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Abstract

This thesis presents dynamic range extension techniques for CMOS image sensors tai-
lored for low light applications. The standard dynamic range of a CMOS imager is 50-60
dB. A high dynamic range (HDR) CMOS image sensor has the ability to capture a greater
light range. Thus, it can successfully reproduce the high contrast information in a scene.
The dynamic range of a CMOS image sensor in low light is limited by the noise floor of the
sensor. Enhancement of dynamic range in low light requires suppression of the electronic
noise or modification of signal readout such that it can overcome the electronic noise.

Several techniques allow sensors to perform low light detection. However, there are
many trade-offs to enhancing the low light detection capability. Many signal multiplication
techniques require higher power budgets, a larger pixel area and a reduction in the high light
dynamic range. Whereas, noise suppression techniques require complicated and costly
fabrication process modifications or a larger area and power consumption.

This thesis is motivated by the need to have low light sensing imagers without com-
promising on the power and area budget especially pixel area. The techniques presented
here involve minimal additional hardware that does not introduce noise of its own and does
not require process modification. They are compatible with existing standard fabrication
processes and require minor or no changes in the standard 3T and 4T pixel architectures.
Thus, they are simple to implement and cost effective. Moreover, the dynamic range is user
programmable which assists the user to optimally decide the required range and simulta-

neously have control on other performance parameters like sensitivity and frame rate. The
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flexibility provided by the proposed techniques should make their inclusion in low light
sensing applications straightforward and effortless.

The underlying approach for the first prototype is a two way approach for optimum
performance. First method is to increase the signal gain in the early stage of the signal
chain. This makes the noise sources appearing afterwards less noticeable at the output.
Second method is to decrease the noise floor itself. For signal gain enhancement, the pro-
posed pixel architecture achieves user-programmable conversion gain modulation by peri-
odically varying the gate-bulk capacitance of the in-pixel source follower. To implement
this technique, the source follower is re-configured as a MOS capacitor for part of the pixel
operation. A prototype sensor containing a 64 x 64 array of the proposed pixels has been
fabricated in AMS 0.35 um, 3.3 V CMOS technology to verify the operation. The 10 um
pitch pixel has a 20.25% fill factor. The pixel is capable of providing standard integrated
photo-signal in high illumination and amplified signal in low illumination which results in
an 18 dB dynamic range enhancement after combining the outputs. Only one additional
NMOS transistor is used in the pixel as compared to a standard 4T pixel to achieve the
enhancement. The power consumed by the imager is 3.55 mW.

For noise reduction, the low frequency noise of the in-pixel source follower is identi-
fied as a major bottleneck. The previously outlined architecture is re-used with a modified
timing to obtain 1/f noise reduction and high conversion gain. 1/f noise is reduced by
periodically switching the in-pixel source follower between depletion and inversion. The

depletion state is achieved by re-configuring the source follower into a MOS capacitor and



depleting the channel by controlling the source-drain terminal. As mentioned above, the
state change of the in-pixel source follower also enhances the conversion gain. Experimen-
tal verification shows the measured integrated noise at the output of a pixel in the frequency
band 128 Hz to 50 KHz to be 728 nV,.,,s without switching. At a switching frequency of 4
MHz, the output integrated noise reduces to 306 pV,.,,,s after switching resulting in a 7.5 dB
reduction. The input referred noise in electrons calculated with the help of photon transfer
curve method shows a reduction from 26¢,. . to 7.3¢,., . after applying switching. When
both, switching and conversion gain enhancement are applied, the input referred noise is
further reduced to 2.3e,,,, with an enhanced conversion gain of 398 pV/e™.

