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ABSTRACT

COLUMN LEVEL TWO-STEP MULTI -SLOPE ANALOG TO DIGITAL
CONVERTER FOR CMOS IMAGE SENSORS

Tuncg Can
M.S., Department of Electrical and Electronics Engineering

Supervisor: Asst. Prof. DrFat i h Ko- er

March2017, 118 pages

In the past few years, CMOS image sensors has performed an enormousigrowth
technologyand their market is broaghed with the integration cameran the cell
phones. The advancement trend continues asitieé gizes getting smalleand the

array formats getting largewith pixels decreasing in size and growing in numbers,
fasterrow readout speed requirements have emerggekleep frame rates constant
Column parallel ADC architectures meet these demands as they utilize large numbers

of parallel conversion channels.

This thesis presents the design of abit2column parallelTwo-Step MultiSlope
(TSMS)analog to digital converter for low power CMOSage sensors. TSMS ADC
architecture enabldarger conversion speeds compared to widely implemented Single
Slope architecture on its Twstep SingleSlope (TSSS) mode. Proposaelsign can
achieve even larger readout speeds in the TSMS mode, where itedpdorelaxed

guantization noise requirements for larger shot nameoduced to the circuitry by



pixels subject to a large photon flux, by reducing the conversion resolution and

increasing the conversion speed.

The design is realized faixel pitch 0f6.7 @. Power consumption per column ADC

is 8 8 W @nd sampling speeds larger than 50kS/s is supported. The prototype IC
generates timing and biasing signals on its own. Using SPI interface, bias voltages can
be trimmed with the help of DACs and timing sadgcan be programmed to adapt
different operation modes and speeds. Layout of the design is drawn using 180nm
process and.25 mm 3.15 mm sized prototype @ sentto multi-projectwafer

MPW run for fabrication.

Keywords:CMOS image sensor, Shot Noig&alog to Digital Converter, Column
ParallelADC, Two-Step SingleSlope ADC
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CMOS G¥R! NT! SENS¥RLERK HKYKNKADIDKIONE SEV
DEJKKkKEN RAMPA EJKMLK ANALOG/ SAYI SAL

Tunca, Can
Y¢éksek Lisans, El ektr BRI yven¢gEIl ektroni

TezY° netYrcd.sbPo- Fati h Ko-er

Mart 2017,118 sayfa

Ge-tijimiz yellarda CMOS g°re¢nt ¢ al gél ayé

pazar payé kameralarén cep telefonlaréna

gosterMiliertlieame ej i | i mi pi ksel boyutl ar én
b¢yé¢ mesi y°n¢gnde devam et mektedir. Ké -
sayeéeseéenttsinkhiée zaérntééksabi t tut ma amacéyl a sat
dojurmuktur .i Ko-lionn tsaesvairyéensé ger -ekl ektiri
sayélarda yerlextirilen Anal og/ Sayésal ¢ec¢
Bu tezde d¢kegk go¢- t ¢cketi mli CMO®It, g°r ¢nt

kol on sevi ykPesjii K Kkie] Ranlepmid Bapné o4gl cevirici
sunul makt adej.i Kike E jARaimp £Bapnéogl ¢cevirici

Kki Adaebmlite Ej i mli ¢evirici modunda CMOS g
genel olarak tercih edilen Saltt] iiMrdalog Say és all ¢cevirici mi n
daha késa s¢reli -evrimlere olanak-sajl ay
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CHAPTER |

INTRODUCTION

Noteworthy improvements on optics andido$tate electronictechnologieshave
enabledmage sensor® experienceanimmense advancemer@onsequentlyimage
sensors founthemselves widespreauteas of usage and amerdemandingmarket.
Mobile imaging, digital still and video cameras, camcordelspmetrics, and

surveillance systems can be count among tHém

The invention of the first transistor stimulated the semiconductor indugtigh in

turn allowed process of substitution of analog film based cameras wiblttestate

image sensors. Charge Coupled Devices (CCD)Goumiplementary Metal Oxide
Semiconductor (CMOS) image sensors have been the dominant classes of

semiconduator based image sensor devices.

These two types of image sensors have both their advantages and disadviantages

in the 197006s,t htihse bpliucrtruyr.e OnCaDs6 sn,otf r om t h
outweighed CMOS image sensors owing to their higher light sensitivity, larger
dynamic range, smaller pixel pitcland lower spatial variation. However, the
continuous improvement on the CMOS technolbgyg created number of advantages

for the CMOS i mage sensors and starting f
to be considered as a po $2% Fron teat timduwntil c e al
today CMOS image sensors has gained a large share of the market but was not able

eliminate CCD completely because of thasons that are listed dablel1.1.



1965 ~ 1971
Bipolar and MOS
photodiode array

1971 ~ 2012
CCD developed

1986 ~ 1992
CMOS PPS sensor
developed

1992 ~ 2012
CMOS APS sensor
developed

1947

— 1963

1964

1965

1967

1968

1970

1971

— 1986
f— 1902

1996

—_— 2012

First transistor invented

First successful MOS image sensor
invented by Marrison

First scanistor used for image sensor
by Horton from IEM

First monaolithic silicon mosaaics of photosensor
elements developed bu Schuster from WestingHouse

Photon flux integration mode first proposed by
Weckler from Fairchild

First 100x100 pixel array using an in-pixel source
follower transistor for charge amplification

Bucket Brigate Device invented by Sangster and
Teer of Philips Research

Charge Coupled Device invented by Boyle and
Smith from Bell Labs

First succeessful high performance CMOS
image sensor was demanstrated by JPL

Figurel.1 Development of Semiconductor Based Image Seri8prs

Figurel.l lays out the achievements during the development process of image sensors

over years. From the invention of tranierson 1947, continuous progress including

t he i nvent i

cameras.

CCD6és and simple CMOS i mage

S



Tablel.1 Advantages of CCD and CMOS image sen§2fs

Advantages of CMOS Imagers Advantages of CDD's

Lower Noise and Dark

Low Power Consumption Current

Low Cost Smaller Pixel Size

Integration Capability and Compatibilityith Standarg
CMOS Technology

High Frame Rates Higher Sensitivity

%7100 Fill Factor

In order to improve the advantages aeduce the effects afisadvantagesf the
CMOS ima@ sensors, continuous reseahnelve been going on. One of the challenges
encountered during this development process is keeping frame rates constant or
some cases, evégster while the array sizes getting larger. Conweral serial readout
schemesin which each pixel is read or®y one in a sequential manner, became
burdensome to design afel short of achieving desiresbeed. Employingolumn
parallelanalog to digital converters, in which readout of each column in the array is
made simultaneouslymade it possible to overconmspeed limitations.n these
implementations,rmong various alternatives offered in the literature -step single
slopeADC architecture stands as a suitable choice with its low power consumption,

small silicon area requirement, moderate conversion spaddesolution.

1.1 Scope and Motivaton of This Thesis

In the opening of this section, historical background statusof the CMOS image
sensors has been depict&ksearcton the pixel part of the imager is focused on
shrinking the pixel size, reducing # pixel noise, boosting the dynamic rangad
increasing the fill fator andthe light sensitivity Alongside thesenumerous other

development on theeripheralof the CMOS imagers are in progress.

Performing analog to digital conversion on chip carcdmesidered as one of the main
exploration areas for the improvement of the performance of the CMOS image sensor.
The reasonfor converingimage sensor outp(ivhich is analog in naturé) to digital
domain on thesame diare plentyFirstly, digital outputs are less sensitive to noise in

the peripheratiomain Secondlyan image sensawith a digital outputan bedirectly
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combined with the rest of the systdiocks in a camera. Another appealing trait of
having digital output on the image sensancreasd output bandwidth of the sensor
chip[4].

In this thesisyariousdata converterrahitecturesthat canbe utilized on a CMOS
image sensor for a colunparallel readout schenage investigatedn orderto choose
the best possible architectufenew design based on this selection is presented and

implementedThe phasesf thedevelopnent pesented herean be listed as follows:

1 The literature reviewo determine the preference among various alternatives
and set preliminary requirements

1 Exploringthe strengths and wea&sse®f the chosen architecture anadrk
onimproving them

1 Designof a prototype analog to digital converter circuitry alongside with the

communication interface, biasirgnd timing control signal generation blocks.

1.2 Design Overview

In this work, design of a column level Twgiep MultiSlope analog to digital
convertelis presented®?r ot ot ype design is carried out

the fabrication is still in progress.

As will be detailed lateiin this text, column parallel analog to digital conversion
scheme makes it possible to redugh frame rates formager arrays with sizes
reaching to megapixels and beyond, without drastically increasing the sampling rate
of the analog to digital conversion. Therefore, analog to digital conversion is handled

in the column level.

Popular analog to digital converter atectures employed in CMOS image sensors
are listed ormable 1.2 with their advantages and drawbadRstailed descriptions of

these ADC structures are provided on Secia@hn

usi



Tablel.2 Different ADC Architecturesrad Their Features

ADC_: Conve LayoResol POWEImplementation
Archit Spee| Ar e Level
Integrating Low Low Medium Low | Pixeli Column

SAR High High Medium Low | Columni Chip

E-p Medium |Medium| High Medium Chip

Cycli High Medium| Medium |Medium Column

Pipeline High High High High Chip

Among the alternative architectures for the coldewel analog to digital conversion
listed inTable 1.2, Successive Approximation Register ADC has a large capacitive
DAC to provide a reference voltage for the comparison. This DAC structuntains
extensive number of undell capacitances andn amplifier alongside with a
comparator and a memory structu?é&acing these elements within a column elongates
the column height considerably. Cyclic ADC is another analog to digital conversion
architecture suitable for implementation in column leledtead of employing a DAC
structure as it was the case for SAR ADCs, this architecture contains an accurate
multiplier to multiply the residual voltage between the fixed reference voltage and the
analog inputby 2. This accuracy on the multiplier stru&uwalls for high gain for
amplifier used in multiplier. Required high gain comes with the increased power
consumption and layout area for the amplifistegrating ADC on the other hand, has

the smallest area occupation since it has only a comparatamaachory block within

a column. Power consumption is also smaller compared to other architectures as the

adoption of other mentioned blocks used in SAR and cyclic ADCs are omitted.

However, as it can be inferred frohablel.2 conversion speed of the Integrating ADC

is slower compared to other architectures. In order to improve the sampling rate of the
Integrating ADC, a new variant which is referred as T®tep Singt-Slope ADC
structure is usedl'his method speeds up the conversion of the Integrating ADCs by
dividing the conversion intooarse and fine conversion phadestailed explanation

of the TwaStep Integrating ADC is provided within Chap8er



Moreover, to decrease the conversion rate and the power consumption of the Two
Step Integrating ADCs further, companding method suggesigyligiintroduced into
Two-Step Integrating AD@nd TwoeStep MultiSlope ADC is obtainedlhismethod
includes decreasing the resolution of the conversion for highly illuminated pixel
outputs, since the quantization noise of the ADC is considerably, soadpared to

the short noise generated liyose pixels. MultiSlope feature is obtained with
generation of fine ramps with varying slopes, corresponding to decreasing resolutions

offered for increasing illumination levels of CMOS image sensor pixels.

1.3 Thesis Organization

The content of this thesis is divided into 7 chaptdext chapter Chapter2) focuses

on the literature review fahe CMOS image sensors atfte peripheral electronic on

the imager chips. Within this chapter, starting with the backgroundh®CMOS

image sensors, readout methods, noise sauandanalog to digital convert§ ADC)
structures are presented. Finally, ADC performance evaluation parameters and

requirements for the AD@resented in this worare explained.

On ChapteB, information on the operation of Twstep MultiSlope(TSMS)ADC is
presented, alongside with the alternative design approaches of the functional blocks

required fortheimplementation of TSMS ADC.

Chapter4 presents the detailed design and block level simulation results of the

functional blocks employed ithe designed ADC.
Physical implementation of the designed ADC is illustrated on Chapter

On Chapter 6yarioustop-level simulation results for the evaluation of the designed

ADC is presented.

On the7™" and last chapter, conclusions are drawn and future work is laid out.



CHAPTER Il

LITERATURE REVIEW

This chapter is concentrated on providing the necessary background about CMOS
image sensors, rdautarchitecturesand analog to digital convertela section2.1,

photo detectioroperation isexplainedand several essential pixel architectures are
presentedSection 2.2 compares analog and digital ®@tchitectures. In section 2.3
different ADC placement topologies azgaluated Section 2.4 provides information

about ADC architectures that can be used as column parallel and their comparison.

2.1 CMOS Image Sensors Background

2.1.1 Optical Absorption and Photo Conversion

Energy ofaphotoisdesc r i bed by the Plankds | aw whic
0 W —h (2.1)
where h is the Planckoésamdnstiantwaweliengtr

When a photon is incident on a semiconductor, if the photons energy is larger than the
semicomludoré bandgap energy, it is absorbed by the semiconductor and electron

hole pairs are created. Elsewise that semiconductor is transparent to that photon.

Focuwsing on the silicon, the substrate material for the CMOS image sensors, photons
with energy larger than the silicénbandgap energy of 1€V are absorbed within a
vicinity of Qoo whi ch is proportional to théesinte

the silicorts absorption coefficient.



Q %60

) 2.2
o | 08 (2.2)
When solved with the boundaopndition @ Tt , this equation ields the
result provided below:
o) Aodb ¢8 (2.3)

So the intensity of thephoton flux lessensexponentially as the distance from the
surface gettarger. Silicorabsorbs the photons with the wavelength shorter 1180

nm and transparent to those with wavelengths larger than 1108 .nm

In the CMOS image sensors, widely employed photodetector type is the reverse biased
photodiode illustrated ikigure2.1, where ntype region is initially reset to a positive
supply voltagehen left floatingand ptype region is constantly driven to the ground
voltage. While the reverse bias conditions still apply, plysioerated electrons are
accumulated on thetype region whereas the holes are drawn to ilgpe grounded
region. Accumulation of electrons of thetype region reduces the potential of that
node. At the end of the exposure time, the voltage of-tigperregions read out and

that node is reséb a positive supply voltage again.

