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INTRODUCTION TO CCD AND
CMOS IMAGING SENSORS AND APPLICATIONs

Part 1: Basic Principles & Concepts

Part 2: Charge Generation

Part 3: Charge Collection

Part 4: Charge Transfer

Part 5: Charge Measurement

Part 6: Noise Sources

Part 7: Performance Measurement

Part 8: Important CMOS Performance Differences vs CCD

Part 9: Manufacturing

Part 10: CMOS Pixel Scaling

Part 11: Design Problem: Selecting the right Image Sensor for the job
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Part 1

Basic Principles & Concepts
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CCD INVENTION

Boyle & Smith ATT Bell Labs, 1969 Nobel Prize in Physics 2009
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CCD INVENTION - 1969

From Lab Notebook 
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CCD Operation
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CCD Operation

3/13/2019 SPIE Baltimore April 2019 Crisp SC504 8



Key CCD Functions

● CHARGE GENERATION:

-PHOTO- ELECTRIC EFFECT 

-Light to charge conversion

● CHARGE COLLECTION:

-POTENTIAL WELL

-Create discrete regions to capture charge (pixels) in XY array

● CHARGE TRANSFER:

-POTENTIAL WELL

-Move charge from pixels to where it can be measured

● CHARGE MEASUREMENT:

-SENSE CAPACITOR

-Charge on capacitor creates voltage that is sensed
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Doping: N and P type Silicon
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At equilibrium:
n * p = ni

2

n= mobile electrons/cm3

p= mobile holes/cm3

NA = # Acceptor Atoms/ cm3 (boron)
ND = # Donor Atoms/ cm3(phosphorus)

In Ptype silicon, pp0  = ~ NA

In Ntype silicon, nn0  = ~ ND

At room temperature:
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Einstein’s Nobel Prize (1921)



PN Junction & Depletion Region
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CCD STRUCTURE
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POTENTIAL WELL

VREF

DEPLETION

REGION

FIELD FREE

REGION
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Charge movement



CHARGE TRANSFER

EXPOSURE

READOUT
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Charge Movement

Boyle & Smith’s 1969 notebook entry



CCD READOUT CIRCUIT

e-

3/13/2019 SPIE Baltimore April 2019 Crisp SC504 16



CHARGE DETECTION

V = charge/ capacitance = q/C (from electrostatics) 
(Coulomb/Farad = Volt)

Video-out =

q (electron charge) * #e- / NodeCapacitance

1.6 x 10−19 S(e−) / node capacitance(F)    (Volts)

e.g., 

Signal = 1 e−

Capacitance = 10−14 F

Video-out = 16 micro-volts
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CCD Architectural Types

FULL FRAME (PROGRESSIVE SCAN)

HIGH PERFORMANCE SCIENTIFIC CCD PIXELS

MAXIMUM PIXEL AREA FOR GIVEN PIXEL PITCH

REQUIRES SHUTTER OR PULSED LIGHT SOURCE

DIFFICULT FOR VIDEO

FRAME TRANSFER 

COMMERCIAL CCD PIXELS

ELECTRONIC SHUTTERING

NO PIXEL FILL FACTOR LOSS 

IMAGE SMEAR

RARELY EMPLOYED TODAY

~2X DIE SIZE VS FULL FRAME

INTERLINE TRANSFER

COMMERCIAL CCD PIXELS

ELECTRONIC GLOBAL SNAP SHUTTER: USEFUL FOR VIDEO/NO IMAGE SMEAR

ABOUT HALF OF PIXEL IS OPTICALLY DEAD (FILL FACTOR ~50%)

PIXEL FILL FACTOR LOSS  ALLEVIATED BY MICRO LENS

KEY TECHNOLOGY FOR MACHINE VISION/AUTOMATION
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CASSINI 1024 X 1024 IMAGER
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CASSINI IMAGERS
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PLANET SATURN
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FRAME TRANSFER
(ELECTRONIC SHUTTER)

Light 

Shield

Pros:

Shutterless video CCD

High fill factor 

Cons:

Image Smear

Die size = Cost

(Light Shielded)
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IMAGE SMEAR
(Frame Transfer CCD)
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INTERLINE TRANSFER
(ELECTRONIC SHUTTER)
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CCD IMAGERS

Qualities

■ Text book performance for all parameters (QE, read noise, MTF, dark 
current, linearity, etc.).

Deficiencies

■ Low tolerance for high-energy radiation damage.

e.g. proton bulk damage and resultant CTE degradation.

■ Significant off-chip electronic support required.

■ Difficulty with high-speed readout (inherently a serial read out device).
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COSMETICS

BLOCKED
CHANNEL

e-

BRIGHT
CHANNEL
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CMOS BASICS
(building on CCD fundamentals)
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CMOS IMAGERS

Merits

■ Very tolerant to high-energy radiation sources (long life time)

Any charge transfer degradation applies only to one transfer in array vs thousands for serial readout CCD

■ On- chip system integration (low power, low weight and compact designs).

Easy to build CDS, A/D & other support circuitry on-chip with both N&P type MOSFETS available

■ High speed / low noise operation (inherently a parallel- random access readout device).

Each column can have its own signal processing & A/D conversion circuitry with digital outputs. Limited only by power and pincount
(and ability to store data)

Deficiencies

■ Historically lacked performance in most areas compared to the CCD (charge generation, charge collection, charge transfer and charge 
measurement).

