]
spaciral ranga 200 am .. 1100 am
— - 1382 x 1040 T.afps 135fps 11.7fps 2181ps
dark currant 1 eripioal’s @ 23 °C
w2 binnin 147 fps 27 fps 21Efps 404 fps
DSMU’ 2 & rms - 4 Ll s ke
PRMNLF <1%
fuantum efficiency
Camera
iRy %)
rewe. frarma rats 7.3/ 10.5 fps (12 7 25 MMz, normal ) it - oo
1.7 7 21.8 fps (12 / 25 Mz, cenbar)
axposura’shutier time Sps.80s
dynarmic ranga AT 14 kit
AD eonversion fastor 1.0 erfeaunt
pixal scan rala 12 MHz / 24 MHz
pixal data rafe 19.5 Mpixalis
Birning fhor x var) 1x1.2x2
nan linsdrity =1%
ST = 0.002 %
anti-bleaming facior = 400 (standard 100 ms exposura)
= 4 (NIA enhanced 100 ms axpos.)

riterframing tirrw” 1
trigger input signals srftware / TTL havel

trigger output sigrals LIVINTTL level

! St magral STy ITRARITAS I 8 R0 G TOH O P TGS BT
S, e e BTty
B



How well are photons detected?

Quantum Efficiency
Scientific CCD Spectral Sensitivities

-
o
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Going into the spec sheet

technical data

Image sensor general

types of sansor CCD power supply & 28VDC (12VDC typ)
FAGgE Sansor ICH2RSAL povnar consumption <dW

reselution f x v) 1382 % 1040 pisl [rermal) waight 0.25 kg

B0 x 600 jeanbad

pixal size (hxv)

8,45 prn x B.45 pm

operating temperature

#10°C .+ 45 °C

sansor format [ diagonal

23 114 mm

operating humidity range

10 % .. 80 % (non-condensing)

shutier mods

ghotsal [srapshod)

WTF

77.5 Ipfmm (thacretical)

fullwall capacity

16 D00 & {full Frams)
24 000 &~ foinning)

readout noise

5. Temsd 12 MHz o)
B _ B e @ 24 MHz [byp)

LATIC range Lk ZMHZ, b
quarttum afficiancy 85 W @ paak
spaciral rangs 200 nm .. 1100 am

Id.'.u"t currant 1 eripioal’s @ 23 °C I
e e e
PRMNLF <1%

Camera

frid. frarne raba

7.3/ 13.5 fs (12 7 25 MHz. normal )
11.7 7 21.6 fps (12 / 95 Mz, certer)

axposura’shutier time

Sps.80s

dynarmic ranga AT

14 kit

AD eonversion fastor

1.0 erfeaunt

pixal scan rala

12 MHz / 24 MHz

pixal data rafe

19.5 Mpixalis

Birning fhor x var)

1x1.2x2

nan linsdrity

<13

ST

= 0.002 %

anti-bleaming facior

= 400 (standard 100 ms exposura)
= 4 (NIA enhanced 100 ms axpos.)

riterframing tirrw”

1

trigger input signals

sofiware / TTL laved

trigger output sigrals

LIVINTTL level

! St magral STy ITRARITAS I 8 R0 G TOH O P TGS BT

S, e e BTty

B

siorage emperaiwerange -20°C L+ T0°C
optical imerface C-rigunt
CE certified yas
frame rate table*
dclock [MHz] 12 =] 12 k-]
1382 x 1040 T.afps 135fps 11.7fps 2181ps
w2 hinning 147 fps 27 fps 21Efps 404 fps
fuantum efficiency
?omm ahginncy %)
monachmme

A om0 D WS 1 T



NOISE!

What is noise?

* Uncertainty in measured signal

* Looks like random fluctuations in intensity




NOISE!

The different types of noise
— Fixed Pattern Noise

* Pixels respond to light or photoelectrons differently

— [Perhaps because piece of dirt in front of some]
* oppy (S) = PyS [Py is the FPN quality factor]
* Correctable through process of flat fielding

* Can be anissue with CMOS since electronics
associated with each pixel can be different ® Conventional CMOS camera

A Exposure tme: 15 ms



NOISE!

* The different types of noise
— Fixed Pattern Noise
— Dark Noise

 Temperature dependent; reduced by cooling camera

— Clock-induced Charge Noise

* As charge gets moved around, new electrons can be generated



NOISE!