Reset
switch

' : | I !
photocurrent : x — .:— i regi“on : D .
! = A /.y eplgtlen
v --------- region
p-type substrate
-L-
(@) (b)

Figure2.1 Reverse Biased Photodiode (a) Simple Schematic Diagram (b) Cross

Sectional View of Rotodiode

2.1.2 Pixel Sructures

It is beneficial to be familiar witkthe pixel structures employed in image sessas
the work presented here will be used alongside CMOS image sefhb@ssection

aims to present the basics of severalalentpixel architecturs



A CMOS image sensoriyel can be considered as a circuitry composed of a
photodiode, reset switcland other optional elementuch as amplifiers and output

stages. These pixel architectures can be clas&ifisdd on the following criteria

1 Photodiode typen-well or n+ dioa, buried photodiode, photogaéad pinned
photodiode

1 Accumulationcapacitance typgunction capacitance of the photodiode in the
3-transistor pixels,feedback capacitor in the capacitive trampedance
amplifier pixels and floating diffusion in the pned photodiode pixdlg]

1 Active or passive pixel8].

Before delving into the pixel archiires,important pixel design specifications and

parameters are presented belasthey are used ftreevaluation otheperformance.

1 The fill factor (FF) can be defined as the ratio of the photosensitive area to the

overall pixel area.

ey 2 -

whereAps and the Aix are the photosensitive area and pixel aespectively.
It should be noted thatsaircuit elements (e.gransistorsandwiring isadded
to the pixel to improve performanci] factor drops because of the limited

remaining area to implement the photodiode.

1 The full well capacity (FWC) can be described as the maximum amount of
charge that can be stored in the pixel in teoh®lectrons. The equation
governing the value dtll well capacity can be given as follows.

066 © 5 & Q00 h
N (2.5)

where ¢ is thecharge of a single electrongyr is the reset voltage of the
photodiode )V rpminy is the photo diode voltage at its full swjrandCep is the

capacitancef the photodiode.



1 The quantum efficiency (QE) is the ratio of the number of photo generated
electron hole pairs to the total number of incident photons. This can be

expressed with the equation below.

~ ~

6o w—=h (2.6)

where Nig( &) @a(na&) Nagigeal change and the number of incident
photons respectivelyit should be notedhat these parameters hasggectral

dependence and change with the wavelength of the incoming photons.

1 The dynamicrange(DR) is expressed as the ratio of the maximum actky

signal and the total read noise in terms of decibels. It is represented by
P \ 4 l:'\’) 5 7
oY ¢ m sé—Q— Qoh (2.7)

where Na is the full well capacity and &q is the pixel noise without

illumination.

1 The dgnal to noiseratio (SNR)is described as a ratio betwedba RMS input
signal(Nsig) andthe RMS noisén), at aspecific input levelSNR isexpressed

as follows:

5
Y ¢ é-R- Q68 (2.8)

As indicated inFigure 2.2, the SNR value increases linearly with increasing

signal amplitude at low signal levels, where the total pixel neideminated

by the reset andhe readout noise componentslowever as tke signal

magnitude gets largeshot noise dominates the overall noise and the SNR

eguation acquires square root relation form.

10



50 Quax =60000" T
fm' = 30 ms | | J
s A —
40 | Orgag =30€
Tpsny = 10 ¢’ | |
35 OpRNU = 0.6% | 0 |
@ W Bead Noise 4
= 25
= |
v 20 |
|
e | |
10
. | |
o | I |
R . - penilled
-IO—'IE “]—14 1D—13 -IEI—'|2

Figure2.2 SNR versus PhotGenerated Qrrent[1].

1 The oconversion gainis the propertythat determines how much potential

difference will be obtained per accumulated electron.
L)) r’] I d)

00 +— —

0 Q

where q is the charge of a single electron (1.602% Cdulombs) and &bis

h (2.9)

the pixelcharge storage capacitari@¢,[6],[7].
In the following part of this section, several pixel types are explained.

2.1.2.1 Passive Pixel Architecture(PPS)

Passive pixels are the most prinpatel architecture, existing since the invention of
the first CMOS imge sensors. They involve a photodiode and atsetetsistor acting
as a switch, as illustrated Figure2.3. Operation of the passive pixel sensors can be

described as follows:

1 The select transistor is activated at the beginning of theaetadycle and

photodiode is reverse biased to a higltage through the column bus.

11



1 Then the select transistor is disabled and the n+ node of the photodiode is left
floating. Accumulation of charges in the n+ node pulls the potential of this
node to a lower value.

1 Following step is to measure the potentalthe n+ node and calculate the
difference from the original value.

1 The last step is to reset the photodiode to gtamextexposure cyclgs],[9].

:

"PASSIVE PIXEL  RST ‘I
L I
1 ! [75]
\ | o
\ | o
' <
I
PHOTODIODE | =
— |
— | =)
PASEIWVE PIXEL RST : (4]
L I
] 1 |
I
I
I
I
I
I

Figure2.3 Schematic Diagram of Passivix#l.

Passive pixel structure offers the highestffittor for anypixel size. On the other
hand,it suffers from large readout noise. Another drawback of this architecture is the
lack of ability to achieve fast frame rates and supfwortarge array sizesincethe
column bus capacitance disttie signal accumulatean the pixel capacitandé],

[9].
2.1.2.2 3-Transistor Active Pixel Architecture (3T-APS)

A possible improvement for the passive pixel architecture is to insert a buffer amplifier
to improve the operatia parametersA sourcefollower amplifier with its gate
connected to the-side of the phtmdiode, as seen iRigure2.4, can act as a buffer.
This way the accumulation node is isolated from the largedyecitancesolving the

destructivereadout and nise issue$3], [9].

12
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Figure2.4 Schematic tagram of 3T Active Pixel

The working principle of th&ransistor Active Pixel Architecture (also known as the
3-T active pixel sensatue to employing three transistoisyery similar with the PPS

andcan be described as follows:

The photodiode is reset to a high voltage at the beginning of the expodare cyc
As it was the case for PPS, phgenerated electrons pull the voltage of the n+
node to a lower value.

1 When it is time to read the accumulated signal, the pixetlisctedand the
photodiode voltage is reamlt via the sourcéollower transistor.

1 Thelast step is to reset the photodiode to startnextexposure cyclg8], [9].

This type of pixel architecture solves numerous noise isBloagever it is still prone

to KT/C noise and Fixed Pattern Noise caused by the threshold variations of source
follower transistors due to manufacturinggsmatches. Moreovegthe fill factor and
conseuenty the quantum efficiency is decreased because of the limited area to
implement the photodetector after the placement of additional transistors and routing

[7]i[9].
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2.1.2.3 Photogate and Pinned Photodiod&PS (4T-APS)

Photoga¢ and Pinned Photodiode Active Pixel Sensors, edéerred as the four

transistor active pixel senso®IT-APS) ex pl oi t t he CCD©OGs appeal
(integration and transport of charge&} it can be seen froffigure2.5, the circuitry

managingthe reset and reagut operations are identicab the 3T-APS. Photo

conversiortakes place at the photodiode or under the photogate.

PINNED PHOTODIODE
ACTIVE PIXEL

PHOTOGATE
ACTIVE PIXEL

i
B
TRAMSFER =

Y

FHOTOGATE

" F{
7]
TRANSFER
=t

i

3
COLUMN BUS
COLUMN BUS

FINNED PHOTODIODE
ACTIVE PIXEL

PHOTOGATE
ACTIVE PIXEL

b -| 5 -|
TRANSFER = TRANSFER. ~ ©
L L

hao
BIAS CURRENT

2
<]
g
[=]
8
(=]
3
2
BIAS CURRENT
I
™.
A

(2) ' (b)

Figure2.5 Schematic tagrams of Pinned Photodiode Pixal &nd Photogate Pixel
(b)

Operation steps of 4APS is provided below:

1 Atthe start of the exposure cycle, readout node (floating diffusion capacitance)
is reset and a measurement is made.

1 Then thephoto conversioiis done and the chargetransferredo the readout
node throughhetransfer gate.

1 Voltage at the readout neds read again and Correlated Double Sampling is

performed bysubtractinghe measurements from each other.

There are very appealing qualities of this type of paxehitecturesuch as suitability
to implement Correlated Double Samplingrexluce threstid variationsand low
frequency and kT/C noissomponents4-T APS also providesrger full well capacity
and improved light sensitivity7]i [9].
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2.2 ReadoutArchitectures and Methods

This section is intended to providéadef informationabout the readout architectures

of the CMOS image sensors, as the selection of the architecture plays a crucial role on
the metrics of the Analog to Digital Converter to be designed. The issues thae wil
covered irthis section are shutter modesjing of the CMOS image senspad the

readout parallelism.

2.2.1 Shutter Modes

As mentionedduring the introduction othe basic pixel architectures, image is
acquired in a time intervalvhich is called expose or integration time. The pheto
generated electrons accumulated in this time window are readlsmgt amethod
appropriate téhepixel typeemployedMoreover, allCMOS image sensotses either
one of the two main typed shuttermodes to control theexposure tire, rolling or
global (or snapshot) shutter. Following subsections present timing diagrafasand

informationabout theséwo shutter modes.

2.2.1.1 Rolling Shutter

When operating in the rolling shutter mode, pixels belonging to one row arextreset
the same timeAfter a delay timgknown asthe exposure timgreadout phase of the
pixels begins Consecutive rows follow the same pattern with a constant predefined

time lag as demonstrated Figure2.6.

Frame Time
-
Exposure Time

“ o e
T e
_ . Exposure
Row
Number \ \ \ A \ Read-out
\ \ A \ \

Figure2.6 Timing Diagram of Rolling Shutter Mod8]
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Rolling shutter tning scheme is very easy to implement and very high frame rates are
obtainable. Howeveiincecharges are integrated during different time intervals for
different rows, image can be distorted if the imager or the object is movinfafast

speed comparabte the shutter speed)

_——_——aaw mEmmImmEmEmtneeTR T T

— B ——

Figure2.7 lllustration of Moving Effect While Usingolling Shutter{10]

Figure 2.7 is a picture taken from a fasbving vehicle using a digital camera
employing rolling shutter mode. As can be seen from the figure, the rails, which are
supposed to be straight, appear to be inclined fromtefopo the bottomright. This
indicates that, readout of pixddegins from the top row to the bottom for this specific

imager.
2.2.1.2 Snapshot (Global) Shutter

In the global shutter mode, all pixels in the array are asite same timandthey
accumulate charges sittaneously. After the end @xposure time, generated signal

in the pixel photodiodes are sampled anditeid read out sequentially rdwy-row.

Global shutter helps to remove undesired effects caused by the rolling shtteer in
expense of frame speetiming diagram presented Figure 2.8 represents readout
phases for different rows included in a CMOS image sensor employing Global Shutter.
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Figure2.8 Timing Diagram of Global Shutter Mod8]

2.2.2 Chip Architectures

Alongside with the imaging core composed of pixelsjtdigCMOS image sensors
contain numerous peripheral electronic circuitries that handlectop signal

processing. These peripheral blocks include:

Bias generators
Row decoders and column multiplexers
Column amplifiers

Analog to digital converters

= = 4 4 -

External communicatio interfaces (e.gSerial Peripheral Interfacé€SPl),
Inter-Integrated CircuiflC), etc.)
9 Serial output interface®(g.Low VoltageDifferential Signaling(LVDS)).

Figure 2.9 depictspossible placements of the abawentioned CMOS image sensor
blocks on a chipNote that colum+parallel analog to digital conversion is employed

in the architecture shown Figure2.9.
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Figure2.9 Image Sensor Chip Architecture Diagram.

After the image data is generated at the pixelgardless of the type of the shutter
mode employeda row is addressed and the pixel outputs belonging to that specific
row is fed to the column signal mressing circuits. In the following step, assuming
that analog todigital converters are placed in the colunhe signal processed in the
column amplifers are fed to the AD€£and converted into the digital domaMext,

the ADC outputs at the parallel columns are selectedbgrame by the column
multiplexers and fed to the LVDS blocks. LVDS blocks transfer the datafdbe

chip. This architecture ires individual ADCs connected to each column in the

imager.

In theserial analog to digital conversion scheme, the analog data at the output of the
column amplifierswill be multiplexed and fed t@ singleserial analog to digital

converter. Then digiteADC outputwill be transferred ofichip by the LVDS drivers.
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Upcoming subksection presents a discussion about the-ocedparallelism(i.e. at
which stage to implement the analog to digttahvertery and investigates thiepic

in terms of poweanddata rate.

SUPPLY PADS SUPPLY PADS SUPPLY PADS

2 2 2 2 2 2
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= “ = COLUMN ADC's =

= ANALOG MUX Lvos = DIGITAL MUX
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Figure2.10 Serial (a) ColumnParallel (b) and PixelParallel (c) Conversion
Architecture44].

2.2.2.1 Serial Analog to Digital Conversion

Serial ADC architecturacorporates thasage of single chifevel ADC, as shown in
Figure2.10(a), whereoutputs of all the pixels in the arrageconverted intahedigital
domain by tis single ADC ina frame time This architecture requires fastest speed

ADC architecturesvherethe sample rate of the ADC should be

o«

W Q 0 0 (2.10)
where fameis the frame readut speedand Now and Nowmnare the number of rows

andcolumns in the array respectivgB],[11].

Employing serial analog to digital conversion can be beneficial in seweng

Firstly, ability to plae converter circuitry away from the pixel array can reduce the
substrate injected noise affecting the pixels. Another asset worth mentioning is that
implementing seriatonversion scheme allows the developer to use third party silicon
intellectual propeites of ADCOGs which in turn reduc
design. On the other hanextreme dataate required for this approach is a serious
drawback Wi t h t oday s s, twhch id asvatlys theoorderaftensay s i :
of megapixels, itis nearly impossible to employ this method and stiket speed

requirement$4],[12].
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2.2.2.2 Column-Parallel Analog to Digital Conversion

Columnparallel analog to digital conversion schemsesa dedicatedADC for
column. An implementation example of column parallel ADCs is demonstriated
Figure2.10(b). This approach has medium amountwohultaneityand thousands of
ADCO s watrthke isamg timén parallel relaxes the data rate requirements.