Much improvement has been realized in recent years. Some remaining challenges arising from V/e- nonlinearity in flat fielding area

■ Wafer processing typically is more expensive and uses many more lithography steps. On the other hand typically is fabricated on modern 
300mm wafers with many more die per wafer vs large CCDs fabricated on small wafers (due to lithography limitations)
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CMOS IMAGER TYPES

PROGRESSIVE SCAN

CHARGE TRANSFER CMOS PIXELS

IMAGE MOTION SMEAR

REQUIRES SHUTTER OR PULSED LIGHT SOURCE

READ NOISE LIMITED BY PIXEL SOURCE FOLLOWER AMPLIFIER

NO SENSE NODE BLOOMING AND SMEAR

ROLLING SHUTTER

3T PHOTO DIODE PIXELS

ELECTRONIC SHUTTERING 

IMAGE MOTION SMEAR

RESET NOISE LIMITED (UNLESS ACTIVE RESET IS EMPLOYED)

SNAP

CHARGE TRANSFER CMOS PIXELS

ELECTRONIC SHUTTERING

NO IMAGE MOTION SMEAR

RESET NOISE LIMITED (TRUE CDS CANNOT BE PERFORMED)

SENSE NODE BLOOMING AND SMEAR
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Example CMOS PIXELS

PINNED

PHOTO

DIODE

DEEP

N-WELL
N-WELL
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6T

PHOTO GATE

5T

PINNED

PHOTO

DIODE

Example CMOS PIXELS
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6T High Dynamic Range



CMOS Photogate Pixel
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CMOS PHOTO GATE PIXEL

PG

TG

SN
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Amortize the readout circuitry over more than one pixel to improve Fill Factor, 
QE and to support on-chip summation of multiple pixels



CMOS PIXEL READOUT
(PARALLEL RANDOM ACCESS READOUT)

ROW SELECT LOGIC
+ CLOCK DRIVERS

PIXELS

COLUMN SELECT LOGIC
+ CDS READOUT

ROW

COLUMN

The pixel array is 
accessed using a row 
and column address as 
if it were a memory IC
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ULTRA LOW NOISE (2 e-) READ MODES

3T PPD DCDS PROGRESSIVE SCAN READ OUT
- Sample the first row of pixels, encode and save (all other rows integrate signal charge).
- Reset that same row and immediately sample the reset levels, encode and save.
- Progressively read and sample the next row of pixels in the same fashion.
- Repeat until all rows of the imager are read out.
- Subtract video and reset levels with computer to eliminate reset noise.
- Repeat frame readout.

- VARIATIONS
-Integrate before readout
-Rolling shutter readout

4T PPD DCDS SNAP READ OUT
- SNAP video to sense node for all pixels (all rows  integrate charge during readout).
- Sample the first row of pixels, encode and save.
- Reset that same row and immediately sample the reset levels, encode and save.
- Progressively read and sample the next row of pixels in the same fashion.
- Repeat until all rows of the imager are read out.
- Subtract video and reset levels with computer to eliminate reset noise.
- Repeat frame readout.

VARIATIONS
-Integrate before readout
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Rolling Shutter Operation
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MOTION SMEAR
(ROLLING SHUTTER)
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Each scanline (row) of image 
is sampled at a different time 
leading to motion smear



Global Snap Shutter 
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Rolling Shutter Snap Shutter



Part 3

CHARGE GENERATION
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CHARGE GENERATION
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Reflectivity vs wavelength

How many photons make it into the silicon to interact?
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PHOTON ABSORPTION DEPTH

How deep do you make the depletion region for optimum spectral response?
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QE Boosting: Indium Tin Oxide Transparent Gate
KODAK (now On-Semi)

ITO

Poly
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QE Boosting for UV/Near UV: Lumigen Coating
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Vacuum Deposited Lumigen Coating 

3/13/2019 SPIE Baltimore April 2019 Crisp SC504 46



LUMIGEN QE TRANSFER
HUBBLE WF/PC II

UV/NUV 

response 

enhanced
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QE: FRONTSIDE vs BACKSIDE Illumination
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QE Boosting: Thinning for backside illumination

10 m THINNED MEMBRANE

THICK WINDOW FRAME

FRONTSIDE 
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HUBBLE BACKSIDE ILLUMINATED CCD
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QE Boosting: Accumulation layer for BSI

Need to avoid charge trapping at backside surface

Accumulation layer added to force electrons toward depletion region
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Part 4

CHARGE COLLECTION
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PIXEL PROBLEM AREAS

PIXEL INTEGRATION MTF

RELATED TO APERTURE SAMPLING

PIXEL DIFFUSION MTF

REGIONS IN THE PIXEL THAT ARE FIELD FREE

PIXEL CTE AND IMAGE LAG MTF

IMAGE SMEAR DUE TO INCOMPLETE TRANSFER OF CHARGE
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MODULATION TRANSFER FUNCTION

P = p

P = 1/2 p

P = 1/5 p

NYQUIST = fN

SMAX

SMIN

SOFF

PIXELS

P = 1/5 p

P = 1/2 p

P = p

P = p

P = 1/2 p

P = 1/5 p

PIXEL
PITCH PIXEL

DP=p
DP=0.5*p
DP=0.2*p

DP=p

DP=0.5*p

DP=0.2*p

DP=p

DP=0.5*p

DP=0.2*p
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MODULATION TRANSFER FUNCTION

MTFi = SINC (pfDP/2fnd)

Where:
MTFi = Integration MTF
f = spatial frequency of image
DP = Pixel Aperture Opening
d = Pixel Pitch
fn = Nyquist frequency 

3/13/2019 SPIE Baltimore April 2019 Crisp SC504 55



MODULATION TRANSFER FUNCTION
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CONTRAST

CONTRAST

= Smax - Smin / Smax + Smin
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SLANT BAR TARGET
(used for MTF measurements)

PIXELSPIXELS
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Aliasing

Like when you see a striped shirt on TV
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CHARGE DIFFUSION MTF
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Charge generated in field free 
region may wind up in wrong 
pixel: diffuses randomly 
through device layer (epi or 
bulk substrate)

Images can be smeared 
depending on how much of the 
signal was generated in field 
free region

Depth of photon penetration is 
wavelength dependent: MTF 
will exhibit same dependency

Frontside illuminated: longer 
wavelengths may interact in 
field free region

400nm light:
Little charge diffusion
High Diffusion MTF

900nm light
Significant charge diffusion
Low Diffusion MTF



CHARGE DIFFUSION

3/13/2019 SPIE Baltimore April 2019 Crisp SC504 61

Charge can easily 
wind up in wrong 
pixel if generated in 
field free region

400nm light:
Little charge diffusion
High Diffusion MTF

900nm light
Significant charge diffusion
Low Diffusion MTF



DIFFUSION MTF vs FIELD FREE SILICON
BACKSIDE ILLUMINATION

FIELD FREE, MICRONS
1 2 3 4 5 6 7 8 9 10

0

0.2

0.4

0.6

0.8

1

 =1000 nm

800 nm

600 nm

400 nm

l = 1000nm
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Since light penetrates from 
backside, depletion region 
is deep in substrate: Long 
wavelength light penetrates 
to depletion region: high 
MTF with long wavelength

Short wavelength light may 
interact in field free region 
close to backside surface: 
poor MTF 

BSI MTF @ long wavelength 
& degrades @ short 
wavelengths



Part 5

CHARGE TRANSFER
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CHARGE TRANSFER (Both CCD & 4T + CMOS)

CHARGE TRANSFER

MECHANISMS. . . 