The different types of noise
— Fixed Pattern Noise
— Dark Noise
— Clock-induced Charge Noise
— Shot Noise

* Photons are discrete; follow Poisson distribution

* Photon Shot Noise Photon distribution on 1 million pixels

400000

Average of 1 photon
per pixel

1
— Ospot (S) =Sz

350000
300000

250000

Average of 5 photons
200000 per pixel

Occurances

150000 10 photons/pixel

100000
50000

0

0 5 10 15 20 75
Number of photons



NOISE!

* The different types of noise
— Fixed Pattern Noise
— Dark Noise
— Clock-induced Charge Noise
— Shot Noise

— Read Noise
* Not a function of signal. Due to electronics converting charge to voltage
* Generally increases with increased readout speed
* Sets the minimum signal that can be detected

Decreasing read noise >

Same signal.



NOISE!

* The different types of noise
— Fixed Pattern Noise
— Dark Noise
— Clock-induced Charge Noise
— Shot Noise
— Read Noise

e Signal to Noise Ratio

QF X S
JOZean + QE X S + (Py X QE X §)?2

SNR =




NOISE!

[S/Nlgjn=7-0 5.0 4.0 3.0 2.0 1.4 1.0 o

e Signal to Noise Ratio

QE X S

SNR =
JOZean + QE X S + (Py X QE X §)?2

Image from Photon Transfer by James R. Janesick



e Choose a camera that has: .

How do you optimize SNR?

High QE

e Back illuminated
Low read noise
Cooling ability
Spatial uniformity

When imaging:
— Go at slowest speeds
— Use largest pixel size

* Binning

2 x 2 Pixel Binning Electron Transfer Sequence

Parallel—= & 9%/
P{xel :[i[)]

Binning increases
the SNR by a factor
of the sqrt of
number of pixels
binned

Amay SN
%] §
1st Parallel 2nd Parallel 1st Serial
Shift (4 Pixels) Shift (4 Pixels) Shift (1 Pixel)
Photoelectron o
y—
) Node
o0 O o8 [ 1 | I®]g8
Ll Ie] 8 || 1SI81@® serial
E (% 19F 81 [T 11 8 S—Register
L1 lal® 1 g O P
2nd Serial Output Node Two-Pixel
Shift (1 Pixel) Shift (2 Pixels) Readout



Nearly eliminating read noise: EMCCDs

 Amplifies signal to push it well above read noise

* In CCDs: rows gets
Image
Section transferred to edge to
readout register

e EMCCDs add an electron

5 multiplication (EM)
blOfB .
Section Onchip reg|ster
C fo .
vetage. ®  As charge is transferred
“HEEE T through EM register,
iImpact ionization
Output i
el ST increases charge on
Fockse Register order of 100-1000x

Image from http://www.andor.com/learning-academy/electron-multiplying-ccd-cameras-the-technology-behind-emccds



Noise in EMCCDs

Read noise = 10 e- Read noise = 0.5 e- Read noise = 0.5 e
Plus EM associated
noise, F_
SNR QE X S

VORgap/M? + FZ X QE X S



A new option for when photons are few:
sCMQOS

e “scientific” CMOS

— Latest generation of CMOS cameras

— Sensor split into top and bottom halves
* Both are read out independently to increase speed

— Each column as dual amplifiers and ADC

* For high and low gain readout to maximize dynamic
range



NOISE!

Shot noise Readout noise
Photons

Analog-Digital
x QE Ampllfler Converter (ADC)

[ Photoelectrons Voltage I:> [10011101]

/U Clock induced

charge noise
[ EM noise factor EM Gain

Fixed pattern noise

Dark noise




Measuring noise

e Steps to generate photon transfer curve:

— Record several sequences of frames at various
illumination levels starting with completely dark

— Use homogenous illumination,

— Or correct for inhomogeneity as well as fixed
pattern noise by subtracted neighboring frames

— Plot standard deviation of signal versus mean
signal

a?(I(x,y)) = A% ¥)) + 0&pap



sCMOS

1U3_ T LR | T UL T ™
Noise includes shot noise and read noise.
Fixed pattern noise eliminated by taking
the difference of consecutive frames.
102 b .
=
=)
il}
0
= Slope of %
101 | .
' Slope of 0
100 . e e i el Ll
107t 10° 10! 102 10° 10% 10°

Mean Signal (DN)



Noise (DN)
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Images show variance on a log scale
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Noise (DN)

sCMOS

'_I

o
[

™

101 b

Fixed pattern noise is now included.