Sampling rate requirements of this analogligital conversion method is given as

% Q O h (2.12)
where the frame reanut speed and number of rows terms are representeghlgid
Nrow. This conversion scheme is widely uskee toits lower power consumption and
moderate data rate requireme Qnhe of the major handicap of usingetbolumn
parallel ADCsis the aredimitation imposed on the ADC desigrsis obvious that,
the layout of tie ADC should fit perfectly with the column width, preventing the usage
of ADC architectures arevith large area requirementn improvement over this is
achieved by placing ADCs both on the bottom and the top of the array in tpéxsVo
pitch. This strature is also advised in order to evenly distribute the heat generation to
avoid current shadinfi.1]. Anotherproblemto beaddressed in these architectures is
the possiblerosstalk betweerthe columns. Howevethere are ways to address these

and perfectly operating designs are availablde literaturd4].

2.2.2.3 Pixel-Parallel Analog to Digital Conversion

Pixel parallel conversion method involves placement of an ADC per, péepicted

in Figure 2.10 (c). This scheme relieves the constraints on conversion byate
employing very large amouff parallel signal processin@ampling rate regulation
for this design type is provided by the atjon(2.12) and equivalent with the frame

rate.

Yy Q 8 (2.12
This conversion method has become popular in recent \y&éasever power
consumption values being considerably large compared to ceanaiel counterpart
and area restrictions affecting both the architecture selection and devicemsaizes

this design les preferable.
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2.3 Noise Sources in CMOS Image Sensors

Noise isa principal issuavhen designing both the image sensor pixels and peripheral
signal processing blockas it is closely related to the quality of the output image. It

degrades the system performaand limits the signal to noise ratio, i.e. the sensitivity.

Noise in the image sensor circuitry can be divided into 2 main categehieh are
temporal and spatial noise sources. Temporal noise is caused by the arbitrary
movements of the carriers idsi the semiconductor and dependent on tirmemay

vary from frame to frame. Spatial noise represents itselfhaoffset and gain
variations from pixel to pixel and originates from the mismatches during production.

This type of noridealityis time independent and ment even under no illumination

1].

Following part of thissection aims to demonstratetypes of botlthetemporal and

the spatial noise sources.

2.3.1 Types of Temporal Noise Sources

2.3.1.1 Thermal (Johnson) Noise

The hermal noise is caused by the random motion of the electrons inside a resistor or
a conducting medium due to thermal effedise pwer spectral density equation of
the thermal noise is provided below:

w Q 1TQYY 04

where k is the Bol t zfauetkéhsn, Tcitemperatumetn = 1 3

h (2.13)

Kelvin, and Ris the resistance in Ohms. Notice that there is no speefahdence of
thermal noise, i.at is constant for all frequencieBhermal noise is generally modeled
as a voltage source in seriggh an ideal resistor aa current source in parallglith

an ideal resistor as demonstraiedigure2.11.
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Figure2.11 Equivalent Thermal Noise Model Circuit

2.3.1.2 Flicker (1/f) Noise

Flicker noise is a low frequency noise component ant asme suggests, its power
spectral density decreases with increasing frequency. The source of this noise is not

completely understoqdbut its approximation for its PSD is gives

O Q= @ ogeh (2.14)

where k is a constantThis noise can be significantly reduced by using Correlated
Double Sampling13].

2.3.1.3 Shot Noise

Shot noise is a dominatimggrading factor for the performanaemostCMOS image
sensors. It igenerated durindhe pasageof carriers over the potential barridrsild

by p-n junctions.This is an unavoidable nadeality for CMOS image sensqias the
core of the imaging ibuilt onthe pn junction photodiodes. Photon shot noise can be

described byhe followingequation

& 0 Qh (2.15)
where N is the total mmber of accumulated electronshd®n shot noise is the
determining factor for the Sign&d Noise Ratio of the CMO8nage sensors over a
certain signal valu¢9]. In the shot noise dominated regime, maximum achievable

SNR can be expressed as

Oy 0 0 g
0 : = 0 (2.16)
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As mentioned in the introductory chapter, pixel sizes are continuously getting smaller
imposng a limiting factor on the full well capacity of the sensor. Provided in the
numerous articlegl4]i [16],maximum number of electrons that can be integrated on a
single pixel is in the order of several tens of thousands. Assuming an exaggerated
number of 100.000, the SNR is limitéd 50 dB, much lower tharthe maximum
attainable SNR of a 1Bit ADC (which is approximately 74 dB In the light of this

fact, it can be said that ADC resolution can be reducedower value and the signal

will not be degraded. Thus the conversion spaed power consumptionan be
improvedin the cost ofthe resolution[5], [17]. This point will be revisited on the

design related chapter of this thesis.

2.3.1.4 KT/C (Reset) Noise

Ideally, capacitorslo not introduce any noise sourcettee circuitry. However,when

used inthe SwitchedCapacitor circuits (i.e. driven via a MOS switctijey integrate

the noise created by the other circuit elements. As mention8dction2.1.2 pixel
operation yields a step where the pixel capacitance is reset via a MOS switch, thus the

reset noise is a serious limiting factor for CMOS image sensor pixels.

phi
I WYY
R —} V2, = 4kTR

| |
I
O
| |
I
O

Figure2.12 Equivalent KT/C Noise Modeliuit.

Figure2.12 shows theSwitchedCapacitor circuit mentioned above. Even though the
capacitor is a noisree element, it integrates the thermal noise generated at the
channel otheMOS switch kT/C term arises from the integration of the thermal noise
generated at the channgf the switch transistor, on the capacitor, to a bandwidth

determined by the resistance value of the transistor channel and the capacitance value.
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&) TQ¥ Al Q"0 TQ"ch h (2.17)
P c“QYH §) '
where k is the Boltzmannoés ¢andthe Casthe, T

capacitance in Farads.

2.3.2 Types of Spatial Noise

2.3.2.1 Dark Signal Non-Uniformity ( DSNU)

Caused by theatk currentvariations on the photoabdes andhe threshold voltage
differences of source follower amplifiers, this tygfenon-uniformity represents itself
on the long exposure times and under low illumination. This type cundarmity

cannot be cancelled using Correlated Double samphiogvever external image

processing algorithms may reduce the visible effects of thisdeatity.

2.3.2.2 Photo-Response Nofniformity (PRNU)

This spatial noise type is related with the gain variations among the pixels or the
column readout channel&pplying non-uniformity correction (2 point or above) to
the output image on the computer environment can eliminate the effects of photo

response neaniformity.

2.4 ADC Architectures for CMOS Image Sensors

This sectiorprovidesthe basianformationregardingseveral ADC architectures used

in the CMOS image sensors. Each of the analog to digital conversion methods
provided below have their desiralitaits anddrawbacks These attributes make the
ADC architectures mentioned below form an alternative soldtoimplementation

in either pixel orcolumn orchip level (serial).

2.4.1 Flash ADC

Flash ADC is thefastest method of analog to digital conversion amnery
straightforward to implementlt takes only 1 conversion cycle to convert the analog
data intothe digital domain. This rapid response comes with a large area and power
requirement. Flash analog to digital conversion uses a resistive DAC consisthhg of 2

unit resistors placed between high and low reference voltage levels Nind 2
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comparators for makingomparison at each reference lg\ad illustratedn Figure

2.13. Output is provided in the thermometer code form, with comparators having larger
ladder voltage thamhe input voltage giving.OGIC 0 output and the other ones
showingLOGIC 1 This thermometer code output is then converted timdinary

form using a decoder. Fast conversion spgde areaccupationandhigh power
requirement of this architectureakes this ADC type an alternative for serial

conversior4].

VrefH VrefL

Vin

YV VY

Thermometer to Binary Converter

bp.1 bz b; by

Figure2.13 Generic Flash ADC Diagram

2.4.2 Successive Approximation ADC

Successive approximatiofbAR) analog to digital conversiomethod is based on

using the previousconversiin r esul t t o generate Amhe nexi
example SAR ADC operation is illustratedrigure2.14(b) for 4-bit. First conversion

is performed by comparing midcale reference voltageeV/mid to the input wltage.

If the input signal is larger thand mis, Next conversion step is restricted with the

upper half of theull-scaleconversion rangeOtherwise conversion is performed in

the lower half. Second conversion is execuigdising the mid voltage ofitber the

upper or the lower half scale and this trend continuesthetilesulis achieved. This

method typically requires 1 clock cycle to sample the input data and N clock cycles to

performthe N-bit conversion.
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Figure2.14 Successivé\ pproximation ADCBlock Diagram (a) andXample 4bit

Conversion Agorithm [4].

Successive approximah method is a very higepeed ADC suitable for both column
parallel or serial conversion, however it requires the design of very precise charge
redistribution DACsshownin Figure2.14(a), which is hard to implement in column

level and casumes significantly high pow§t8], [19].

2.4.3 Pipeline ADC

Another alternative to realize analog to digital conversion for CMOS image sensors is
usng apipeline ADC. This architecture consists ofshib ranging stages to perform

the N-bit conversion and can be considered as having a separate hardware for each
iteration of successive approximation methé&tgure 2.15(a) shows N-stages of
conversion for pipeline ADCsOperation algorithm can be briefly explained as a
comparator determining if the input voltage is lower or higher than the reference
voltage followed byfeeding the residual voltage between the input and the reference

voltages to the next stage demonstratad Figure2.15(b) [18], [20].

Complexity and fast conversion rate of this architectwiech is comparable to SAR
ADCs, makes it a suitable candidate for the serial conversiomever increasimg
array sizes demands higher data rates and there are examples on the literature showing

successful implementation of pipelining method on column g2ide[22].
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Figure2.15 Pipeline Architecture (a) and Block Diagram of a Single Pipeliageé
(b) [18], [20].

2.4.4 Cyclic (Algorithmic) ADC

Cyclic ADCO6s can be interpreted as pipeldi
and feeding the output resial voltage to itself. Because of the large silicon area
requirements of charge redistribution DA
keeps the analog reference voltage constant and makes capacitive manipulation of the

input voltage.

Figure2.16 depicts the simplified diagram of the cyclic converter. The input voltage
is compared to the midoltage of thefull-scalerange. If the conversion yields the
result thainput voltage is larger than the reference voltage, the difference between the
reference and the input voltages are multiplied by 2 and fed back to the input of the

sample hold stage.

Vi v
] O
— S&H
Vraf bn B J_
=

Figure2.16 Cyclic ADC Block Diagram
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Reduced complexity and lower power requirement of the cyclic conversion method
compared to pipeline method makes this architecture attractive solution for eolumn

parallel high frame rate applications.

2.4.5 SigmaDelta (- ADC

SigmaDeltsADCO6s empl oy oversampling to achieve hi
which in turn enables this architecture to reach high resolutions. Usage of analog

functional blocks is limited in this architecture, howewveralizing digital signal

processing cinaitries like digital low pass filters and decimations circuits still demand

large silicon area. Furthermore, high speed clock necessity due to high oversampling

rates limits theuseof this architecture to serial conversion. The literature shows the

reseach progres$or implementation on column and pixel legireducing the power

conversiorandthe circuit complexity[16], [23].

2.4.6 Integrating ADC

Integrating ADC al so call ed as Single slope ADCOSs,
compact alternative for CMOS image sensors thingd, it is commony used Small

area requirement of this architecture makes the implementation possible dheboth

columntlevel andthe pixel-level. Single Slope ADCs incorporate a global raangda

counter buswhich is common to all colump ar a |l | eab weh &O@paratos

and memory blocks per columas shownn Figure2.17. Operating principle of the

single slope ADC can be described as follows:

As the analog ramp voltage increases by the amount of 1 LSB per clock cycle
simultaneously with the incrementing counter value, ramp voltage is compdhed wi
the input in the column level ADCs. When the ramp voltage crosses the input voltage,

a decision is made and the counter value is latched on the column memory blocks.
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Figure2.17 Integrating ADC Block Digram

Simplicity of design, very low power consumptj@nd excellent linearity makes this
architecture a popular choice. On the other hand, a single slope ADC redwailesk2
cycles to perform a single conversion, limiting the akthe Integrating ADQGo the

low frame rate applications

2.5 ADC Evaluation Parameters

This section presestADC performance evaluation parametefgea occupation,

power consumption, and sampling rate are important specificatieteymining the
architect ur e GapplicaiensIn addition to yhesé metritshthere are
sever al generic parameters that are used
what the application area would BEhese criteriacan be split into two as static and

dynamic parametersepresentiy t he convertero6s | inearity

distortive effects.

The Integral Non-Linearity (INL) is a static nondeality, which represents the
deviationof the ADC output from the ideal conversion result. INL value for any
possible step of the fulange can be described as

0Q "Q0 Yo

00 0 ——— Q1D h 2.18
00 NG ¢ Tk (2.18)

where A(i) is the analog signal value for output codeingfrom i to i+1 and LSB is

the quantization step size. Generally INL value is presented as plot in literature,
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however there are cases INL is described by a signal number which corresponds to the

maximum value on the INL pl¢20].

o o 0 Q @O TYE
00 0 & W SN Q¢ ™ 8 (2.19

INL causes smooth shading artifacts on the output image. As long adlLtivalue
does not exceed %7 of the full scale range, INL errors can be tolerated by the human
eye[4], [12], [20].

The Differential Non-Linearity (DNL) is a static nondeality, which can be
described as the deviation of a quantization stop from the ideal LSB B&equation

for any output value on tHall-scalerange is given as

00 0

0Qp 071Q
0 YO
where A(i+1}A(i) term represent the amount of increase in the analog input voltage

QEN mgg h (2.20)

for the output code to increment from i to i+1 and the LSB isdbal quantization
step size. As in INL, DNL caalsobe given as plot or a single maximum valvéich
is providedon equationZ.21) [20].

wn . . 0Qp 0Q
OV UL O Ww —
U YO

NEN K 8 (2.21)

A differential nonlinearity larger than 1.SB causes generation of missing codes.
DNL directly affects the image quality and considered as more critical compared to
INL. Missing codes causes instantaneous jumps in the reconstructed macie

represent itself as sharp transitions.