1) SELF INDUCED DRIFT

2) FRINGING FIELD

3) THERMAL DIFFUSION

3/13/2019 SPIE Baltimore April 2019 Crisp SC504 64

How much charge is left behind?
(Charge Transfer Efficiency)



X-RAY Analysis

USES. . . . . 

e- / DN CALIBRATION

ABSOLUTE CHARGE TRANSFER EFFICIENCY (CTE)

CHARGE COLLECTION EFFICIENCY (POINT SPREAD)
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X-RAY STANDARD

Iron-55

Mn x-ray emitter

1617 e- / x-ray

13 e- rms (Fano noise)

Electron cloud diameter < 1 micron
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X-RAY INTERACTION

1620 e- 13 e- Fano noise

< 1 um

Fe – 55 SOURCE

e- e-

n

p
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X-RAY FLAT FIELD SET UP
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DIFFUSION
CLOUD

λ

CHARGE TRANSFER TRANSIT TIME

DIFFUSION vs TRANSIT TIME

σD = (2Dttr) σD=(2kT x / (q VSUB)

VSUB x
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0.25 ns

0.5 ns

0.75 ns

1 ns 1.25 ns

DIFFUSION SPOT SIZE, um

SI
G

N
A

L

POINT SPREAD CHARGE DIFFUSION

300 K
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X-RAY ABSORPTION LENGTH
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X-RAY EVENT IMAGE

SINGLE
EVENTS
1620 e-

PARTIAL
EVENTS
<1620 e-

NOISE
ELECTRONSSPLIT

EVENTS
1620 e-
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X-RAY EVENT ROW STACKING

SPLIT EVENTS

BAD COLUMN

OFFSET

SINGLE PIXEL EVENTS – 1620 e-

Fe- 55
0.94 e-/DN

READ NOISE
6e- rms

SI
G

N
A

L,
 D

N

PIXELS
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ABSOLUTE CTE MEASUREMENT

261 e-

LOSS
1620 e-

CTE = 1-261 / [1620 x 520]

= 0.99969

FIRST TRAILER
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CCD CTE PROBLEMS
(SILICON)

1620 e-

CTE = 0.996
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CCD CTE PROBLEMS
(TRAPS)
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Part 6

CHARGE MEASUREMENT
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OUTPUT AMPLIFIER

OTG

OTG

VREF
VDD

- VSS

- VSS

ID

VDDVREF
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Charge path
from horiz
register



Part 6
NOISE TYPES
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Shot Noise
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Einstein’s Nobel Prize (1921)



Quantum Yield

visibleXray
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where 

σSHOT(e-) = shot noise (rms e-)

ηi = quantum yield (e-/interacting photon)

PI= interacting photons/ pixel

S(e-) = signal (e-)

SHOT NOISE

𝜎SHOT(e−) = 𝜂𝑖(𝑃𝐼)
1

2 = (𝜂𝑖
2 ∗ 𝑆(𝑒−)/𝜂𝑖)

1

2 = (𝜂𝑖 ∗ 𝑆(𝑒−))
1

2
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𝑆(𝑒−) = 𝜂𝑖𝑃𝐼

𝑃𝐼 = 𝑆(𝑒−)/𝜂𝑖

𝜎SHOT(photons) = (𝑃)
1
2

Shot noise of photons interacting with silicon in photon units:

𝜎SHOT(photons) = (𝑃𝐼)
1
2

In electron units:

(photons)

(photons)

(electrons)



SNR for Quantum Yield of 1 and for >> 1

𝑁𝑜𝑖𝑠𝑒(𝑒−) = (𝜂𝑖 ∗ 𝑆(𝑒−))
1

2

SNR = 𝑆(𝑒−) / (𝜂𝑖 ∗ 𝑆(𝑒−))
1

2

For 𝜂𝑖=1 (visible light, silicon) 

SNR = 𝑆(𝑒−) / (1 ∗ 𝑆 𝑒 − )
1

2 = (𝑆(𝑒−))
1

2

For 𝜂𝑖=1620 (Fe55 Soft Xray in Silicon) 

SNR = = 𝑆(𝑒−) / (1620 ∗ 𝑆 𝑒 − )
1

2 = (𝑆 𝑒 − /1620)
1

2

XRAY and other 𝜂𝑖 >1 images are significantly noisier than visible light images 

(electrons)

(dimensionless)

(dimensionless)

(dimensionless)
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SIGNAL TO NOISE vs QUANTUM YIELD

Direct X-RAY CCD/CMOS
Electron multiplying -
CCD/EM-CMOS and EM 
films, all suffer from this 
shot noise limitation 
issue

Standard Visible Light:
Ni = 1 e-/photon

Ni >> 1 e-/photon
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Read Noise 
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READ NOISE

• READ NOISE (rms e-) REPRESENTS THE “UNCERTAINTY” IN MEASURING PIXEL CHARGE

• CHARGE GENERATION, COLLECTION AND TRANSFER CAN BE NOISELESS PROCESSES. SIGNAL 
PROCESSING CAN ALSO BE A NOISELESS PROCESS

• THE SOURCE FOLLOWER AMPLIFIER IS THE ONLY FUNDAMENTAL NOISE SOURCE
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OUTPUT AMPLIFIER NOISE SOURCES