Most HDR techniques in CMOS technology require on-chip or off-chip reconstruction
of images taken at multiple gain settings or multiple integration times. Alternatively, a one-
shot HDR sensor which directly captures the HDR scene requires no reconstruction and is
highly preferred. The next technique proposed in this thesis enhances low light dynamic
range and has a one shot HDR response. The technique employs pulse width modulation
and a modified counting scheme to provide a convenient, user-programmable method for
controlling the dynamic range and sensitivity depending upon the ambient light. The PWM
technique offers uniform SNR which is independent of photo-diode current. This aspect
is utilized to improve imaging particularly in the low light region. A prototype sensor
composed of a 128 x 128 array of standard 3T-pixels, an area-efficient column circuitry
with double sampling operation, a 10-bit memory, and a modified chip level counter has

been fabricated to test the algorithm. The test chip has been fabricated in 350 nm AMS
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process. The maximum dynamic range obtained is 95 dB and the power consumption

measured at 36 fps is 8.4 mW with a 3.3 V power supply.

Vil



R
Tg fif cmos TWR & g i ¥o7 faaR daiie! &1 URdd HRcl 8 BH A= ardt
ST & faE. CMOS ZHSR &t A Ta=Ad 391 50-60 SidT 8. Th I TaRiid 39
(TESI3R) CMOS BT TR A 3R A 3ifiieh PR B BT & et & Uprr A, 9
UHR, I8 fhdl T30 # I« dheRe IHGRI Bl Ihadgad J-: U o Iodl g
S AT H CMOS FAT AR Pi A=A $of IR 9 gRT AHG Bl 8. S I=F d
TN ¥ & 96 & AU gaaeiHe & g B TaRaHhdl gl ¢ Rwd TS3m3e &l
TR 7 AN 39 IRE I S 78 ARG TR W B U GF | F3 qbeid IR BT B
RARIT BT Tl T 1 SITAN ot ¢ | BT, T8T & HH AT BT Tdl T DI &HAT B
e & o ®3 dqald fhT TW| 3% Tdbd UM dd-id] & fou 3= faolel aole, §9
fd &7 3R I AT H 4t B ATaRgdwdl gt g1 Safdh, UR THA -] & g
Sifed ofR HET STa=adhdl gicl & FHfor ufshar & W=ieH a1 98 &5 iR fosiel & @ua|
Tg SIR fomT ol Teiar & &1 U dde- SHoN &1 Savadhdl 3 URd §
foTel! 3R & dofe, faRvd Uaa &F W d@-iid URdd ®I T8 Jgi gAad sifalad
BTS TR A € Sl T BT VR I g1 BT § 3R BT § UichaT YN 1 IRl
a1 5. d AISIel A (AT & A1y WTd § Ufsharsit 3R 7 37 3R 4T fUada sifdheamr
H ATelt a1 HIE SGATT P SHTaRIHT T B
U UHR, T8 AN BT T 3R AR GHTE 8 | ST SIQTdT, ST 3o STl
8 U &= A7 S SUANTahdl & a=dd AT B 38aH T 9 3R TP Y 79 B
o TETIAT BT § HAGARITAAT 3R I & ol 319 UeRH AMUCs! tR a0 ¢ | JRarfad
APl gRI UG Pi T3 At o HH AT H o e =1 anfeu AfRkiT vfeidem
Y 3R 9e 5|
UEd Uicergy & forg Siafiied ef¥eiur syaw & fog a1-arw! eeiu § UaxiF| gl
TRipT FRua & TS TR0 H R 79 & IgH1 § Sioik | 399 ale H faxars &4 ard IR
I 33eYe WR HH & ¢ g 8 oI1d g
T3 faft IR 99 &1 € HH A1 ¢ | Riva @Y gfs & o, varfad foreda sifdeam—r
qAI-THI TR ST dl-UTUTH T TR0l dTH AT SR U 6l § §4-TUeid |
AT & Te-Teh HURICH P ST 3HTT HAT| 3 BT