The Signal to Nose and DistortionRatio (SNDR) s the ratio of signal power to the
RMS of the harmonics components and the noise power. When a time varying input
is fed to the ADC, distortive artifact esed from the nonlinearity of the transfer

function of the ADCalterthe output image performance.

The Effective Number of Bits (ENOB) is the modified representation of the SNDR
and s hows -ideditg pesfornmoca on the resolution level. Mathematical

representation of the ENOB value is given as
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The out of range recoveryis required for the ADCs used age sensors to recover
from the input signals that are above or below the predefined full scale range.
Blooming or dead pixels can generate such output vali28 is expected have out

of range recovery circuits and provide aeutput code corresponding tbe inputs

outside the convemsn limits.

2.6 ADC DesignSpecifications

On this last sectiorthe ADC performance parameters and design specificasioned
in the work presented in this thesiegiven Table2.1 lists the design requirements
that are set for the design of ADC.

Table2.1 ADC Design Specifications.

PARAMETER VALUE UNIT
Resolution 12 bits
Column Pitch 13.4 em
Sampling Rate >50 kSks
Clock Frequency 10 MHz
Power Consumption <150 e W
Supply Voltage 3.3&1.8 \%

Conversion Range 2.90.9 \%

Process 0.18 eEm

Analog to digital converter design within the scope of this study adopts a variation of
the Integrating ADCs, the TwStep Multi Slope ADC architecture, which will be
cleared in Chapted. Columnlevel ADC implementation method is followed in order

to have a moderate conversion spetide sampling rate is determined to abide by a
readout speed of 50 frames per second on a CMOS image sensor with 1080p vertical
resoluion. 10 MHz clock speed is sufficient to satisfy this speed requirement. Golumn
level comparators amesigned to be placed both top and bottom sides of the CMOS
image sensor array, as demonstrateldigure 2.9. Thereforewidth of eachcolumn

level comparatois determined as 13g4 m
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CHAPTER 1l

TWO-STEP MULTI -SLOPE ADC

Two 1 Step htegrating ADCs can be considered awmid-point between the widely

used SingleSlope and SAR architectures. When implementing SiSgpe ADCs, a
serious trad®ff is made between the conversion speed versus linearity, circuit
simplicity, and power consumption. Recalling the sampling speed equatitive

Single Slope ADCfrom the previous sectionpnversiortime increases exponentially

with the ADC resolution. Literature shows several examples that uses very high speed
clocks However this requires design of complex clock generation circuits with hig
power consumptiof24], [25]. On the other handntegrating SAR AC to a column

would require a serious area to implement charge redistribution DAC. A hybrid of
these architectures, twsiep integrating ramp architecture, has been proposed and

several application examples are available in the literg®lir€l7],[26],[27].

Performingthe Two-Step Integratingnalog to digital conversiaepend on dividing
the conversion into two steps: coarse and fine conversielit ¢barse and 4bit fine
conversion steps provide the resofitN=K+L bit ADC. The outline of the operation
of the Two-Step Intggrating ADC is explained below and an example caosiger

sequence is illustratad Figure3.1.

1 In the first step, Kbit coarse conversion is performed using a ladder shaped
ramp When the decision is made, the rampueais latchednto a memory
capacitor. Furthermore, the global counter value latchdte digital coarse

memory block.

33



1 Secondly the residue between the latched ramp value and the input voltage is
compared to the fine ramp in thebit fine conversion pése. Likewise, when
the decision is made global counter value is latcimd the digital fine
memory block.

1 Onthe final step, coarse and fine conversion results are superimposed and fed

to the output stage.

Voltage
A

VvefH _I_I_\
Vin
Coarse Ramp
Fine Ramp
—_— Input signal
Vet

-
-+

Time

\j

Y
A
\

K-bit Coarse Conversion L-bit Fine Conversion

Comparator Output
LOGIC 1 T
LOGIC 0 | | | |

Figure3.1 Example Ramp Waveformsdpicting he Conversion Rgorithm for Two

Y

Time

Step Integrating ADCs

Durationof the Two-Step Integrating analog to digital conversion is offly 2" steps

for N-bit resolution (N=K+L), whereasthe conventi onal I ntegratin
conversion time for Abit resolution is 2. For 12bit resolutionup to32 times faster

conversion is achieved usitige Two-Step Integrating ADC compared to the Single

Slope ADCwith K=6 and L=6

The simplified circuit diagram for theconventionalTwo-Step Integrating ADC is
shownin Figure3.2. It includes a comparator to compare the pixel generated input
signal with the ramp signal, switches for alternating between the coarse and the fine
phasesand a hold capacitor to store fireal settled coarse ramp voltage belonging to
the step at whiclthe toggling at the comparator occhiowever, this architecture is

problematic due to the parasitic capacitance at the input of the comparator. In the fine
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conversion phase, when the bottom plate of the hold capacitor is driven by the fine
I a mpeoarsé=WOGIC 0, Ufine= LOGIC 1), ramp and thslopeof the fine ramp is
distorted by the parasitic capacitance present at the input of the comgacaie3.3

portrays the variation ofthe slope due tothe input parasitic capadt of the

comparator.
Vin . .
Loglc — MEMoRyY |—K+L bit output
¢cgarﬁe d)holdcap
Rampesarse |
Rampie .—/

Prine chrme Chold
¢Ooafse
' Vrsﬂ_

Figure3.2 Schematic tagramfor Column-Parallel Rirtof Two-Step Integrating
ADC.

Input voltage of the comparator duritige fine conversion phase can be given by

: 0 :
w = — 8 (3.1
. O O .

As can be seen froraquation(3.1), in order ¢ havethe comparator input voltage
(Vin_comparatgy t0 converge to the fine ramp volta@ésine ramp, hold capacitovalue
(Choid) should be considerably langihan the value athe parasitic capacitan€€par)
at that nodeHowever increasinghold capacitance valuaakes it hardeto drivethe
coarse ramp voltage.

Voltage

A

Ideal Ramp Slope

- Real Ramp Slope

=  Time

Figure3.3 Distortion on Fine Ramp by Parasitic Capacitance
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In pursuance of decreasing the fidaealities due to the parasitic cagances at the

input of the comparator, different comparator structymesposed in the literatuigre
explored In [28], [29] a 4input comparator is used to reduce the effects of parasitics.
As it can be seen fromigure 3.2, bottom plateof the hold capacitor is connected to

0.9 V reference voltage @4.) and this connection switches to fine ramp signal in the
fine conversion phase. It is suggestef?B] that instead of performing this switching,

fine ramp and ¥ should be connected to their dedicateplt terminals on the-4

input comparatorAnother approach presented [29] involves removing the hold
capacitancand instead of generating a staircase shaped coarse ramp, feeds outputs of
4-bit resistive ladder to column€olumns switch between 16feeence voltages
created by resistive ladder and instead of storing analog vpitagees the latched
coarse conversion result to add offset to the fine ramp voltage. This approach is useful

as it eliminates the hold capacitanelwever it limits the geed of the conversion.

The ADC designed in this thesis incorporatesnpgut comparator scheme
incorporating the hold capacitan orderto not to compromise speed. The circuit
diagram for the columparallel implemented part of the Tv&iepMulti-Slope ADC

is shownin Figure 3.4. 4-input comparator has analog input signal, coarse ramp,
reference voltage, and fine ramp input termiaalsvellsas aogic blockthatgoverns

the timing of switches implemented on signal paths.

Vin . ] B-bit
Proigcap Coarse Memory
RaMpeoarse Q—a o——s . t
| omp_ou
I Chold
== 7-bit
Vi @ Fine Memory
v . _ Peoarse
refl A L
Drine_120
Ram| :/_ = Droidcap
pfmeJZh . ¢fna 11b COAMSe  f— TSMS
Ram) - - = fine_12bgf——i
pfme_llh . / q)rna T ¢’hne,11b4— LOGIC
Rampsqe_100 . > -— Dine_10b df—i
Q. fine_Sh -
Rampyne oo @i =/= foe

Figure3.4 Implemented TSM&\DC Schematic agram

At this point, beforadigging intothe block details, it would bleeneficial to mention
the multislope function of the ADCAs mentioned while describirtpe CMOS image
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A

sensor basicm Section2.3.1, sensor o6s output || evel i ncr

intensity andexposure timgas the full well apacity of the pixel allowsAlongside

with the light generated signal of the pixels, there are various noise components
associated with the nature of the electronic devic&xceptfor the shot noise
componentother remaining noise sources has no relation with the amount of the
incoming licht and carbe considered constarghot noise on the other hartgs a
square root relation with the phegenerated electrons in the well and can be described

as follows:

3 6 Qh (3.2)
where N is the total number of accumulated electrons. As one can deduce, the shot
noise component at the pixel output gets very large as the pixel output level increases

and poses akedominating factor on noise.

Photon Shot Noise Compared to Quantization Noise Quantization Noise Variation
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Figure3.5 Comparison ofQuantization Noise of ADC with the Shot Noisei€ing
at the Pixel @tput

Shot noise componeifior 200000 efull-well capacityand 500 v fcanversion factor
is calculatedExcluding the other noise components, the relatiaih@$hot noisdor
given parameterand quantization noise can be seaeRigure3.5. Quantization noise

of thedesignedADC can be givemas:

©

C
S p1&u b (33)
¢ Wpc

m-
s
I

37



where [ sg is the LSB size of the ADCAs can be understood from the figure on the
left, quantizationnoise is considerablgmall compared to the shot nqises it can be
seen fronFigure3.5(a). This means that ADC has a better performance than needed
thusquantization noise can be increased by decreasing the res@untiancreasing

the LSB size as illustrated inFigure 3.5(b), without affecting the overall system
performance. This methokhown ascompanding andan be used to reduce the power

consumption of the ADC and increase the conversion 4b&dd7].

Compandingmethod is exploited on several works present in the literature as
piecewise linear rampwith increasing slope$or SingleSlope ADCs[30], [31].
Another approach was to divide the conversion range of the ADC to 4 and8
generate ramps with increasing slopesttes meanvalue of thedivided portion
increasesThe work presented in this theséms to combine the latter approach with
the TwaStep SingleSlope ADCspresented ifi26]i [28], obtaining higher conversion

speed in terms of cloayclesand reduce the power dissipatedim@@onversion cycle.

To integrate the companding methodto the TweStep SingleSlope ADC
architecture4 fine conversion ramps is needed instead of only 1. This way, ramps
with larger slope will be used to compare the input voltages belonging to higher
regimes in the conversion range. The information of the region at whiteNng is
going to beexcerpted from thenost significan®-bits of the coarse conversion results.
Using this data, selection between 4 fine ramps present at the fine ramp impugalter

of the comparator is made and fine conversion is perforindeigure 3.6, selection

of fine ramp voltages according to the coarse conversion results can be seen
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Figure3.6 ExampleRampWaveforms Depicting the Conversiogarithm for Two
Step MultiSlope ADCs

3.1 Error Correction

Due to some undesired effecssich as theomparator offset anithe charge injection
of the sampling switch, theperation of thestructure introduced above may be
adversely effected\s an examplenithe fine conversion phase, fine ramp voltage and

the input voltage may not cross each ottewraise of the=ffects mentioned above.

To overcome this problem, swing range of the fine ramp is increased tGthSR

of the coarse conversioithis way the fine ramp starts to decrefeen the lower
quarter of the upper LSB band and stops at the upyester of the lower LSB band
that it should scarModified fine ramp signal for error correction can be sedfigure
3.7. By taking this precaution against errdise ramp resolution is increased tdifs
and conversion duration iscreasedy 32 clock cyclesmaking a total oB6 clock
cycles. for fine conversion timeConversion durations for different modes and
resolutions are provided drable3.1. Even though fine conversion duration increase
because oérror correctionemploying error correction method for the T"8tep ADC

is obligatory Otherwise dead bands and missing codes waoeicrease thé&DC
linearity. In [26], fine ramp swing arresponds to 2 LSBsf the coarse conversation
starting to decrease from the half of the upper LSB band and stopping at half of the

lower LSB bandHowever,that much of nondeality is not expected.
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Figure3.7 Proposed-ine Ramp Signal for Erro€orrection

Following the end of conversioautput data is rescaled in the computer environment.

If the fine conversion output yields a result that correspond to the upper or lower LSB
band,the coarse conversion result is incremented or decremented by 1 respectively
andthefine conversion resulsirecalculated and reduced teb@. Otherwise if the

fine conversionresult show that output belonde the central bandthe coarse
conversion is not changed ate fine conversiomresultis re-calculatedo give the 6-

bit output.Figure 3.8 below shows the output-alculation algorithnfor the 6-bit
coarse andhe 7-bit fine conversion resultg:or the 12-bit regime, after the coarse
conversion is completethe global counter starts counting down from 95 tevAilst

the fine ramp coverthe 1.5 LSB band starting from the lower quartérthe upper

LSB band tothe upper quarter othe lower LSB band. Thus, the fine conversion
outputs between 95 and 80 belong$hie upper LSB band, whereas outputs between
79-16 belong tdhebase band and results betweerDltelong tdhelower LSB band.
While this algorithm is fora 12-bit conversion, it can easily be scaled fower

resolutions of conversion.
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Table3.1 Conversion Durations for Different Resolutions of ADC.

Coarse Fine Coarse
ADC . ; . Conversion | Fine Conversion
Operation Reso_lutlon Convers_lon Convers_lon Duration Duration for 10
Mode (bits) Resolution | Resolution for 10 MHz MHz ¢l k
(bits) (bits) cl k (
Two-Step 12 6 7 6.4 1.6+64+16=0.
Single-Slope
12 6 7 6.4 16+64+1.6=09.
Two Step 11 6 6 6.4 0.8 + 3.2+ 0.8= 4.9
Multi-Slope 10 6 5 6.4 04+16+04=2.
9 6 4 6.4 0.2+08+02=1.
Coarse and fine
conversion results
from ADC
Qcoar&e&inne
Fine If Qfine <16

If Qfine >80
< Conversion

Evaluation

If 80>Qfine >16

Y Y

Qeoarse = Qooarse -1

Qfine = Qfine +48

Qeoarse = Qeoarse

Qfine = Qfine -16

Qcoarse = Qeoarse +1

Qfine = Qfine -80

Figure3.8 Fine Conversion Output Realculation Agorithm.