DRAIN

SOURCE

SENSE
NODE RESET

OTG
OSW

VREFHORIZONTAL
REGISTER

GATE

SF FLICKER NOISE = 

INTERFACE ELECTRON TRAPS

WITHIN SOURCE FOLLOWER CHANNEL

SF WHITE NOISE= 

THERMAL ELECTRON  MOTION

WITHIN SOURCE FOLLOWER CHANNEL

SF FLICKER AND WHITE NOISE 

DEPENDENT ON MOSFET SIZE

AND BIAS CURRENT

(THE LARGER THE BETTER)

kTC RESET NOISE
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Fixed Pattern Noise
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SHOT NOISE 5 % FIXED PATTERN NOISE  

S=2x105 e-

σSHOT=447 e-

S=2x105 e-

σFPN=10000 e-
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Same Signal Level: Shot Noise vs Fixed Pattern Noise

Each pixel has 
slightly different 
light response 
leading to FPN 
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Optical FPN

q

Light flux intensity rolls of as Cos4(q)Image Sensor

Thin lens

Cos4(q) roll off + mechanical vignettingFilter

Dust particle

Image of white/featureless background
Shows Optical FPN and Sensor FPN along 
with dust particles

Target

Image



RAW

CORRECTED
CDET = 0.04

FLAT FIELDING removes FPN
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Reset Noise
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CORRELATED DOUBLE SAMPLER (CDS): Practical Reset Noise Removal for CCD
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3T Pixel cannot remove Reset Noise: Charge Transfer Pixel can
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To multiplexer & pipelined A/D subsystem

Array of Pixels w/ S&H 
Vdd Vdd Vdd

4T Pixel used in progressive scan



Dark Noise
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THERMAL DARK CURRENT
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DARK CURRENT EQUATION
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(eV/K)

(eV)



DARK CURRENT NOISE SOURCES

DARK CURRENT SHOT NOISE

DARK CURRENT FPN

DARK CURRENT FPN FACTOR
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Image Degraded by Dark Signal NonUniformity
(2 MINUTE EXPOSURE)

RAW IMAGE DESPIKED IMAGE

(subtract Dark Frame from Image)
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Blooming
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CCD ANTIBLOOMING
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Bloomed Anti-Blooming



CMOS ANTIBLOOMING
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NODE
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GATE
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ROW
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VIDEO
OUT

PHOTO
DIODE

p+

3 T PHOTO DIODE

ANTI
BLOOMING
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ANTI
BLOOMING

l

CMOS SENSE NODE BLOOMING
(CHARGE COUPLED PIXELS)



CMOS SENSE NODE BLOOMING
(CHARGE COUPLED PIXELS)
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Quantizing Noise
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ADC QUANTIZING NOISE
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Image Quality vs Bit Depth

10 BIT

5 BIT

4 BIT
10 BIT CMOS VGA

10 BIT TO 5 BIT
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Residual Image
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Residual Image
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Residual Image:  Charge Trapping Sources
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Wafer Mapping Example

ON-Semi KAF16803

Kodak KAF3200

Kodak KAF16803

SPIE Baltimore April 2019 Crisp SC504

Light-Flooded Dark Images reveal 
nonuniform trapping site distribution

Careful wafer mapping of where die were on 
wafer shows circular trap distribution indicating 
related to crystal growth process
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Silicon Boule Manufacturing (Czochralski Process)

Boule is rotated as 
pulled from melt

Wafers sliced from BouleMicrostresses induced by rotation
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High Energy Particles
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COSMIC RAYS - SOLAR PARTICLES

HUBBLE
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Random Radiaton hits are 
common with long exposures & 
non-terrestrial imaging

If image target is non-changing 
(ie Astronomical), combining 
multiple images using sigma-
reject algorithm can eliminate 
random hits

If sensor has RBI/Charge 
Trapping issues, radiation hits 
may accumulate via trapping & 
decay slowly for cooled sensors



COSMIC RAYS - SOLAR PARTICLES

GALILEO

PROTON

IMAGE
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RADIATION INDUCED DARK CURRENT SPIKES

GALILEO BEFORE LAUNCH AFTER 1.5 YEARS IN SPACE
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Amplifier Luminescence
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Amplifier Luminescence
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Generic Amplifier Luminescence Considerations
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The luminescence may be 
transient but with RBI will 
remain in subsequent images 
via trap decay like RBICCD Example
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System Noise



2.5 Mpixels /sec 5.0 Mpixels /sec

SYSTEM NOISE
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Low noise at 
low speed 
readout

Higher noise 
at high speed 
readout



Part 7
Performance Measurement
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Signal to Noise Ratio (SNR)
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S/N =7.0     5.0     4.0       3.0      2.0      1.4     1.0       ∞A

5
80+

SIGNAL-TO-NOISE
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SIGNAL-TO-NOISE
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1 e- IMAGERY

1 e- SIGNAL

1 e- SHOT NOISE

0 e- READ NOISE

1 e- SIGNAL

1 e- SHOT NOISE

1 e- READ NOISE
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How do we measure performance?
• Need objective method to assess sensor performance

• Quantify sensor performance using theory and 

graphical methods

• Plot noise versus signal for basic measurements
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FLAT FIELD S/N TRANSFER CURVES

● PHOTON TRANSFER

NOISE VERSUS SIGNAL

● LUX TRANSFER

S/N VERSUS ABSOLUTE LIGHT LEVEL
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PHOTON TRANSFER NOISE REGIMES

Total Noise (e─) = (RN2 + SN2 + FPN2)1/2

RN = Read Noise (rms e─)

SN = Shot Noise (rms e─)

= (Signal (e─))1/2

FPN = Fixed Pattern Noise (rms e─)

= PN x Signal (e-)

PN = Pixel Nonuniformity Factor
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READ NOISE

REGIME

(SLOPE 0)

SHOT NOISE

REGIME

(SLOPE ½)

FPN

REGIME

(SLOPE 1)
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σTOTAL(DN)

e- / DN

FULL
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FULL
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PHOTON TRANSFER CURVE
(TOTAL NOISE)
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Read Noise

Kadc



SIGNAL-TO-NOISE REGIMES

READ NOISE REGIME

S/N= SIGNAL / READ NOISE

SHOT NOISE REGIME

S/N = SIGNAL / SHOT NOISE = SIGNAL / SIGNAL1/2 = SIGNAL1/2

FIXED PATTERN NOISE (FPN) REGIME

S/N = SIGNAL / FPN = 1 / PN

WHERE PN = FPN / SIGNAL  (SLOPE 1. . .  APPROXIMATELY 1%)