T deb-id |, Fid ardt &1 fURd & YT & o THSivy $ufieckr & ®9 # T
HIBTR [T ST 8 HRIATE! | TRATAd [URId B 64 x 64 TRUM AT Udh Uieiersy TR
8T § TR P AT B & fIT AMS 0.35 um, 3.3 V CMOS T | fAfifal 10
AP g fUld § 20.25% R HRE 7| IR AHS Thipd UM o1 § T&H §
I IRF T ®ie-Rgd iR &7 IAee § vafda Rga e akomeasy gidr @
3T3CYC & TS o d1g 18 Sall TMaRiTe ¥67 gt | dad T SHfaRed 38 Ui diA &
fore A® 4T IR &t qa1 & NMOS ¢ifoRer &1 IuanT fuaa # foear oirn € gfs |
ZHSR gRI TUd &1 T8 fasTelt 3.55 mW g1 IR # &l & o, 39-Iaa Jid srgardt &
& 3MGRT AR &I UgAH B! St & U dof a8 & 9 H| Ugd Ifcaiadd aRgdba ol
TNFAT FReb T: SUTNT HaT ST 8 1/ R H HH! SR I TR0l Ty YT HeA
H1 G| 1/f TR HH 81 O & JHI-THT R HH 3R GohH & &g 3-[Ud did
STARf Bl R BT

A AT DY THATY T H G: DIpTR PP HH! o1 (U U bt wirelt § -
3 cfifaa @ AEfEd e A9d 6 TRI9 BT ST fh HW S 17 8, -
A1 BIAISR &1 T IRaa Hf FUTR0T A1 &1 Sl ¢ | TaRTeTe qrd- Mg § Ud
fIRId & 3M3Icye TR /U 74T Thidhd R feardr § 128 8¢9 ¥ 50 fhaigcs o' & for
a9 fBU 728 pvrms BHT AN 4 Bt R Sl W AMEC, 3M3Ye UHIHhd TR
&Rt & 91€ 306 prms dP HH B SIdT & P TRUTHE=Y 7.5 St g1 8 HH
WIeiH RIFIARUl &1 TgTIdT ¥ TUHT fhU U SeideH1 H 399¢ Hafid R agb oty fRafi
ﬂI‘LdN:I%@IId 26e—rmsﬁ7.3e—rmsﬂ$3ﬁﬂ%ﬁﬁ%lWﬁ,%ﬁmﬁw
T 3fG 1 AR {1 STl §, 379¢ Tl TR § 398 pv/e- & I UIGRUI AT & 1Y
S UCThR 2.3e-rms PR &1 7|

CMOS Wt & SifBTT TISISR ddb-idl & 3fi--f[au a1 &ffts-fau gAf-afor ot
TIRGH AT BIcl § THTAS arH JfE 1 UHTUS THIHI0 T WR &t T3 S &l
JBIAS U T, T g9IC TISIR W S 1Y TISIem T o F&R &l 5, I
forelt gAfafor 3 sirazgedr T8 § oIR8 srafiie ueidier. 9 Ay & yxarfaa sareh
dPp-tp HH AT P AT BT T¢Il & 39 8 3R IYH a7 Wic TIsl3R g g




dPb-1d TR AreTs HIegaRH &I Fafold HRdl 8 3R T gaUTod, SUTRTEHl-UriTH
g1 fafe) Ua & o fo1T Tob SR et Ao uRa=iig YTt & YR WR faRiia
IS SR Hae=iad & Fafd B Tesud da-id Th THH TIUAR TaH &)
& Sl ICI-STTS ic ¥ WA ¢ | I8 Usq 3UHT SUINT fa=iy ¥ 0 ¥ &H A< ard & #
SRS &1 98k S & AT fha ST 81 U Wiciersd TR AH® 3T-fUad &t 128 «
128 TRUM T 1, TH &F-FA HIAH Flhe] Sad JUTeiT AR & MY, Th 10-fae
AARY SIR U RN fou gl Hrder 8 THIREH BT WRia w4 & forg Affd faan
T 81 TRI&0 g &1 fAHor 350 U TUATY | faar T § uishdn wi St
=i 357 95 Sieft 3R faoTell Pt Wud § 36 THUITH TR {7 7147 3.3 ot fosTalt Smyfd &
1Y 8.4 TATETC ¢ |




Table of Contents

List of Figures
List of Tables

Chapter 1 Introduction

1.1 DynamicRange . . . ... ... ... ... . .........
1.2 Solid-state imaging devices . . . . . . . . ... .. .. ....
1.3 Thesis motivation . . . . . . . .. ... ... .. ...