Up to this point on this chapter praged TweStep SingleSlope ADC achitecture is
clarified. Henceforth, thalternative implementation methods for the required circuit

blocks will be investigated and a selection for each functional block will be made.

3.2 Common Shared Grcuitry

Common sha circuitry is implemented only once, serving all the colyrarallel
ADCs inside the prototype chip. This block includes a coarse ramp generator, fine

ramp generatorsand counters.
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3.2.1 Ramp Generators

Ramp generators are critical blocks for integrating image sen3twesy area
determinant factor on the linearity and noise peréoroe of columsparallel ADCs.
As the generated ramp signal is distributed to all columns, ramp genesatoitd
have low output noise and must be immune to the kickback noise caused by the

instantaneous state change of numerous comparators.

3.2.1.1 DAC based Rampgenerators

One way to implement a ramp generatotoisise adigital to analog converter. By
continuously increasing or decreasing the digital input, a staircase shaped ramp output
signal is generated at the output of the DAC. Various types of DAC arthigesuch
as,conversion orthevoltage domainthe current domain othecharge domain can be
implemented for ramp generatd82] Figure3.9, example circuit diagrams for ramp

generators implemented as DACs are provided.

Vref

OTA <Ram pout

o—1—4
o—14
o—1—4
o~—1—
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— Rampout
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)

o
3
>

— Rampout

ViefL or Viert +
VrefL

r
VrefH

©

Figure3.9 Simplified Schematic Diagrams forER DAC (a), CurrenSteering
DAC (b), and Charge Redistribution DAC (c).
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R-2R DAC presentedn Figure 3.9(a) generates ramp shaped output waveform by
switching binaryweighted currents flowing over 2R resistors placed on vertical
branches from ground to resistor on the feedback loop. Current switching DAC
representech Figure3.9(b) works with the same principle with®&R DAC. Howevet
currents are provided frorthe current mirror structures implemented with MOS
transistors.Charge redistribution DAC showm Figure 3.9(c), works with the

principle of transferring charge packets to the capacitohefeedback loop.

3.2.1.2 Integrator Based Ramp Generators

Ramp generation using cunteintegrator is portrayeth Figure 3.10. The virtual
ground is kept at ¥ voltage by the amplifier and the current supplied by the current

source causes a decrease on the outputsastiegrated over the feedback capacitor.

Unlike the DAC based ramp generator architectures mentioned, attegeator based
ramp generator has current as the input, instead of the digital aodlehe output
shapeis a saw toothwave. Anotherdistinguishing trait ofthe integrating ramp
generato is that step size of the ramp generator depends on the clock frequency,
whereas for the DAC based ramp generators step size is independent.

Ci

Current —
Generator

+

OTA — Rampoy

Vref . -

Figure3.10 Block Diagram for Integrator Based Ramp Generator

Obtained output swing also depends on the accumulation capacitor on the feedback

loop of an OTA and thinput current. It islescribed by the relation below:

Q3'Q . .
Q0 —— of (3.4)

where dV is the output swing in Volts, dt is the integration period in seconds, i is the
current to be integrated in Amperesd C is the integration capacitance in Farads.
One thing to be noted here is that, the input current is very prone to the process,

temperatureand voltage variationsThe value of the integration currehéas great
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impact on the ramp sigr@llinearity aad slope Thus a calibration schemghouldbe

implemented. There are various calibration methods prastre literaturg33], [34].

3.2.2 SharedCounter

Utilization of a shared counter is necessary to implement integrating ADCs on column
parallel approach to feed digital data to the decision circuitries placed inside each
column. Parallel loadable synchronous sequentiadayn counter is a good
dternative to generate the required digital data simultaneously with the ramp
generators. Synchronous counters utilize a clock signal that triggers all flip flops inside
the counter block concurrentbAn example of parallel loadable counter is given
Figure3.11. Selection of counting direction and being able to load the counter starting
point in the parallel fashigncreates a flexibility of supporting different ADC
resolutions and error correction algorithas itwill be explained below. Since the
counter output is shared lajtarge number of column memory circuits, buffering by

strong drivers is needed to not &dh the wrong code on the decision instant.

Load J—D

Count ‘Li —
<

EiE,

Figure3.11 Example $hematidor 3-bit Parallel Loadable Synchronous Sequential

Counter

3.3 Column Circuitry

Columnparallel implemented portion of the tvabep irtiegrating ADC is responsible
for comparing the analog input signal to the ramp voltage toggles the output signal
whenthe ramp andthe input signals are crossed. At this toggling momeatnter

outputs are latched to the memory.
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Columnparallel circutry consists of a comparatan N-bit memory and additional

logic control blocks. Among these, comparator performance is the most crucial factor
on the ADC operation. Kickback, offset, noise, power consumption, bandwidth,
hysteresisand area occupatioare the main critical characteristicsf comparators,
thusmentioned parameters needb® considered carefully for optimum efficiency.
Kickback can be described as the charge transfer at the instant of toggling, into or out
of input terminals of the conapator, causing glitches on the previous stages like ramp
generators or sampleold. Offset in ADCs is one of the main contributors of the fixed
pattern noise and causes strip artifacts on the imaget referred noise of the
comparator is another pivdtaarameter, as it directly affects thersafjto noise ratio

of the ADC, hencdhe resolution. Power consumption should be kept as low as
possible elsewise the large number of comparators placed on the image sensor array
would create excessive powdran. Bandwidth of the comparator influences the
decision timewherelow bandwidth may cause delay in togglimghich in turn may

result in latching the wrong counter value. Hysteresis can be defined as the memory of
the comparator, caused by the stored charge in the internal capacitances, and should
be minimized by periodically resetting the comparator. Consigehe factthat
column parallel circuitries will be laid out on a single or double pixel pitch, large area
requirement of a comparator will cause the chip dimensions to get larger in a single
dimension and this conflicts with the efforts on manufacturiMoS image sensors

with smaller proportions.

3.3.1 Comparator

Different design approaches for coluparallel ADC comparators are present in the

literature. The following subsection investigates several comparator architectures.

3.3.1.1 High Gain Amplifier

A simplistic approach for implementing comagors is using a high gain amplifier.
An amplifier in the open loop configuration functions as a comparatoshowrin
Figure3.12, toggles its output tthe positive supply voltage if the signal on the non
inverting terminal is larger than the inverting termirald viceversa[35]. Low

bandwidth (slow decision tim& themajordrawbackof this approach. Larger current
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dissipation may resolve the bandwidth issue however low power dissipation is a must

for column m@rallel comparators.

Vin — +
OTA Vout
Vref e

Figure3.12 Comparator Implementation with High Gain Amplifier

3.3.1.2 Multistage Comparator

Employing several single stage amplifiers in the cascaded form is another approach
for high gainin comparatorsExample of ahreestage comparator comprising lew

gain amplifiers is illustratedh Figure 3.13. This architecture can operate very fast
since the individual single stage amplifiers can operate faghey do not need
compensationj35]. Offset is a serious issue on this method and offset cancellation

should be performed on successive gain stages.

Vin =—1+ + + Vout1

Vref b - - Vout2

Figure3.13 Comprator Implementation with Succesive Gain Stages

3.3.1.3 Latched Comparator

Another generally used comparator type is latched comparator which is essentially a
preamplification followed by a positive feedback latchingcuit, as depictedn

Figure 3.14. Preamplifier is usedo provide gain thus increasing resolution and
alleviating kickback effects. The latch state further amplifies the preamplifier outputs
by the help of regenerative feedback and provides a compleméutascale digital
output[36].
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Vin +

preamp

Vref -1

Figure3.14 Comparator Implementation with Dynamic Latch Preceded by a

Preanplifier.

Gain of the preamplifier is generally in the order of several 10 V/V. By keeping the
preamplifier gain low, large bandwidth and smaller decision time is ensured.
Preamplifiers used in latched comparators are generally implemented as one or two
stages of cascaded differential pairs loaded with either resistive or diode connected
MOS devicesToreduce the nonlinearities caused by the offset and noise, auto zeroing

is also involved in high resolution applications.

One eminent point to be mentionkeere is that the positive feedback latch circuitry is
immune to the memory effect mentioned above as hysteresistissogernal nodes
are reset abne phase of the input clock signal and the decision is made during the

transition of the clock from orgateto another.

3.3.2 Memory

As discussed while describing the operation flow of two step integrating ADC, shared
counterd6s outoput stage should be | atche:
memory block design can be realized by using D-Flgps. Even thogh the design

may seem simple layout should be drawn carefully not to enlarge the layout footprint.
Another alternative for the memory block can be the implementation of SRAMs for
narrow pixel pitch applications. However, usage of SRAMs requires additadaal

and experiencédor thedesign of CMOS SRAM cells and sense amplifiers.

3.4 Design Methodology for Two-Step Multi-Slope ADC

So far on this chapter, different design approaches have been investigated for the

functional blocks of TwebtepMulti Slope ADC. In pursuance of meeting the
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predefined design requirements for the T8tepMulti Slope ADC, the best fit among
the alternaties presented above is picked and implemented. Following part of this

subsection presents a discussion about the selection about the suitable alternatives.

3.4.1 Design ofthe Coarse Ramp Generator

As depicted in thé&igure3.1, a ladder shped ramp generation is required for coarse
phaseto latch the final value of the decision step on the analog memory capacitor.
This requirement rules out the integrator based ramp genemesistive DACs are
limited in their performance by the matcgiof the resistors and large thermal noise
generated on the resistive ladder. Current steering DACs offer high speed in expense
of drawing continuous current from the supply. Among the DAC based ramp
generators capacitive charge sharing DAC seems to &gpmapriate alternative with

its speed and resistance to the kickback noise due to its large output capacitance.

3.4.2 Design ofthe Fine Ramp Generator

The ine ramp generator block is realized with the integrating ramp generator. The
reasoning behind this dsmn is mainlydue toits capability to scale for different
resolutions easily without dramatically increasing the occupied area. Ensuring the
ramp output to swing between the predefinadgeis a challenge due to process,
voltage and temperature variahs However,this complication can be overcome by

introducing calibration circuits.

3.4.3 Design ofthe Comparator

For the design of the comparator, dynamic comparator approach is employed. High
gain amplifier and multistage amplifiers are out of scope farttiesis as they reach
high bandwidth with excessive consumption of power. Positive feedback latch
comparator offers high gain, low powemd fast decision when preceded with a
moderate gain providing preamplifier. Special care is taken for minimizingploé

referred offset and noise for the comparator.

3.4.4 Design ofthe Counter

Synchronous sequential counter with the ability ofdopin counting and parallel

loading is implemented. There are several different alternativésh offer lower
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power consumptignsuch as ripple counter and gray countéowever, theshared
nature of the counter is an advantage in terms of power, as the overall consumed power

is divided between the columns when calculating power.

3.4.5 Design of theMemory

Flip-flop based registers aselected for their simplicity.
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CHAPTER IV

IMPLEMENTATION

This chaptesummarizes thedesignof the Two-Step Multi Slope ADCby means of

facts requirementsand decisionsovered in the previous parts of this text. Design of

the prototype ADC IC isiandled with block level top to bottom design methodology.

Employed functional blocks in ADC prototype IC can be listed as:

T
T
T
T
T
T
T

Common Shared Ramp Generators
Columnparallel ADC blak
Common Shared Counter

Bias Generators

Digital Controller

Column Multiplexer

Output Serializer

Each of the blocks listed above will be examined thoroughly in different sections of

this chapterFirst section will focus on the implementation of the coarskfine ramp

generators. In the following padomparator design for column parallel ADC will be

described. Succeeding two sectiaimas to describe thdesign & column multiplexer

and output serializer, which are used for readout of the binary &atally,

implementatios of bias generators blo@dnddigital controllerare presented.
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4.1 Common Shared Ramp Generators

Recalling from thantroductory text of Chapte3, operation othe Two-Step Multk
Slope ADC is divided intdhe coarse andhe fine conversion phases. During both
phasestheanalog input signal dhe ADC is compared to the ramp signalsliBwing

section demonstrates the desigithefcoarse anthefine rampgenerator blocks

4.1.1 Coarse Ramp Generator

Generation othe coarse ramp signal is handled using a capacitivargesharing

DAC. The logic behind the implementation of a ChaRgistributionDAC is
replacing the input capacitance of a switched capacitor amplifier with a programmable
capacitor array Figure 4.1 depicts the schematic of the designed Charge
Redistribution DAC to be used as coarse ramp generator. Top plates of the capacitor
array are shorted and driven to the 2.9 V reference voltage)(By switching the
bottom plate voltages gaentially from Vemto 0.9 V reference voltage ) to VrefH,

decrementing output ramp is obtaifjéd].

a raﬂpgen

64XCynit
I

J—;cunil J—Ecunit

Q Qb| Q Qb Q Qb | Q Qb

J_Cunit J_Cunil OTA _— Ram pout
>—g4 *—g¢ VrefH *
VrefL

- = VrefH

Shift Reg Shift Reg Shift Reg Shift Reg
Cell 1 Cell 2 - - Cell 63 Cell 64

Figure4.1 Schematic iagram of Chargé&kedistribution DAC

As it can be seen frorfrigure 4.1, switching of capacitor bottom plates reference
voltage is achieved througheuse of a shift registenyith every bitof the shift register

in control of a single unit cell in the capacitor array.

There are two alternative methods known as unary weighted and binary weighted
approachedor realizing the capacitor array. Unary weighted capacitor method uses

2K capacitorshaving equal values. This approach is benefiamlit guarantees the
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monotonicity, i.e. no increaseis possible for a decreasing raninary weighted
capacitor method on the other hamanploys capacitors having values increasing
exponentially. Even thodm this concept offers low area occupation and power
consumption, code transitions may generatemonotonicity, if a capacitor having
higher exponential order is smaller than the sum of lower weighted capacitors. As
mentioned in SectioB.2.], relaxed area specifications for common ramp generators
tilt the scales from power and area concerns to better lingtimiy usage of unary

weighted unicell capacitors is employed when designing capacitor DAC.