FPN (e─) = PN x S(e─)

ONSET OF FPN (e─) = 1 / PN
2  

(APPROXIMATELY 10,000 e- )

CONSTANT !
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PHOTON TRANSFER DATA COLLECTION
(FOR SHOT NOISE LIMITED RESPONSE)
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1.5 e-/DN
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-10 C
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Normally you cool 
sensor or limit 
exposure to avoid any 
significant dark signal



DYNAMIC RANGE

DYNAMIC RANGE:

FULL WELL / READ NOISE
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Measured from PTC



σD_SHOT+FPN
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Dark Spikes vs Temperature

149

Dark Current 

Limited:

Reduces DSNU

Reduced 

temperature: 

less thermal 

current, more 

variance of dark 

spikes: 

increases 

DSNU

KAF series 

DSNU is 

specified at room 

temperature 

(25C)
Increasing DSNU

Source: Janesick
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Flat Fielding
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Flat Fielding for FPN Removal

Sensor FPN removal

Optical FPN removal

152

Source: Janesick
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The flat fielding operation

153

i

i

i

FF

RAW

FFCOR
S

S
S =

signal correctedS
iCOR =

fieldflat in  level signal average FF =

fieldflat in  signalS
iFF =

image rawin  signalS
iRAW =

(1)

The flat fielding operation consists of dividing, pixel by pixel, the 

raw image by a flat field image. The corrected ith pixel of an image 

that has been flat-fielded is expressed as:

3/13/2019 SPIE Baltimore April 2019 Crisp SC504



Noise in a flat-fielded image

154

(2)
2

2

y

2

2

x

2

Q
y

Q

x

Q












+












= 

In order to test the efficacy of the flat-fielding operation, we need to 

know the noise of this corrected image. We now seek the equation for 

the noise of the corrected image in terms of the signal level in the flat 

field and the raw images.

Since the noise of the corrected image is simply the square root of the 

variance of the image we can calculate the variance. 

The corrected image is a function of two variables, the raw signal and 

the flat field signal. To calculate the variance of a function of two 

variables where the variables are uncorrelated, we use the simplified 

propagation of errors formula:
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Noise in a flat-fielded image cont’d

155

FFshot-FF
2 S=

RAWshot-RAW
2 S=

Performing the differentiation and doing a lot of 

manipulation while substituting

equation (3) simplifies to

(4)2

READ

FF

RAW
RAW

2

COR
S

S
1S  +








+=

Applying (2) to (1) and including a read noise term for a practical 

system we get

2

READ

2

RAW

COR2

shotRAW

2

FF

COR2

shotFF

2

COR
S

S

S

S
 +












+












= −−

(3)
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How it works

156

RAWFF SS so long as   equation (4) reduces to

2

READRAW

2

COR S  +=

which is shot noise limited when   
2

READRAWS 

indicating the Fixed Pattern Noise is completely removed 

thereby meeting our goal

(4)2

READ

FF

RAW
RAW

2

COR
S

S
1S  +








+=
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One remaining issue related to finite well depth

157

Unfortunately with a finite well depth the inequality 

cannot always be guaranteed when using a single flat field 

frame to calibrate a raw image containing a high signal level. A 

solution can be found by averaging FFN frames 

of signal level FFS

2

READ

FFFF

RAW
RAW

2

COR
SN

S
1S  +








+=

(5)

RAWFF SS 
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Solving the finite well depth issue

158

RAWFFFF SSN 

Since any arbitrary number of flat field images can 

be combined together, it is a simple matter to 

guarantee by selecting an appropriate

FFNvalue of

2

READRAW

2

COR S  +=

such that  (5) simplifies to

2

IMAGE Read_noiseSignalNoise +=

Taking the square root of each side and substituting descriptive 

names for the variables (6) transforms into our desired noise 

equation, which is free of the SNR-limiting FPN term

(6)

FFSand
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• When a flat is used to flat-field another flat of equal signal level, 
the shot noise in the resulting image is increased by SQRT(2)

• If the noise (electron units) of the flat-fielded image is set to be 
equal to the noise of the non-flat-fielded image the “breakeven” 
level of signal (electrons) in the flat field dataset is determined in 
terms of PRNU (see next page):
• For the dataset used for the master flat, we can determine the 

minimum amount of signal needed to prevent increasing the noise 
after flat-fielding

• If the signal is less than this minimum, flat-fielding will increase the 
noise in the image: this is counter to the purpose of flat-fielding

Total Signal Level for “breakeven”
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Breakeven signal level

160

2

FF

22

IMAGE Read_Noise
Q

Signal
1SignalRead_NoisePRNU)*Signal(SignalNoise +








+=++=

Solving for QFF

2FF
PRNU

1
Q

Breakeven
=

This says that as PRNU increases, the minimum number of 

electrons needed in the flat field set to avoid increasing 

noise, drops.

Ie: the noisier is the raw image, so the noisier can be the flat 

without increasing the noise in the calibrated image
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Flat Field PTC, PRNU = 1%
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Before/after Despiking & Flat-fielding
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QE Transfer
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CCD AS PHOTO DIODE
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QUANTUM EFFICIENCY (QE) TRANSFER
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PHOTON STANDARD (calibrated photodiode)
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QE Curve
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Binning / on-chip summation
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Analyzing / Optimizing Images with 
Modulation
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Analysis of Images with Modulation

173

𝛿𝑡𝑜𝑡𝑎𝑙 = SQRT(𝛿𝑚𝑜𝑑𝑢𝑙𝑎𝑡𝑖𝑜𝑛
2+ 𝑅𝑒𝑎𝑑_𝑛𝑜𝑖𝑠𝑒2 + 𝑆ℎ𝑜𝑡_𝑛𝑜𝑖𝑠𝑒2+ 𝑓𝑖𝑥𝑒𝑑_𝑝𝑎𝑡𝑡𝑒𝑟𝑛_𝑛𝑜𝑖𝑠𝑒2 + 

𝐷𝑎𝑟𝑘_𝑓𝑖𝑥𝑒𝑑_𝑝𝑎𝑡𝑡𝑒𝑟𝑛_𝑛𝑜𝑖𝑠𝑒2+ 𝐷𝑎𝑟𝑘_𝑠ℎ𝑜𝑡_𝑛𝑜𝑖𝑠𝑒2)