1.4 Thesis organization . . . . . . . ... ... ... .. ... ..

Chapter 2 High dynamic range CMOS image Sensors

2.1 Introduction . . . . . ... ... ... ...
2.2 Dynamic range enhancement in high light . . . . . .. .. ..
2.3 Dynamic range enhancement in low light . . . . . . ... ..

2.3.1 Temporal noise sources . . . . . . . . . .. .. .. ..

viil

Page

xi

xvii



2.3.2  Signal multiplication and gain enhancement . . . . . . . . ... .. 27
2.4 Low light DR: Challenges withother KPIs . . . . . . ... ... ... ... 30

2.5 Conclusions . . . . . . . e 34

Chapter 3 An HDR CIS using In-pixel Gain Enhancement and Noise Reduction 36
3.1 Introduction . . . . . . . . . .. . 36

3.2 Gain enhancement employing in-pixel capacitive variation using a re-configurable

source follower . . . . . . . . . .. 38
3.2.1 Basicoperating principle . . . . . . .. .. ... oL 39
3.2.2 Measurement Results: Part1 . . . . . . . .. .. ... .. ..... 43

3.3 Combining gain enhancement with in-pixel noise reduction using switched

biasing . . . . . . .. e e e 49

3.3.1 Theoryandoperation . . . . . ... ... ... ... 50
3.3.1.1 Noise reduction using switched biasing . . . . . ... .. 50

3.3.1.2  Pixel operation for switched biasing mode . . . . . . .. 54

3.3.1.3  Noise Analysis: Conversion Gain Enhancement . . . . . 60

3.3.2 Measurement Results: Part IT. . . . ... ... ... ... ..... 65

3.3.3 Comparison and Discussion . . . . . . .. ... ... ... .. .. 80

34 Conclusions . . . . . ... 81

Chapter 4 PWM based CMOS image sensor with programmable low light DR

enhancement 84

iX



42 Theory . . . . . . . e 86
4.2.1 PWM operating principle inCIS . . . . . ... ... ... ..... 86

4.2.2  Chip architecture and detailed operation . . . . . . ... ... ... 89

4.2.3 Dynamic range enhancement: quantitative analysis . . . . . . . .. 95

4.2.4 Designand Simulation . . . . . ... ... Lo 97

4.3 Measurement . . . . ... e e e 101
431 TestSetup . . . . . . . e e e e 101

4.3.2 Experimental Results . . . . . ... .. ... ... .. ... ... 102

4.3.3 Performance comparison and discussion . . . . . . ... ... ... 111

4.4 Conclusions . . . . . . . ... e 114
Chapter 5 Conclusions and Future Scope 116
5.1 Prototype 1: High CG Low Noise CMOS Image Sensor . . . . . . .. ... 116
5.1.1 Conclusion . . . . .. .. 116

5.1.2 Futuredirections . . . . . . . . .. .. ... ..o 118

5.2 Prototype 2: PWM based programmable DR CMOS image sensor . . . . . 120
5.2.1 Conclusion . . . . .. ..o 120

5.2.2 Futuredirections . . . . . . . . . ... ..o 121
Bibliography 123



List of Figures

1.1

1.2

1.3

1.4

1.5

2.1

22

A visual comparison between the dynamic range of the human eye and that
of Image sensors . . . . . . ... Lo
Photo-transfer characteristics of a CMOS imager showing the dynamic
range and its limits . . . . . . ... ...
Block diagram of an interline transfer CCD image sensor . . . . . . . . ..
Block diagram of a CMOS image sensor with a pixel array of 3T APS . . .
(a) Transient voltage at the photodiode node of the pixel in reset and inte-
gration modes, and (b) Images captured by a 3T pixel sensor at different

exposure times in the characterizationlab. . . . . . . . ... ... ... ..