1}

n
]
I
1

i}

10°
107t

10°

10t 102

Mean Signal (DN)
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Noise (DN)

=

10!

sCMQOS

ot 10° 10t 10
Mean Sig

Images show average of 400 frames



Noise (DN)

sCMOS

1031 Fixed Pattern
102 |
Shot Noise
Read Noise
101 /
< __._====_—_'=:=:.:=
10[} il , N | o | . L
107t 10° 10t 102 103 10*

Mean Signal (DN)

By looking at shot noise vs. signal: ADU conversion is about 2.2 DN/e"

Read noise: noise vs. signal levels out around 3.8 DN = 1.7e"
Fixed pattern noise: about 1.7% of signal

10°



Noise (e)
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Mean Signal (e)

Read noise: noise vs. signal levels out around 1.7e"



Noise (DN)

CCD

Fixed pattern noise and illumination

inhomogeneity eliminated by taking the
Lo? difference of consecutive frames.

| Full well
regime
Shot Noise
101 Read Noise |
107t 10° 101 102 103 104 10°

Mean Signal (DN)

By looking at shot noise vs. signal: ADU conversion is about 1.0 DN/e"

Read noise: noise vs. signal levels out around 5 DN =5 e



Noise (DN)

| ® - No EM Gain
| - EM Gain of 30
| & - EM Gain of 60
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ADU = 10 DN/e"

ADU = 5 DN/e"

10°
107t

Mean Signal (DN)
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| & - No EM Gain
| & - EM Gain of 30 o
| e - EM Gain of 60 ',i' -
10% ¥ i
f &
. Read noise = 30 e ,.q.“"
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C ./
S 10' o .
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o
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______ e ————— _
- Read noise = 0.5 e-
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1072 107t 10° 10! 102 10° 104 10°

Mean Signal (e)

When plotted in units of e rather than DN benefit of EM gain can be seen:
read noise is effectively reduced by the amount of gain



Noise (e)
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Going back to the spec sheet

technical data

Image sensor general
typs of sansor CCD power supply & 28VDC (12VDC typ)
FAGgE Sansor ICH2RSAL povnar consumption <dW

rasolution i x v)

1337 x 1040 pioal (o)
B0 x 600 jeanbad

weaight

=]

pial size (h xv)

8,45 prn x B.45 pm

operating temperature

25 kg _
+ 10 °C .+ 45 °C Nr- - 6 e'

sansor format [ diagonal

23 114 mm

operating humidity range

0% .. 80 % (non-condensing)

QE = 45% at = 700nm

shutier mods ghotsal [srapshod)

WTF 77.5 Ipfmm (thecretical)

fullwall capacity 16 D00 & {full Fram.s)
24 D00 &~ doinr

readout noise

Te msd

dark currant

1 eripioal’s @ 23 °C

DSMU’ 2 & rms
PRNLF" <1 %
Camera

frid. frarne raba

7.3 /13.5 fps 12 F 25 MHE, normal )
11.7 7 21.8 fps (12 /25 Mz, cenber)

axposura’shutier time

G 5

dynarmic ranga AT

14 bit

AD eonversion fastor

1.0 erfeaunt

pixal scan rala

12 MMz / 24 MHz

pixal data rafe

19.5 Mpixal's

Birning fhor x var)

1x1.2x2

nan linsdrity

<1 %

ST

< 0.002 %

andi-bleoming facior

= 400 (standand 100 ms exposund)
= 4 (NIA enhanced 100 ms axpos.)

riterframing tirrw”

1%

trigger input signals

sofiware / TTL laved

trigger ouiput sigrals

LIVINTTL level

! St magral STy ITRARITAS I 8 R0 G TOH O P TGS BT

hoin, raagar s - BorTity

i v e cermacy B Imigaa 1 FArTceR Iriages ey TR app Ao

siorage emperatwerange  -20°C .+ T70°C
optical imerface C-rigunt
CE certified yas
frame rate table* S N R — Q
Lk I -_ 2
pinelclock [MH 12 S 12 = \/QE X P + O-READ
1382 x 1040 T.afps 135fps 11.7fps  2181ps
w2 hinning 147 fps 27 fps 21Efps 404 fps
5
fuantum efficiency
QNI RNy %) 4
oy I~
monachme
= 2
i o =
o A e e E
| i) L
) 83
= o
| ==
=
= 2
wi — -
1]
o =
AD @0 48 AN A0 A0 MO WD WG YD T .21
w
1F
0 L 1 L