An image with modulation can be analyzed using the noise equation, by 
treating the RMS modulation as another noise term:

If the image to be analyzed has been flat-fielded and the operating 
temperature is low enough, then the dark and fixed pattern noise terms 
can be ignored simplifying the equation to:

𝛿𝑡𝑜𝑡𝑎𝑙 = SQRT(𝛿𝑚𝑜𝑑𝑢𝑙𝑎𝑡𝑖𝑜𝑛
2+ 𝑅𝑒𝑎𝑑_𝑛𝑜𝑖𝑠𝑒2 + 𝑆ℎ𝑜𝑡_𝑛𝑜𝑖𝑠𝑒2)
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Images with Modulation

174

For the analysis, the Modulation, 𝛿𝑚𝑜𝑑𝑢𝑙𝑎𝑡𝑖𝑜𝑛 , is decomposed into a modulation
constant, 𝑀𝐼, and an equivalent flat-field image with a signal level equal to the
average value of the modulated image. The modulation constant,
𝑀𝐼 , can be thought of like PRNU: the resulting modulation is proportional to
signal level and this constant

𝛿𝑚𝑜𝑑𝑢𝑙𝑎𝑡𝑖𝑜𝑛= 𝑀𝐼 ∗ Equivalent_flatfield_average_signal

In general each feature in the image will have a different 𝑀𝐼 and it is the variation
of the 𝑀𝐼 across the image that gives the image its appearance.

Mathematically the modulation, 𝛿𝑚𝑜𝑑𝑢𝑙𝑎𝑡𝑖𝑜𝑛 , is modeled the same as fixed
pattern noise, hence the value of the modulation is proportional to the average
signal level. In this case instead of PRNU for FPN analysis a different constant, 𝑀𝐼 is
used.
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Making a Modulation PTC: Data Collection / Reduction

175

SNR= 81.19

Equivalent Flat 
Field Signal 
Level

SNR of Flat=
SQRT(Avg-offset) 
(assumed shot 
limited)

𝛿𝑡𝑜𝑡𝑎𝑙 Read_noise from PTC

Noise Equation

𝑀𝐼

Offset from PTC

78.5% 

103.32
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Calculating the SNR

176

The SNR of a modulated image is calculated by using the 𝑀𝐼 factor multiplied 
by the SNR of a flat field image of the same average signal level:

𝑆𝑁𝑅𝑚𝑜𝑑𝑢𝑙𝑎𝑡𝑒𝑑 𝑖𝑚𝑎𝑔𝑒 = 𝑀𝐼 ∗ 𝑆𝑁𝑅𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝐹𝐹

The total noise of the equivalent flat-field is equal to the shot noise of the flat field of 
that signal level:  Noise = SQRT(Flat-Field Signal level)
SNR = (Flat-Field Signal level)/SQRT(Flat-Field Signal level)

SNR = SQRT(Flat-Field Signal level)

So in our example, the Signal Level for the Equivalent Flat-Field was 12,626.913DN –
1950DN of offset, making the SNR of the equivalent flat-field:

SQRT(12,626.913-1950) = 103.32

So with an 𝑀𝐼 = 78.5% we get a final SNR for the modulated image region of:
𝑆𝑁𝑅𝑖𝑚𝑎𝑔𝑒−𝑟𝑒𝑔𝑖𝑜𝑛 = 0.785* 103.32= 81.19

This is the calculation method that will be used for creating the curves that follow
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IMAGE  SIGNAL TO NOISE
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5

IMAGE  SIGNAL TO NOISE
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PART 8
CMOS IMAGE SENSOR: 
MAJOR PERFORMANCE DIFFERENCES VS CCD

SPIE Baltimore April 2019 Crisp SC504
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CMOS: OFTEN LOWER READ NOISE THAN CCD

Source follower for CCD drives the off-chip load: 
needs a big transistor

Trapping sites under large area gate electrode of source 
follower determine 1/F noise for CCD S-F. Large geometry 
transistor has many sites: behave as continuum of trapping-
detrapping

Source follower for CMOS is in each pixel and drives small 
on-chip load: uses tiny transistor

For CMOS, tiny S-F transistor has only small # trapping sites: 
lower noise & looks like discrete events
(called RTS: Random Telegraph Signal)

Same size pixel, 
Same exposure 
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3 Transistor
No DCDS
No Image Lag
Higher fill factor

4 Transistor
DCDS possible 

(noise compensation)
Image Lag
Lower fill factor

COMMON CMOS PIXEL ARCHITECTURES

Many other architectures / features possible
Depending on pixel/array design
(global snap shutter, A/D per pixel for HDR etc)

On Chip Binning not 
feasible with this array 
design

Amplifier / ADC per 
column is possible
Can get very fast frame 
readout rates vs CCD, 
ie > 1000 frames/sec
Can you store that 
much data?
(16Mpix * 1000 f/s = 
16Gigapixels/sec * 
16bits/pix = 
32Gbytes/sec)

How many pins do you 
want and how much 
power is OK?
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CMOS IMAGE LAG

Looks like CCD Residual Image but caused by different mechanism
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IMAGE LAG
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CMOS OFFSET & RESET FPN

For most CMOS sensors, each pixel in a has its own amplifier
The offset value of each pixel amplifier is a little different resulting in pixel to pixel 
offset FPN. 