A representation of the sensor output of various HDR techniques in com-
parison to the standard sensor output of Fig. 1.2. The plots are not drawn
to scale and are for general representation. . . . . . .. ... ... .. ...
Noise sources contributed by the CIS signal chain which limit imaging in

low light environment . . . . . . . . .. .. ... ..o

X1

10



2.3

24

2.5

3.1

3.2

33

34

3.5

3.6

3.7

3.8

39

Dangling bond in the Si — Si0, interface which create traps resulting in
capture and emission of channel charge carriers . . . . ... ... ... ..
Pulse width modulation in CMOS image sensors. The width of the pulse
at the comparator output, Voyr represents the amount of light on the pho-
todetector . . . . ...
Photo transfer characteristics of CIS showing important parameters and

noise vs input illuminationplot . . . . . . . ... ... L L.

Proposed 5-transistor pixel and column circuit . . . . . . .. ... ... ..
Timing Diagram . . . . . . . . . . . ...
A pictorial representation showing variation in the depletion capacitance of

transistor MS when the control terminal is switched from Vp (Phase I) to

VeaPhaseIl) . . . . . . . . . . e
Chip micrograph and customized testboards . . . . . . ... ... ... ..
Single pixel layout for the proposed 5T architecture . . . . . ... ... ..
CRO results of a test pixel. The sampled output is shown for Vpy =2.5V,

23V,21V,1.8Vand 1.6 V at a fixed illumination level of 3Iux . . . . . .
Measured pixel conversion gain for different modes of operation . . . . . .
Photo-electric conversion characteristics . . . . . . . . .. ... ... ...

Measured pixel conversion gain for different modes of operation . . . . . .

Xii



3.10

3.11

3.12

3.13

3.14

3.15

3.16

3.17

3.18

3.19

Sample Images at a fixed illumination of 3 lux and integration time of 300
us (a) Without amplification (b) Vpa =2.4 V (c) Vpa =20V (d) Vps =
1.6 V (e) Reconstructed Image . . . . . ... ... .. ... ... .....
Comparison of drain current fluctuations between a continuously biased
and switched biased MOSFET [1] . . . . . . . . . . ... ... ......
CIS and 5T pixel architecture. The circuit enclosed in the dashed line is
the pixel. Arrows display the paths that are switched alternately to create
depletion and inversion using switched biasing . . . . . .. ... ... ...
Timing diagram. Switched biasing phase includes four switching cycles . .
The in-pixel circuit schematics for the switched biasing implementation
during signal readout. The pixel is switched between depletion and inver-
sionatafrequency fow . . . . . .. ..o
Energy band diagram of SF in depletion and inversion. . . . . . ... . ..
Small signal model of in-pixel source follower. The gate, drain and source
of SFaremarked. . . . . . .. ... ... oo
Measurement Setup for low frequency noise measurement and image ac-
QUISILION . . . . . o o o e e e e e e e e e e
Detailed schematic of 1/f noise measurement using spectrum analyser . . .
Measured PSD at the output of the pixel for the case of conventional read-

outand varying valueof Vpa . . . . . . ... o o

Xiil



3.20

3.21

3.22

3.23

3.24

3.25

Comparison of PSD at the output of the pixel with and without switched
biasing . . . . . .. e
Photon transfer curve of the sensor for (a) Conventional Readout (Vpy
cut off from pixel) (b) Switched biasing (Vp4 = 3.3) V (¢) Combination
of switched biasing and capacitance modulation (Vps = 1.6 V). (d) The
change in input referred noise due to the three operation schemes. . . . . .
Input referred noise electron density shown in the frequency domain . . . .
Sample dark images captured from the prototype sensor at a fixed integra-
tion time of 7us. The frame rate is 196 fps. The top row displays images
with increasing conversion gain enhancement without switched biasing: (a)
conventional readout, (b) Vp4 =2.6 V, (¢) Vpsa =2, (d) Vpa = 1.6 V. The
bottom row shows the same images after noise reduction due to switched
biasing: (e) With no capacitance modulation (f) Vps =2.6 V, (g) Vpa =2,
(h) Vpa=1.6 V. . . . e
A comparison of output noise using histogram plot: (a) Conventional Read-
out vs switched biasing applied. With and without switched biasing for (b)
Vea=26V, () Vpy =2V, (d) Vpy = 1.6 V. X-axis is not constant for
clarity of the figure. . . . . . . . . . .. .. ...
Increase in o with capacitive modulation and the suppression in o due to