0 20 20 60 80
Number of incident photons

100



Going back to the spec sheet

technical data

Image sensor general
typs of sansor CCD power supply & 28VDC (12VDC typ)
raga Sansor ICH2ESAL P o < 4W
resolution B x v) 1382 % 1040 piosl [rermal) waight 0.25 kg
800 x E00 jeantad) operating temperature #10°C .+ 45 °C

pial size (h xv) 8,45 prn x B.45 pm

e = _on wneeeea_ Dark current: 1 e/pixel/s @ 23 °C

‘sarmor lormat 7 ianond T4
T e ) m siorage emperaiwerange -20°C L+ T0°C

shutier mods jlotsal [srapshod)
i Global [srapshed optical imerface C-rigunt
WTF 77.5 Ipd (Ehascredical
CE certified yas
fullwall capacity 16 D00 & {full Fram.s)
24 000 &~ fhirning)
raadout noiss 5. Termsd 12 MHz by
B _ B e @ 24 MHz [byp) .
yramic ange T8A7.1(BEAE, 12 MHz, fllfame) | [TAME FILE table
hurk narmal cender
quarttum afficiancy 85 W @ paak
- — delock [MHz) 12 25 12 k-
1382 x 1040 Tafps 135fps 11.7fps 2161ps
dark currant 1 eripioal’s @ 23 °C A ki "
= —_— w2 hinning 147 fps 27 fps 21Efps 404 fps
PRMNLF <1%
fuantum efficiency
Camera
iRy %)
. frarne raba T.3/13.5ps 12725 MHz, normal ) ?0_"“ -
1177 21.8 fps (12 /35 Mz, cenbar)
axposura’shutier time Sps.80s
dynarmic ranga AT 14 kit
AD eonversion fastor 1.0 erfeaunt
pixal scan rala 12 MHz / 24 MHz
pixal data rafe 19.5 Mpixalis
Birning fhor x var) 1x1..2x2
nan linsdrity =1%
ST = 0.002 %
anti-bleaming facior = 400 (standand 100 ms exposund)
= 4 (NIA enhanced 100 ms axpos.)
riterframing tirrw” 1
trigger input signals srftware / TTL havel

trigger ouiput sigrals LIVINTTL level

! St magral STy ITRARITAS I 8 R0 G TOH O P TGS BT
T ———
s St T SO TGRS 137 AT g STy (Y] AppACART



Going back to the spec sheet

technical data

Image sensor general
typs of sansor CCD power supply & 28VDC (12VDC typ)
ICHOREAL power consumpdion < dW
1392 x 1040 pixel [normal) nadghl 025 kg
800 x E00 jeantad) operating temperature #10°C .+ 45 °C

(L]

8.45 pm x 645 pm

sansor format [ diagonal

211,

14 mem

operating humidity range

10 % .. 80 % (non-condensing)

shutier mods

ghotsal [srapshod)

slorage lemperature range

Dynamic range: 2,667:1

-2 .+ TOC

WTF

T7.5 Ipdr

T (Ehesaredical

fullwall capacity

16 D00 & {full Fram.s)

24 000 &~ fhirning)

readout noise

5. Termsd 12 MHz by

dhymarnic ranga

2867 :1 (BB B, 12 MMz, full frams)

T

1100 Am

dark currant

1 eripioal’s @ 23 °C

DSMU’ 2 & rms
PRNLF" <1 %
Camera

frid. frarne raba

3% (12 F 25 MMz, normal )
Fps (12 /35 Mbz, cenber)

pixal scan rala

12 MMz / 24 MHz

pixal data rafe

19.5 Mpixal's

Birning fhor x var) 121 2x2
nan linsdrity <1%
STHr < 0.002 %

andi-bleoming facior

= 400 (standand 100 ms exposund)
= 4 [NIR anhanced 100 ms axpos.)

riterframing tirrw”

1 s

trigger input signals

sofiware / TTL laved

trigger ouiput sigrals

LIVINTTL level

! St magral STy ITRARITAS I 8 R0 G TOH O P TGS BT

a

hoin, raagar s - BorTity

T St T SOTRAC S TGS 15 AT IriAge sy (V) Sppcations

Read noise =6 e
e - Full well capacity = 16,000 e
redeswa @ = @ 2. Dynamicrange = 16,000/6 = 2667
quantum efficiency Dynamic range A/D = 14 bit
T o Gray levels = 214 = 16,384




Thanks!

* For more information:

— http://learn.hamamatsu.com/articles

— http://www.microscopyu.com/articles/digitalimaging/index.html/

— Photon Transfer by James Janesick
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