The rampgeneratooperates on a sequential principle where every count is evaluated
successively. Ramp generation starts with the closing of the feedback switch, disabling
the unity gain buffer configuration. At the instant of breaking feedback loop, all the
capacitors irthe array have their both top and bottom plates connected todhe V
voltage. Asthe shift register outputs change stasesjuentially bottom plates of the

capacitors are switched tqeV, drawing a charge of

0 6 & 6 & 0 LE & 4.1)

The equatior{4.1) above implies that the unit cell capacitance &rghd between the

ADCOGs full scal e v chargeaig drawdrond thetfdedback e qu i r
capacitance. As illustratad Figure4.1, thefeedback capacitance is 64 times larger
compared to the unit cell capacitances in the afifhgreforethe charge stored on the

unit cell capacitance corresponds to the 1/64 of the charge if the feedback capacitor

was to be biased betweeriM and Vs In the light of this information it is safe to

say that the charge drawn by the unit oapacitance in the moment of switching
creates a voltage drop at the OTA out put
conversion range. The equati¢h2) describesthe output ramp voltageer step

number.

® 0O o Qp z o h (4.2)

where i =1:64stands for the step numbemdVramp (0) equals to the M+ voltage just
before making the unity gain buffer connection ORFansideringthe fact that

feedback capacitance is 64 times larger than the unit cell capac{f@areeducego
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W ®
@ 0 ® Qp w8 (4.3)
QT

As pointed out iTable2.1, ADCO sonversion range is 2 V, so each stephencoarse

ramp voltage corresponds to 23mV.

4.1.1.1 Design ofthe OTA

A typical foldedcascode amplifier is preferred to usdtesbuffer for the coarse ramp
generator due to its high DC gain, large output swing raarggability to drive large
capacitance Though there are other amplifier architectures offering lower power
consumption, it is not a primary concern in the design as the coarse ramp generator is

common to the all columparallel ADCs.

DC gainvalueof the OTA is settled according to the masratity requirements of the
ADC, such that the output o fproxintityeoftteTA shoul d
desired valug12]. If the OTA is considered in a closéobp negative feedback
configuration, transfer function can be givenfallows.
i 0 i

Oi ——38 4.4
l (AN p O1Lf (44)

The gain of the OTA would be infinite theideal casgtherefore(4.4) would reduce
to

0 TEB (4.5)

The error on the condition where the amplifiers gain isideal can be expressed

p o i
Oi Oi i p OI171
- 4.6
o 5 8 (4.6)
f

When the equatiofd.6) is solved for A, the result gives us the gain requirement in

terms of thespecified error rate.

5 —8 (4.7)

On the wunity gain confi gur at-hitoesolutfobenl) and f o

2V scale, the result yields minimum of 78 dBin.
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Another major requirement of the OTA is that it should settle 1&bit accuracy
within a half clock cycle time, leaving a safe time window for the preamplifier to
process the input signals before the regenerative latch makes the decision

corresponahg to that cycle.

The coarse ramp signalasdecided to have a decrementing nature thus the positive
input should be connected to thesV voltage, which is 2.9 V. As Mn voltage is
within a threshold voltage proximity of the 3.3 V suppigage of NMOS input pair

is preferredAllocated current dissipation value for this amplifier is approximately 1
mMA and devices are sized to meet the specifications mentioned allue/eest of the
design is straightforward and the schematic of the designed OT/Aecaehn Figure

4.2. Device sizes of the amplifier are providedTable4.1

Ve Vag

G| vb_pload | E'l

Pcas1 Pcas2 Ninm Ninp

R =

—lp Vout

Ncas2

Pload1 Pload2

Ncas1 Ncas3

T

vb_ncas |
vb_nload |

Nload1 Nload2 Nload3

Figure4.2 Schematic of the Coarse Ramp Generator OTA

Table4.1 Coarse Ramp Generator OTA Dew Sizes

Device Name| Di me n s i o0 n s Device Name Di mensi onsg
Ninm-Nimp 960/ 2 NcastNcas2 96/0.5
Ncas3 288 /05 NloadZNload2 200/ 2
Nload3 300/2 PcasiPcas2 400/0.5
- - PloadtPload2 800/2
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4.1.1.2 Design ofthe Capacitor Array

TheTwo Step MultiSlope ADC is designed to perfoirbit conversion in the coarse
phase, whose results correspond rifwst significant éoits of the overall resultTo
perform 6bit conversion with unary weighted capacitof62 equal sized capacitors
were employed.For each capacitance in the arrd4-bit shift register was also
implemented, whose outputs actlasenable signals for the switches connected to the
bottom plates of the capacitorBhe schematic dhe unitcell of capacitor array block,
containing a unit capacitance, 2 MOS switchasd a DFlip Flop of the shift register

Is depicted belown Figure4.3.

VrefL VrefH

resetb .—J,

Di, & D b ® D,

clock @—pc

Figure4.3 Schematic of a Unitell of Capacitive Aray

64 of these unitell are connected in cascaded fomith their Vout terminalsshorted

and a celis D Flip-Flop output connected to the succeeding-ang | | 6 Alsoi nput .

note that the data input of the firstHlip-Flop of the shift register is connected to a
standard_OGIC 0 cell. When the OTAs in unity gain buffer configuration with the

CMOS switch on the feedback loop ON, all the-fligps are set and their outputs are

at LOGIC 1 |l evel. This output enabl es NMOS
bottom plate gets biased witheV. When the unity gaiconnection of the OTA gets

broken,D Flip-Flops on the array changes state one bywatteeach rising edge of

the clock signalo the LOGIC 0 level. This output state enables the PMOS switch and

unitc el | 6s bott om p k@ Asébotigptatesof theiupitcapacigawi t h V
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biased by same voltage;eM, storedcharge leaves the unit capacitor and causes a

voltage drop corresponding to 64 LSBs of thebitZonversion

The capacitor size is determined so as the matching of the toapalo not affect the
linearity of the ADCadversely Fora 12-bit resolution, the capacitor valstandard
deviation should he

V5 .
. ci e b8 4.8)

The process devicgpecification document of the CMOS manufacturer describes the

capacitor mismatch by the formula below:

Y6 0 60 00 O

— ———=—=h
5 = 5 4.9

where W - Lesr are thedevicewidth - length respectively andAC_MIMH is the

Pelgrom coefficient for capacitor mismatch, 0% m. Using these val
sizes are obtained such thatdW¥Ler=2 0 .@ mapacitor having these dimensions

has 9025fF capacitanceHowever, having 64x902fF capacitance on the feedback

loop, creategylitches on the coarse ramp with very large glitch impulse adegsto

the capacitive coupling mechanisnigius,by reducing the capacitor dimensions and
sacrificing from matching, glitb energies are reduced. Final dimensions of array
capacitors arfVer =Ler=1 0 Om and the corresponding c:

With these dimensions amit-cell capacitos, matching over 1-bits is achievable.

4.1.1.3 Simulation Results forthe Coarse Ramp Generator

Simulation results and performance parameters for the coarse ramp generator block is
provided within this sectiorStability performance of the OTA is evaluated 40 C,
27 C,and 85 C.

Stability simulation results for the OTA is givemFigure4.4. DC gain and unity gain
frequency values for temperature corners, extracted ff@ure 4.4 and stability

simulations run at different temperaturase providedn Table4.2.
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Table4.2 Stability Simulation Results for Temperature Corr@r€oarse Ramp

Generator OTA.

Temperature DC Gain Phase Margin Unity Gain Bandwidth
[ C] [dB] [Deg] [MHZ]
-40 80.79 60.33 4591

27 83.27 60.5 3843
85 84.96 60.72 34
Magnitude Response of Coarse Ramp Generator OTA
100,0 T ™TTT 1T —TTT T T ™TTT T
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& 400
= 20,0
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Figure4.4 Frequency Responsd theCoarse Ramp GeneratOiTA at 27 C

As the simulation results show, requirements set on Sedtibd.lare well met,

following transient simulation resulis Figure4.5 agree with the stabilitgimulation

results in terms of settling proximity and required settling time. While the ramp

generati on

VeV ol t age,

enabl

e

signal

satisfying

t he

Transi

toi

on

S
i

i n

t he

LSB d%Br or

LOGI C 1
rat e
from

being 4880 V .
35nS.

t i Fhsatedofn+1)" atateis asoung n a |

58

r



Coarse Ramp Singal and Reference Voltages
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Figure4.5 Transient Simulation Results for Coarse Ramp Generation

&6 Settling Value of OTA Output

55 Std. Dev : 271uV
50 - Mean Val: 2.901 V
45 3 E Max. Val: 2.902 V
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55
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Figure4.6 MismatchVariations for OTAOffset andUnit-Cell Capacitance

Montei Carlo simulation results are providedrigure4.6. OTA input referred offset

variation value is 27@ V This value can be considered adequate, since it is smaller
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than the LSB size o12-bit conversion.Variation of the capacitance value the
capacitor array is 78F, which provides matching at 0.03 % level. This value is also

satisfactory as it is very close to-b matching requirement.

4.1.2 Fine Ramp Generator

The ine ramp is generated by meansaofintegrator based approachs shown in
Figure4.7. Current from a trimmable source flows onto the feedback capacitor of the
OTA and alters the output voltage in a decreasing manner. Slope of the fine ramp
signal depends on the integration capacitor and input current. Output ramp waveform
with respect to time can be expresssd a

WO T 63 Wb (4.10)
whereV, (0) is the start voltage of the ramp generator, which is equal to the input
referenceroltagethe input referred offset of the OTA& is the integration capacitance
and i(t) istheinput currentFurthermoreslope of the ramp is described as follows:

Qfo > 9'#8 (4.12)
Qo o]
Before the start of the fine ramp generation, a CMOS switch is kept at the ON state

Yan

and OTA is in unity gain buffer configuratioifthus, the outputis driven to input
reference voltage Wwh i ¢ h Vids Soarst highes than Ve due to the error
correction algorithm explained abow&’hen the ADC steps into the fine conversion
phase, enable signal for fine ramp generation changes statieeamity gain buffer
connection is token ty makingthe switch OFF. From that point pourrent from the

current source is integrated on the feedback capacitance, causing decrease on the
output signalOne thing to be noted here & mentioned in Sean 3.2.1.2 input

current generated at the current source is prone to process and mismatch variations,
thus,it may create slope variations that would lead to lityg&rrors if calibration is

not implementedJsingctl_rampslope <8:0>control bit bus, integration curremtp

is programmed to achieve the desired ramp slope.
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Figure4.7 Fine Ramp Generator Circuit Topology

As mentioned in Chapte3, allocated time span for the fine conversion phase is 96
clock cycl es, c o rl2bisrgsolutiahilfthg ADCope@tesén@re f or
TSMS mode, fine ramp resolution decreases, thus the allocated time for fine ramps for
11, 1Q and 9 bit resolutions downscal@o comply with the increased slope

requirements of lower conversion resolutiorapacitor value is reduced.

Capacitor and input current values are determined d@ensg the required slope,
feasibility, and area occupation. Ramp slope is conditigpexdllocated time and the

swing of the fine ramp. It has beenarled thathefine ramp covers a 5.LSB region

ofthecoarse conversion in 9.6 Os time durat
Q6 p® 0 & D O T @xwe Yag (412
O & [ [ (4 Thpl‘IJc 18 '
Qo W W (A

To achieve this slope, if the amount input current is decide@asd204pF capadbr
is required. Implementing @pacitorof that value wouldccupyvery large areand
thus the order of the input curreistreduced to hundreds of nA. For a X0®current,
required capacitance is reduced to 3iF4vhich is appropriate. Reducing the current
further would be burdensonmg@ncethe device sizes of the current mirror used in
current generator gets very large. Final decision is made .dmpEQcapacitancand

10nA integration current.
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4.1.2.1 Design ofthe OTA

Like the OTA designed for coarse ramp generateofldedcascode amplifier is
adopted to act asbuffer due to its welknown qualities like, large swing range and
high DC gain.

Condition on the DC gain of the amplifier is similar to the OTA designeithémoarse
ramp generation. For achieving a settling be

78 dB gain is required as derived in Sectdoh.1.1

Bandwidth requirement for this amplifier is relaxed as the swing within one clock
cycle is reduced from 31.28Vt0 4880V. However, care need to be
a large capacitive logatesent due to the input capacitances of the comparators placed

in columns.

The ine ramp voltage is generated in the lower regimes of the conversion range so
thatit crossesthedvol t age after completingenld of 1its
voltageis 0.9V, implementingrmamplifier having NMOS input painsiay be risky
so PMOS input pairs will be employed as its input range spans from one threshold
voltage below the positive supply to the grouidnematic of the designed folded
cascode amplifier hang PMOS input pair can be seen

Figure4.8 and device sizes are provided Table4.3.

Voo Maa

Pload1 Pload2

Fp—dE

Vout @i

Ncas1 Ncas2

P

Nload2

Figure4.8 Schematic of Fine Ramp Generator OTA.
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Table4.3 Fine Ramp Generator OTA Device sizes.

Device Name|Di mensi on s|DeviceName |[Di mensi ons
Pinp-Pinm 720/0.4 Pcas1Pcas2 200/1
Pcas3 200/0.5 PloadtPload2 400/1
Pload3 400/ 1 NcastNcas?2 144 /2
- - NloadX:Nload2 200 /2

4.1.2.2 Design ofthe Current Source

In order b producethe integration current, a reference curmee¢ds to be generated
in the first placeReference current generation is possible usiognstant bandgap

voltage, a trimmable resist@and an operational amplifier.

Vag Vay

Vha ndgap @—— \/i

Iref

Trimmable
Resistor

Figure4.9 Generic Reference Curre@enerator.