This can be removed on-chip depending on IC architecture 
(DCDS, digital correlated double sampling)

CCD usually has 1 to 4 amplifiers only and off-chip CDS circuits are used
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Ultimately RTS 
noise sets the 
noise floor for 
CMOS
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CMOS: V/E NON-LINEARITY
& 

FLAT FIELDING

Photon Transfer Plots (Friday Workshop)
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CMOS: V/E NON-LINEARITY: REMNANT FPN
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CMOS: V/E NON-LINEARITY:
FLAT/SIGNAL DEPENDENT REMNANT FPN

Imperfect flat fielding is the net result

>10% Lens 
shading/rolloff is not 
unusual for wide 
FOV – big sensor combo

FSQ-KAF39000
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SUMMARY

CMOS often has lower read noise than CCD
• Source follower noise is lower because transistor geometry is smaller
• Lower noise with equal QE results in less time to given SNR target

CMOS Sensors can be read at very high speed
• One or two Amplifiers & A/D per column is feasible for ultra fast frame rates (> 1000 frames/sec)
• Very difficult to store the high bandwidth data (32GByte/sec = 1000 frames sec of a 16 megapixel sensor with 16 bits/pixel)

Some CMOS pixel architectures suffer from image lag
• Reminds you of RBI but is a different mechanism
• Can be especially bad in high frame rate video applications

Some CMOS noise sources behave differently than CCD
• Each pixel has its own amplifier with its own offset and noise characteristics

• Reset Noise
• Offset FPN

• Reset and Offset FPN can be corrected on-chip, depending on architecture
• RTS noise (ultimate noise floor)

CMOS nonlinearities can be more severe than CCD
• V/e- more severe vs CCD and that causes FPN to not be fully removed by flat fielding
• Can cause visible artifacts with as little as 10% lens intensity rolloff & high signal levels
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Part 9
Manufacturing



Manufacturing Issues

• Wafer Fab processes
• Starting material: high resistivity epi or high resistivity wafers
• Photolithography: maximum die size vs litho tool’s FOV, stitched reticles & wafer size 
• Doping profiles versus logic (high resistivity device layer vs low)

• Want deep depletion regions for good QE and MTF

• No need for ultra small transistors (light doesn’t scale)
• Nice to have copper metallization vs Al to minimize interconnect/dielectric stack height (~65nm node)

• Backside Illumination
• Thinning
• Accumulation layer 

• Die Stacking
• Separate photosensing layer vs readout IC

• Potential for compound semiconductor sensing layer (SWIR sensing)

• Logic process vs photodiode process

• Smallest possible footprint: set by photodiode array

• Bumped surfaces vs TSV?

• Include memory (DRAM) in stack?
• Three die stack, with buffer DRAM

• High speed Rolling Shutter: minimize tearing

• Very high speed for slow motion

• Fill DRAM fast then readout at link speed
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Starting Material
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Starting material / epi resistivity
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MTF?
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Fe- 55 X-RAY EVENTS

8 um
PIXELS

MINIMAL ARRAY
Fe- 55
15 μm EPI (30,000 ohm-cm)
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10 ohm-cm

Note large number of split events



Wafer Starting Material:
Czochralski, Float Zone, EPI?
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Float Zone (ultra pure)
Epitaxy

Diameter limitations

Epi more immune to radiation hits
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Lithography



Lithography

• Possible to make a single big chip per wafer up to 150 mm wafer size
• Industry used “Projection” printers: illuminates entire wafer with a single exposure flash

• When industry switched to 200 mm and later to 300 mm wafers, they switched 
lithography tools to “Steppers” and “Scanners”
• These tools use multiple exposure flashes per masking layer

• They Step and Scan/Repeat across the wafer exposing at each stop

• The “reticle” printed at each step is of limited size (25 x 25 mm is common)

• Only feasible way to make a big die is to use “stitched” reticle (ie 2x2 mosaic)
• 4x the # of expensive photomasks needed

• ¼ the wafer fab throughput

• Big CCDs are still built using 150 mm wafers and projection printers

• Most CMOS sensors are made on 200 mm or 300 mm wafers and therefore 
usually have a limit of about 25 x 25 mm maximum reticle (cluster of die) size
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Lithography
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Various projection systems

Various Stepper & Stepper/Scanner Systems

Various Stepper & Stepper/Scanner Lenses



Projection/Scanner vs Stepper/Scanner
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Projection/Scanner Printer, 100 mm wafer

Frame Xfer

Frame Xfer

Frame Xfer

Stepper/Scanner 200 mm wafer

Full Frame

Full Frame

Up to & including 150mm diameter wafers

200mm & 300mm diameter wafers



Microlenses
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Backside Illumination
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BSI Manufacturing Issues

• Thinning / handling the wafer

• Dark Current control

• Backside surface trapping prevention

• Packaging

• TSV stacking with other die?

• Microlens / Color Filter Array
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BACKSIDE ILLUMINATED CMOS
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QE PINNING
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SELF ACCUMULATION
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ION IMPLANTATION
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BACKSIDE IMPLANTATION ISSUES

IMPLANT MUST BE HIGH DOSE AND VERY SHALLOW FOR

HIGH BACKSIDE FIELD AND NEGLIGIBLE RECOMBINATION.

IMPLANT PROFILE MUST BE MAXIMUM AT THE IMMEDIATE

SURFACE. ADDITIONAL THINNING MAY BE REQUIRED TO

REMOVE LEADING EDGE OF THE IMPLANT PROFILE.

IMPLANT MUST BE ACTIVATED TO ELIMINATE

BULK STATE TRAPS WHICH LEAD TO LOW QE AND HIGH

DARK CURRENT.  e.g., LASER ANNEALING, RAPID

THERMAL ANNEAL, GLOBAL ANNEALING USING REFRACTORY METALS. 

IMPLANT ANNEALING IS A TRIAL AND ERROR INTENSIVE AND

TYPICALLY NOT A REPRODUCABLE PROCESS.

VERY LOW ENERGY IMPLANT IS REQUIRED TO DUPLICATE

PASSIVE ACCUMULATION APPROACHES.  NATIVE OXIDE THICKNESS

MUST BE KNOW ACCURATELY.  ACTIVATION DIFFUSES IMPLANT.

TYPICALLY DOES NOT REACH THE QE PINNED CONDITION AND

EXHIBITS BACKSIDE DARK CURRENT.

MANY GROUPS HAVE TRADED ION IMPLANTATION TO PASSIVE

ACCUMULATION TECHNIQUES.
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ION IMPLANTATION
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DELTA DOPING

CONSIDERED TO BE THE BEST ACCUMULATION APPROACH AVAILABLE

Molecular beam epitaxy
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Alternate: S.O.I. method

(Silicon On Insulator)

https://www.imagesensors.org/Past%20Workshops/2009%20Workshop/2009%20Papers/BSI%2005_Wuu.pdf
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Multi Die Stacking
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HYBRID ARRAYS: CMOS TO CMOS

↑ CMOS pixel array CMOS ROIC array voltage compatible.