switched biasing . . . . . . . . . ... L

Xiv

73



3.26 Sample images from the prototype sensor to display the technique on an
object. Images were taken at a fixed integration time of 200 us and a frame
rate of 55 fps with a lens of f-number 1.4. (a) Raw image with conventional
readout. (b) dark frame with conventional readout. (c) Average of 250
frames of conventional readout to suppress thermal noise. (d) Average of
250 dark frames. (e) Average of 250 frames taken with switched biasing
(no capacitance modulation) to suppress low frequency noise. (f) Average
of 250 dark frames with switched biasing. (g) Dark frame shown in (f)
subtracted from image shown in (e) to eliminate FPN due to column, pixel
offset variations. (h) Above procedure repeated with switching and CG

enhancement for Vp4=1.6V. . . . . . . ... ... ..

4.1 A representative structure of the 3T pixel and column used to implement
the low light capture algorithm . . . . . . .. ... ... ... .......
4.2 Conventional and desired DR enhancement in a PWM sensor by varying
the counter frequency. . . . . . . ... Lo Lo
4.3 Block diagram of the prototype sensor . . . . . . . .. .. ... ... ...
4.4  Architecture of the sensor for programmable low light DR enhancement
using PWMinCIS . . ... ... .. ..
4.5 Timingdiagram . . . . . . . . . ... e e

4.6 Schematic of the comparator . . . . . .. ... ... ... .........

XV



4.7  Simulation results (worst case) of the comparator to show the delay time at
theoutput. . . . . . . . L e
4.8 Simulated transfer characteristics of one pixel and column readout of the
sensor for different HDR modes: Output DN vs input photocurrent . . . . .
4.9 Chip micrograph and layout . . . . ... ... .. ... ... .......
4.10 Image acquisition setup . . . . . . . . . ..ol
4.11 Schematic diagram of measurementsetup . . . . . . . .. ... ... ...
4.12 Photo-transfer characteristics showing the 10-bit output of the prototype
sensor with varying input illumination. The digital output has been shown
for multiple modes of the algorithm in low, moderate and high light regime
4.13 Relationship of DR and sensitivity with respect to user input ‘n” . . . . . .
4.14 Measured SNR plot for different valuesof ‘n” . . . . . . ... .. ... ..
4.15 SNR dependence on comparator bias current . . . . . . . . ... ... ...
4.16 Effect of comparator bias current on total power consumption of sensor.
The SNR and power are measure under complete dark and in the setting
s=‘512" and n="8’ with a framerateof 36 fps . . . . . .. ... ... ...
4.17 CRO results probed at the node CLK_COUNTER (input clock to the counter)
shown in the left. The frequency division according to selected mode de-
fined by ‘n’ is displayed. Sample images corresponding to each mode and

in different light regimes shown in theright. . . . . . . ... ... ... ..

XVi



List of Tables

2.1

3.1

3.2

33

34

4.1

4.2

Qualitative overview of low light HDR techniques in CMOS imagers and

their effect on area, powerandcost . . . . . . .. ... ... 33
Performance Summary for the CG enhancement sensor . . . . . .. .. .. 50
Parameter Calculation for PTC in Fig. 3.21(c) . . . ... ... .. ... .. 71
Sensor characteristics . . . . . ... ... oL 74

Comparison with other state-of-art 1/f noise reduction and pixel/column

gain enhancement techniques . . . . . . .. . ... ... ... ..., 79
Selection logic output and clock division . . . . . . . .. .. ... ... .. 93
Performance comparison Table . . . . . . ... ... ... ... ...... 112

Xvii