Basic architecture to obtain referencereunt is depictedn Figure 4.9. Using the
feedback loop, a voltage drop equal to the bandgap reference voleagheresistor
is created. Resulting gate voltage on the PMOS transistor is used to generate copies

of the current flowing over the resistor on other transig&5k

Generated reference current carchkulatedhs follows:

W
0 0 ——— 08 (4.13
Y
Using the current generator scheme showigure4.9,a100A r ef erence cul
generated inside the bias generator blarfkhe chip. Then this reference current is

further scaled down using dovataling current mirror architecture shown
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Figure4.10, to generate bias voltagéor mirror and cascode PMOS devices that is
going tosource 10MA currentReferred bias voltages are created from FAv@vices
sourcing 10MA and 1nA currentssince the aimed resolution for current generation

Is 250pA and current mirroring ratios below 10:1 is impractical for accuracy.

—m pload_1n
—m pcas_1n
—m pload_100n
—m pcas_100n

Figure4.10 Down-Scaling Current Mirrar

Generated bias voltages from the deswaling current mirror is used in current DACs

for integmation current generation. Using e programming wordcurrent values

from 32nA to 159.75nA are obtainable with 250A resolution.Selection between
currents is made possible with PMOS switches placed following each current sourcing

cascode branch.

s peas_tny—Peas- 1000

Figure4.11 Current DAC for Generating Integration Current
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As pointed out earlier, 100A current is needed for the fine ramp signal to swing
46.875 mV using 20.4pF capacitance. According to the DAC schamatovided
abovein Figure4.11, 9-bit programming word should be:

WOl anNi 0 &g pmMMMP &M (4.14)
This value provides 10@A current at the output terminal of the current DAC
However dueto process and mismatch variations bothtlmmintegration capacitor
and the current sourcing PMOS devicethe programmingword mayneed to be

changedwhich is handledia the SPI interfae.

4.1.2.3 Simulation Results forthe Fine Ramp Generator

The frequency responsensulation results forthe OTA employed in fine ramp
generatoyis presented below Figure4.12. 85.6dB gain, approximately 6Degree
of phase margirand 55MHz unity gain frequency is obtad under 15 pF capacitive
loadat 27 C.

Magnitude Response of Fine Ramp Generator OTA
by 2% B34 B I A AL TR S AL B R I 043 IR R 8004 EEEL AR AL A AL,

100 g—rrrrrm—rr T

1 10 100 1k 10k 100k ™ 10M 100M 1G
Frequency [Hz]

Phase Response of Fine Ramp Generator OTA
LS, ST R L) BROSLSELIAAALL Y IXSSMBR A ALY, S UK A UL BSRR J00 LR L BERELIES LALY IGTRBRLANULALL) RSERUBUAAL B

135 \ ]
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T
1 10 100 1k 10k 100k 1™ 10M 100M 1G
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[d

Phas
»H
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Figure4.12 Stability Simulation Results for Fine Ramp Generator GI &7 C.

Gain, phase margjand unity gain frequency parameters for temperature corners are
provided onTable4.4. Results indicate that stability is not risked at any temperature
value betweerd0 Cand 85 C.
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Table4.4 Stability SimulationResults for Temperature Corners of Fine Ramp

Generator OTA.
Temperature DC Gain Phase Margin Unity Gain Bandwidth
[C] [dB] [Deg] [MHz]
-40 89.16 60.08 63.05
27 85.83 58.92 54.49
85 83.96 57.86 49.76

The transient simulation results ftie fine ramp generator are givemFigure4.13.

The output of theifie ramp block is held at the reference value during the time interval
wherethe enable fine ramp gemation signal ist LOGIC 0 state. When the enable
signal toggles to LOGIQ state,the fine ramp signal starts to decrease from the
reference voltage value with the slope determined by the integration current and
feedback capacitance over the OPdso, pay attention that the current value remains
constant during the whole operatia@x¢ept forthe glitches at the beginning and the
end oftheramp generation phase), diaghe high output impedance characteristic of

the cascode current source architecture

Fine Ramp and Reference Voltage

=
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3 0,93 3
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Figure4.13 Transient Simulatio Results for Fine Rampe&erator

66



There ardour different fine ramp generator blogkmplemented witHour different
capacitance valuet producefour fine ramp signals with varying slopes to be used
in theTwo-Step MultiSlope mode of the designed ADC. These ramp generator blocks
have their own separate programming woads digital enable signalso trim the
integration current individuallyand indicée the duration ofthe integration

respectively Operation of these ramp generatare illustratedn Figure4.14.

Fine Ramp Signals with Different Slopes

0,95 1
% P o 7-bit Res. Fine Ramp
S 0,93 e 6-bit Res. Fine Ramp
S 1 e 5-bit Res. Fine Ramp
£ 0,92

= 4-bit Res. Fine Ramp

@ 0,90
0,89 T T T T T T T T T T T T T L T 1
0,0 2,0p 4,0p 6,0u 8,0p 100y 120p 140p 160p 180y  20,0p
Time [s]
Fine Ramp Generation Enable Signals
3,3
= e Enable 4-bit res. fine ramp
8 e Enable 5-bit res. fine ramp
2 e Enable 6-bit res. fine ramp
g e Enable 7-bit res. fine ramp
<
©
c
>
? 0,0
L L L L S T R T,

0,0 2,0p 4,0p 6,0u 8,0p 10,00 120y 140y 1604 180y 20,0p
Time [s]

Figure4.14 Simultaneous Operation of 4 Different Fine Ramp Generators

The effect of pocess and mismatch variationa theintegrating current anthe
feedback capacitance is investigated with MeD#lo Simulations. It is of utmost
importance that thecurrent generator to supply required current to match the
determined slope for the maximum atite minimum values of the feedback
capacitance. If these worst corners are within the range of current generation, any other
capacitancealuebetween these dmhpose any threat on the slope of the fine ramp

generator anthelinearity of the designed ADC.

The maximum andheminimum values are provided Figure4.15alongside with the
mean andhe standard deviation for botthe integration current and the fdmtk

capacitance According to the maximum anthe minimum capacitance values
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obtained from th&lonte-Carlo simulation results, required current values to match the

slope requirement are calculated below.

0 0
YQR 0 HNGG@ D i@y yRw; z pqﬁm,‘%

Solving the above equation for | yiel@.93nA current requirement, which indicates

(4.15)

that required current fothe minimum capacitance value is well within the

programmability range of the current DAC.
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Figure4.15 Process antMismatch \ariations forFeedback Capacitance and

Maximum Output of Current DAC

For the maximum value of the feedback capacitance,

o 0 0 .
v D Ja 7wy N e 3, ¥ (A)'
YQR 0 NOG @ i@ yR; z Caa oy (4.16)

112 nA integration current is required if the egomtabove is solved for I. This value

alsq can be supplied by the current DAC eveth@worst corners.
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4.2 Column-Parallel Comparators

This section othe thesis focuses on ttmlumn parallel comparators designed as a
part of the ADC.The ®lumnparallel comparators are implemented using the
approach at which a low gain paenplifier is followed by a psitive feedback dyamic
latch. Power consumptioimput referredoffset and noise are parameters of utmost
importance for mentioned block&nother important point to be mentioned of is that,
the memory effect should be minimized by periodically resetting the comparator
before every comparisof85]. Design of preamplifier, dynamic latchmemory and

column logic blocks will be investigated thoroughly within thestion

4.2.1 Pre-Amplifier

The pe-amplifier is designed tdiave more resolution from the comparatoyr
diminishing someof the negative effects causby the dynamic latch such ,abhe
kickback noise antheinput referred offset. It provides a gain in the order of 10.V/V
The reason for keeping the gain of the-aneplifier low is to not tocompromise
bandwidth i.e. keeping the decision speed high

Preamplifiers are generally implementesl single or two stages of differential pairs
with diode connected load¥ariationsof this structureo increase the gain, noise
performanceand bandwidth is presemt the literature[38], [39]. For this design,
diode connected loadare utilized for its simplicity, moderate gairand large
bandwidth.

Recalling the discussion on the input parasitic capacitance of the comparator circuits

and its negative effects dhe ADC architectureon ChapteR, a 4-input comgrator

archtecture ischose for this designSincethe pre-amplifier is the input stage of the

dynamic latched comparator structure, a@mglifier having 4inputsis neededFor

this purpose, a twetage preamplifier is designed with its first stagecbrporating a

Gilbert Cell.,Di f f er ent i al pai r s[d0]is explaitesl duringshe e er i n
design of this 4nput preamplifier.

In [40], the diference of drain currents ohdMOS input pair of a differential

amplifier is described with the equation below:

69



o o P w : 10 : o
)

where brandbar e drain currents o fyistdbiity &MMOS i nput
is the gateoxide capacitance, W/L is the aspect ratio of input transjgtntsksis the
tail current of the differential paitynder the light of th¢4.17) the operation of the

pre-amplifier can beexaminedclearly.

Four inputs of the pramplifier areused for theoarse ramgheanalog input voltage,
thefine ramp and Vier.. Thesenputs are paired and connected to two differential pairs
as illustrated inFigure 4.16. To determine the output state at theginning of the

conversion, initial conditions of inputs should be knoWmey can be listed as follows:

1 The marse ramp signal remains fixed at them\Woltage beforehe ramp
generation enable signal is received.

1 The analog input voltage is at an arbitrary level betweem¥nd VesL.
Vel input is fixed at the bottom of tHall-scalerange.
The fine ramp input is also connected tesvbefore and duringhe coarse

conversion phase.

Vd Vd
£ R R £
Voutl & —i» Voutz
><

NCDARSE

Vcoarse .—| EJ Nix l—-vin Vfine .—| e Iﬂ l—- Vref

Figure4.16 Conceptual Drawing of-4nput PreAmplifier.
From the information otheinitial states of the inputs, it can be concluded that:

1 The marse ramp input voltage is larger than the analog input voltage and
following inequity on the drain currents of the transistors of the first differential

pair ispresent.
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0 ‘O 8 (4.18)
1 The ine ramp input voltage is equal to theWvinput and the drain currents of
the transistors of the second differential pair are equal.

o)
0 0 TS (4.19

It can be seen fromigure4.16 thatdrain currents ofhecoarse ramp input device and
thefine ramp input device are summed and the resulting sum of currents flows over
the resistor connected ta,M, whereas drain cumés ofthe analog input device and
VrefLinput device are summed and the resulting sum of currents flows over the resistor
connected to M. Thereforesincethe current flowing from the resistor connected to
the Voutzbranch is larger thathe one fromVouzbranch the value of Mur is higher

comparedo Vout at the beginning of the conversion.

As described in the Chapter Be coarse ramp signal stays ats{ voltage for a
definite duration and starts to decrease in a ladder shape waveform, evighs@p
corresponding to

o COpr OR WGB (4.20)
Whenthe coarse ramprosses the input signal, the value of the coarse ramp signal
becomes smaller than the input voltage enstoredon the memory capacitat the
input of the preamplifier, after it settles on a value before decreasing another step
Assuming the bandwidtbf the preamplifier is sufficient, stored value on the memory
capacitor corresponds to the bottom value of the step where the crossing between the
coarse ramp signal and the input signal occur. This condiéinrbe interpreteasthe
potential differencebetween the coarse ramp input terminal and the analog input
terminal is equal or less than 3 coarsg if the errors caused by the charge injection
errors and offset are neglect&a, a difference on the drain currents corresponding to
a voltage differace around Vsg_coarseis present on one of the differential pairs, after
the coarse comparison phakeshould also be noted that, since the amplitude of the
coarse ramp is now below the analog input signal vatideakseis smallerthan the

IoinandVou is larger compared toov.
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In Figure3.4, it is depicted that the fine ramp input of thénput comparator has 5
inputs and Vs being one of them, is connected to the fine ramp input terminal via a
switch, which is ON during cose conversion phaseence second differential pair

with its both inputs at ¥ voltage, has no difference between drain currents of input
pair devices during the coarse phaaten the ADC enters in the fine conversion
phasepne of thefour fine rampsignals is connected to the fine ramp input terminal

of the comparator. Fine ramp signal, as showfigure4.13, starts from its referee
voltage and decreasesby B ds coarseduring the fine conversion phaJderefore

at the start of the fine conversion phase, 1\3%s_coarsevoltage difference is present
between the input terminals of the second differential pair and the drain current values

differ for the nput pair devices by an amount correspondiirtyis voltage difference.

Knowing that the voltage difference between the input terminalth@fsecond
differential pair is larger than the first differential pair, it can be stated that the
difference betwerthe drain currents dhe second differential pair iglsolarger than

first differential pair.

O 0 ‘O © 8 (4.272)
Looking atFigure4.16, it can be seen that drain currents @bhkse- Nrine and Nn -
Nrerinput transistors are summéde inequality above can be manipulatedxpress

the sum of the drain currents ofdNse- Nine and Nn - Nretpairs The result yields,

© ° O ‘O h (4.22
which in turn causes M to becomelarger than Mue, thus the outputseturnto their
original stateThen during the fine phase, simultaneously with the decrease of the fine
ramp signal, the difference between the drain currentiseafecond differential pair
gets smaller. When theifference betweetthe fine ramp signal and M. becomes
smaller than the residue between the analog input voltage and the stored coarse ramp

voltage, the inequity between the currents reverse and take the following form.

© ° 0 ‘O 8 (4.23
This condition on currents causest/value to gehigher comparetb Vouovalue and

the conversion is complete with this crossing.
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Figure4.17 Schematic of the Designed Paenplifier

Schematic oftte designed pramplifier is illustratedn Figure4.17. The reason for
employing folded cascode architecture on the first stage is to keep the voltage swing
as large as possible. If the telescapichitecture was to be employed, diode connected
PMOS devices would consume a grgattage headroom, limiting both ajn and

voltage swing. The second stage is realized as a simple differential pair with diode

connected loads. Device sizes for the designe@dm@ifier aregiven onTable4.5.

Table4.5 Device Sizes for Designed Pganplifier.

Device Name Di mensi onsg DeviceName |[Di mensi on§g
NcoarseNin-
Nfine-Nref 80/1 Noutl-2-3-4 1/5
NcastNcas2 2410.5 Pinp-Pinm 40/ 0.5
Nload1-Nload2 20/3 Pcas3 40/0.5
PcasiPcas?2 50/0.5 Pload3 18/2
Pload1Pload?2 2412 - -
The btal current dissipation of the paenplifier block is 400 A . Tai |

differential pairs at the input is 10 A .

currenteachand renaining 50 A

Pl o ad 1 dedicesdisourcésol@ A 2

current fl t he

stage. Second stage is also biased witb20 t a i |
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Gain of the preamplifier is expressed by the equation below:

0 0 §

) -
6 -5 S (4.24)

where @ is the transconductance of the respective transistor.