↑ CMOS pixel array is fabricated independently from ROIC array (allowing pixel optimization 
and isolation).

↑ Sparse bumping can take place within the array for vertical integration.

↑ Tolerant to high-energy radiation sources.

↑ Very high resolution – ultra high speed operation.

↑ Read noise independent of array size or frame rate.

↑ Low power / compact sensor designs.

↓ High cost for custom pixel CMOS processing. 
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TSV (Sony, Huruta et al, ISSCC 2017)
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Architecture
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Benefit: very rapid readout using many parallel 
channels transferring directly to DRAM
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1/30 sec readout (progressive scan) 1/120 sec readout (progressive scan)

4x faster

But only for short bursts: not sustainable



Super Slow Motion (960 F/s)
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Maximum # frames in burst limited by DRAM capacity



Cross Sections
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Part 10: 
CMOS Pixel Scaling

3/13/2019 SPIE Baltimore April 2019 Crisp SC504 237



3/13/2019 SPIE Baltimore April 2019 Crisp SC504 238



3/13/2019 SPIE Baltimore April 2019 Crisp SC504 239



3/13/2019 SPIE Baltimore April 2019 Crisp SC504 240



3/13/2019 SPIE Baltimore April 2019 Crisp SC504 241

Delivering Light to the Sensor
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OPTIMUM PIXEL SIZE
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Pixel size = Airy Diameter/4.88 

Pixel size = Airy Diameter/4.88 

Adding color mask to monochrome 
pixel means sampling unit is 2x the 
width vs mono, so Airy Diameter 
must be 2x larger
-> make F# for color 2X F# for mono

Color Masked vs Monochrome Pixels:
Optimum spot size, F# must double
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Part 11: 
Design Problem: Selecting the right Image Sensor for the job



Points for Consideration

• How bright is target and background?
• If really dim target:

• Long (minutes) exposures: cooled sensors. Concern over dark signal: dark shot noise, 
dark FPN
• Big pixels collect more light but can mean physically large sensor with corresponding very 

expensive optics

• High QE: doubled QE means exposure time cut in half for same SNR target

• Full frame CCD has highest fill factor, BSI for even higher QE, esp in blue (scattering)

• CCD typically better choice: big sensors, big pixels, simple wafer fab process & 
photolithography

• Charge trapping/residual image concern in full frame CCD

• Might need light flood protocol (Cassini, Galieo)

• Concern about increased dark shot noise (extra cooling to compensate
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Points for Consideration

• If really bright target:
• Concern about saturated pixels

• Larger pixels have higher well capacity but:
• Either smaller # pixels for fixed format sensor

• Larger format sensor

• Larger illuminated circle: more costly optics

• Greater distance from rear optical element to focal plane (thicker camera)

• Very short exposures
• Prefer electronic shutter: interline CCD, CMOS

• If motion also present:

• Global snap shutter CMOS or Interline CCD (global snap shutter)

3/13/2019 SPIE Baltimore April 2019 Crisp SC504 256



Points for Consideration

• Video:
• Full Frame CCD needs mechanical shutter: not reliable for spaceflight.
• Frame Transfer CCD can offer Full Frame CCD performance w/o a mechanical shutter, but if 

exposure time is short compared to frame transfer time, then smearing is a problem
• Interline CCD can provide short exposures & global shutter with sensitive and large pixels, but 

still is a serial readout limiting frame rate / pixel count
• CMOS rolling shutter offers good low light performance (3T pixel) but suffers from distortion 

with motion video if motion is high compared to scan rate
• Global snap shutter CMOS avoids distortion but has lower QE (less optically active circuitry/pixel), higher 

noise (dark signal on storage node, aggravated by LOW frame rate, elevated temperature)
• BSI CMOS can reduce exposure time via QE boosting (less shutter-open time means less 

smear)
• High bandwidth data transfer on-chip using TSV technology can provide good results with 

rolling shutter and motion video (fast scan rate from high bandwidth connection on-chip to 
buffer memory)
• Can use pixel with higher fill factor (3T): more sensitive to support high frame rate w/o excessive scene 

brightness
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Points for Consideration

• Very High frame rate video:
• CMOS wins hands down

• Can have A/D converter per column: can split columns top/bottom to get 2 ADCs/column
• Use multiple high bandwidth SERDES for output links
• How much bandwidth can you capture on the system side?

• 16Mpixel/frame x 1000 frames/sec = 16 Gigapixels/sec
• 16bits/pixel = 256gigabits/sec, 32Gigabytes sec
Link standards:
• SATA3 (HDD): 6 Gbits/sec
• NVME (SSD): 16Gigabits/sec
Run multiple parallel links to RAID array of SSDS?

• How much storage can you provide?
• 32Gigabytes/sec fills a 4Terabyte “drive” in 125 seconds

• Short bursts can be stored on-chip in DRAM using TSV technology in stacked die 
configurations
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Points for Consideration

• Special Purpose: NearIR
• Deep penetration of NIR Photons means poor diffusion MTF unless deep depletion regions

• High resistivity substrates
• BSI with high reverse bias

• ITO (transparent rear electrode with reverse bias?)

• CCD or CMOS is OK

• Special purpose: NearUV (dermatology)
• No frontside illumination: too much scattering of light
• BSI wins. CMOS or CCD. Cheap BSI CMOS from cellphone camera?

• Special Purpose: XRAY
• Scintillator for down-conversion to visible: reduce shot noise, improve SNR

• But must be accommodated in illumination path
• Direct XRAY

• Will work but will be noisy
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Points for Consideration

• Wide FOV
• Single aperture, staring array: lens corner distortion, light intensity roll-off 

(proportional to cosine4 of chief ray angle)
• Realtime flat fielding to correct light rolloff

• Or simple lens shading correction model

• Multi smaller-FOV apertures stitched: less cosine4 rolloff, less lens corner 
distortion correction, need image registration/stitching. Cheap CMOS for 360 
cameras (ie AR)?
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