4.2.1.1 Offset Cancellation

As mentionedn Section 2.3, noise sourc@®oth temporal and spatjatan seriously
degrade the image sensor performance. Since the comparator is the key element
determining the performance of the analog to digital converter, offset reduction should
be performedo reduce the spatial noise compotsenThese noidealities can be
reduced by means of sampling the undesired quantities on a capacitor and subtracting

the sampled value from the signal to be cleft&jl

Using this method, neidealities that are fixed with respect to time is completely
cancelled and low frequency noise source are high pass filtered, thus greatly reduced.
However, alongside witlthese positive effectsauto zeroing increases the high
frequency noise components. Therefapecial care should be takienminimize the

noise floor of the designed comparator.

Implementing the offset cancellation requires division of the compéatperation

into two phasedn the first phase, offset voltagase sampled and hold in sampling
capacitors. Then, in the second phase, analog to digital conversion is performed.
Hence, to employ offset cancellati@monversiortime of the designed analog to digital

converter is increased by a certain time interval.

Offset cancellation is generally performed using two approaches. First method is
storing the offset voltage at the input of the comparator, forming a closed feedback
loop between the input atlde output of the comparatdecond method, output offset
storage, encompasses feeding the same voltage reference to all the input terminals and
sampling he offset voltage at the outpj4tl]. Input offset storage method increases

the input capacitance of the comparator and large gain is required to cancel out the

offset, thus output off$estorage method is employed in this work.
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Figure4.18 Implementation of Offset Cancellation

Employed offsetancellation scheme is illustrated Figure 4.18 and explained
hereon.During the first phase, switches controlled lbyare ON, therefore all four
inputs and the bottom plates of the sampling capacitors are shorted teetthe V
referencevoltage, which can be equal to thedvvoltage or a higher value. During

this phasepreamplifier offset voltage is sampled on the top plate of the capacitors. On
t he s e c o naln dpshgmals ehangelstate and branches that have the switches
conto | | e darelpgerciicuited.The preamplifier has itgealinputs and the analog

to digital conversion is performed.

The residual input referred offset voltage of the-gmeplifier after performing offset

cancellation is described as:

@ oo @ h 4.2
56 © (429
where ®Q is the difference of injected

Ao is the gain of the preamplifie€a-is the autezerosampling capacitancand Vost.

is the input referred offset of the dynamic laféhh].

4.2.1.2 Simulation Results forthe Pre-Amplifier

DC simulations are performed fdhe preamplifier to check the bias points of
transistors and calculate the gain. Gain of thegpnelifier is describd bytheequation
(4.24). The gm values of NMOS input transistors in the Gilb&ell andthe PMOS

input transistors in the second stage amplifier are 144¥and 107.4 ', whereas
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the gnvalues forbothof thedi ode connected NMOS toad

Having these values, gain of the pramplifier stage can be calculated as:

Q Q pp&t 3pm&t 3
Q Q P& Y3 p& Y 3

To check the calculated gain value and obtain frequency response of tmeifeer,

8

og ©,8 (426

stability simulations were pfrmed. Magnitude respse of the pre-amplifier for
-40 C, 27 C, and 85C temperatures are given on tRigure4.19. Gain and cubff

frequency values extracted frdigure4.19 areprovided onTable4.6.

Table4.6 Frequey Response and Noise Parameters ofAPnglifier on

Temperature Corners.

Temperature DC Gain Cut-off Frequency | Input Referred Noise
[ C] [VIV] [MHZ] [xV]
-40 30.22 4 54.13
27 35.2 4.7 63.32
85 39.7 5.9 73.12

By looking at the DC gain values provided Bable4.6, it can be said that the gain
calculations were accuratdsing the cubff frequency vaues provided on the same
table, integrated inpueferred noise values were calculated ganesentedon the

rightmost column.Acquired noise values arsufficient to obtain an ENOB
performance over 1hit.

FREQUENCY RESPONSE OF PRE-AMPLIFIER

LU NS S WL L B AL AL AL

40

RRALLL Bl e e T

1 10 100 1k 10k 100k 1M 10M 100M 1G  10G
Frequency [Hz]

Figure4.19 Frequency Response of the mnplifier.
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A transientsimulationfor the preamplifier black is performed for an analog input
voltageat 2.83V level and resultsire demonstrateich Figure4.20. As it can be seen
from the figure, while coarse ramp signal is higher compared to the analog input
voltage, toarsecurrent value is also higher than When the coarse ramp signal and
andog input voltage crosses each other, inequity betweesrdeandlin changes
direction. Simultaneouslyputputs of the pramgifier crosses each other and they
remain such until the start tifefine conversion phase. Also, note that the coarse ramp
signal value is stored on the memory capacitor at the end of the step wherein the
crossing occurs. With the beginning of the fine conversion phiasactual fine ramp

is connected to the fine ramp input of the-pneplifier andthe outputs of the pre
amplifier toggle again. As the fine ramp voltage gets smaller, agreeing with the logic
explained above in sectioh2.], Irne decreases angdr increases, consecutiyel
where the sum ofid and kerbecomes larger than the sum eddrseand kine, pre-

amplifier outputs crosses each other again and conversion is completed.

The cecision delay value obtained from this simulation is around 35wvh&h is

adequatdor 100nS decision cycles.
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Figure4.20 TransientSimulationResultsof the PreAmpilfier.
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The tail currents biasing the GilbeZell differential pairs should be matched for high
accuracy. However, the simulation results for the difference of these tail currents yields
an undesired sailt, despitehe usageof MOS deviceswith longlengthin the current
sinking structure.The g$andard deviation for the difference between twodailents

iIs117 nA which is quite high and will limit the yield tfe manufactured sampleto
address this issue on the future desjgransistors with larger dimensions should be

employedon current mirrors.

4.2.2 Dynamic Latch

Dynamic latches can be consideredcessscoupledinverters, similar to the sense
amplifiers employed in SRAM designs, whose decision cycles are controlled by a
clock signal.Dynamic latches are widely employéor comparator designs in the
ADCs due to their appealing traits such as no static power g, fast decision

due to positivdeedback, reduction of memory effect, and small area.

Vdd
1T
clk vdd vdd F_ _CI E vdd vdd j F »clk
,_><_‘ out1
gnd gnd |
|
out2

gnd }_ _I gnd
vin1 q—{% %H Vin2
1

Figure4.22 Schematic of Implemented Dynamic Latch

In Figure 4.22, schematic of the dynamic latch design is illustratggickto-back
connected inverters are formed with -R1 and NZP2 pairs. Pswl and Psw2
transistors are used for clocking and reduction of memory due to theyse
comparison. Nswl and Nswz2 transistors are used to ensure that no DC path is present

from the positive supply to the ground. Ninl and Nin2 transistors are employed to
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create an imbalance using input voltages at the sources of the N1 and N2 transistors
Device size of the dynamic latch design is provided dable4.7. Dimensions are
considerably small compared to the other blocks. Furthermore, Nswl and Nsw2
transigor sizes are kept large to prevent the sensing circuit to suffer frorrstabthty

on low input voltage differences.

Table4.7 Device Sizes for Dynamic Latch.

Device Name| Di mensi ong DeviceName|Di mensi ons
Nin1-Nin2 5/0.5 P1-P2 5/0.18
N1-N2 5/0.18 PswtPsw2 0.4/0.18
Nswi1-Nsw2 8/0.18 - -

Operation of the dynamic latch circuitry is described below:

{1 During the time interval wherthe input clock signal iEOW, Pswi-Psw2
switch transistaareON. Sources of P1 and P2 transistors are actively driven
to the positive supply during this pha3ée gqte voltages of N1 and N2 are
also connected to the positive supply, therefore their drains are connected to
the ground, assumg the input voltages Vinl and Vin2 are higher than
threshold voltage of NMOS transistors. Hence it can be said that all active
nodes are actively driven to a known voltage to erase memory. Low clock
signal at the gate of Nsw1 and Nswz2 transistors foleesetdevices tihe cut
off mode, thus the connection path from positive supply to ground is broken.

1 At the rising edge of the clock sign&swl and Psw2 switch transistors turn
OFF and Nswl and Nsw2 transistors turn AMe nhput devices andhe
NMOS transistors employed in the inverters, quickly recovers from the triode
state. Assuming that Vinl is higher than VitiZe output node of the inverter
on the left is discharged faster compared to the output of the inverter on the
right. The regenerative effeof the positive feedback fastens this discharging
andtheoutput oftheinverter on the left quickly falls to ground level while the
output of the inverter on the right does not change state and remtie at

positive supply level.
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To prevent latch outds to change at every clock cycle, an SR latth NAND
gatesis implemented on the outpuunction table othe SR latch using NAND
gates $ given onTable4.8. Before the inputs of the dynamic latch crosses each
other,the sensing circuit always produces the sarrie &lues at the rising edge

of the clock. Assuming the S inputis 1 and R is Oairtitial state, sensing circuit
outputs continuously change between SR=10 and SR=11 with every clock cycle.
FromTable4.8, it can be inferred that output of the Sdch does not change for
these input combinations. Only when the inequity betweennjmats change
direction, sensing circuit reversesoutputs as SR=01 and SR=11 and the SR latch

outputs togglehteirlogical value442].

Table4.8 SR Latch Function Table.

oQn

RlR|lo|lo||O

OO |F

o|lRr|Oo|lrRr|F|Wwn
OlrR|rRr|kR|O|X

4.2.2.1 Simulation Results forthe Dynamic Latch

Transient simulation result fthedynamic latch blockusinga10MHz clock and twe
dynamic changing inputs @ovidedin Figure4.23. As it can be seen, outputs of the
sensing circuitryareperiodically drawn to 1.¥ positive supply level, where the clock
signal is low. On the rising edge of the clpakdecision is perfimed and one of the
sensing circuit outputs togglettreground. This trend continues until two inputs cross
each other. From that point on, the output that is remaining on the positive supply level
starts to toggle down to the ground level with everyngisdge of the clock and the
second output remains at the positive supply ledslo, notice that final outputs of
dynamic latchdo not change until the inputs cross each other, thanks to the SR latch

implementationThe simulatedransition time of outpts is around 320 pS.
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LATCH INPUT SIGNALS
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Figure4.23 Transient Simulation Results for Dynamic Latch

4.2.3 Memory

Storage capacity requirement fire Two-Step MultiSlope ADC is 13vits per
column 6-bits for the coarse and -bits for the fine conversion resultshe counter
output data at the instant thfe toggling of comparator output is paralleeded onto
thememory block with the rising edge of the comparator out@itsed data is set to
LOGIC 1 for all bts, dter the outputs are reaut viathe column multiplexer anthe

output serializer blocks.

The memory circuit is implemented using riskeglge triggere® Flip-Flops. Each of
the flip-flops showrin Figure4.24 areconnected to a different bit of tkeunter output
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bus. Their clock input is connected to the comparator outputheactivelow set
signal is generated hifietiming block.

;—. mem_coarse<5:0>
mem_setb @ I 1 T ? ? 1
—o* o —p*aof ool ool Ho® aof o o
clk clk clk pclk plk clk
comparator_out ¢ .’_ .I_ [ [ [ I_
counter<5:0>.=-i

Figure4.24 6-bit Memory for Coarse Conversion Resuibiage

4.2.3.1 Simulation Results forthe Memory Block

Figure4.25 exemplifies thestorage othe coarse conversion result, where the output
to be latched is 25 ithe decimal form. Before the start of the conversimem_setb
signal is received arall the D Flip-Flip outputs are set to LOGIC 1, corresponding to
decimal 63. The counter output decrements from 63bgrane in each clock cycle,
and at the point where the latch output toggles from LOG#CLOGIC1, thecounter

output, which pointgo decimal25 at that instant, is stored on the coarse memory
block.

OPERATION OF COLUMN LEVEL MEMORY BLOCK
LATCH OUTPUTS
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Figure4.25 Simulation Results for Coarse Memory Block
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4.2.4 Logic Block

Column logic block is designed to assist the operatidhesfomparator by gemating
switch control signals, and to enable alternating between different modes and
resolutions. This block is designed with standard cells provided by the CMOS foundry.

Output signals generated by this block are:

1 ctl_holdcap:Hold capacitor control sighaStarts the conversion on LOGIC
state and toggles to LOGIG when the comparator output toggles during
coarse phase. Using this signal, coarse ramp value is stored on the hold
capacitor.

1 ctl_rfine_sw<3:0>:Generation of this signal requires MSB®s ofthecoarse
conversion result, which mark the region that the analog input resides. Using
these two bits, selection between fine ramps with different slopes isandde
theTwo-Step MultiSlope ADC operatiors performedThese signals can also
be overridden by the programming inputs fed by the SPI interface, allowing
the user to select resolution and forcing the ADC to opemnateeiTwo-Step

Single-Slope mode.

The ait of range recovery function is also embed within this block. If the analog
input voltage is outside the conversion range of the designed AD®GIt bhary
outputcomposedf LOGIC 1s is kept on the memory block, which is also an invalid
output valueThis function is realized by checking He coarse rampancross the
input signal or not. If the coarse conversion was performed successfully, aE)dgip
which haghe comparator output @keclock input raises its output to LOGICstate,
enabling the loading dhe counter outputs othefine conversion phasg&lsewise |f

the coarseramp does not cross the analog input voltage in the coarse pietsB,
Flip-Fl op6s output remains at LOGI tedatal evel , di
Recall from Sectiod.2.3 before the conversion, all the bits in the memory are set to
LOGIC 1. Therefore,as no paralleloading is carriegbut, the conversion output for

an analog input voltage out of conversrange is given as 43t LOGIC 1s.

aQaéeE@onPPPPPPPPPR PP (4.27)

84



Another function of the logic block is to disalitee pre-amplifier andthe dynamic

latch blocls, after the fine conversiotlecision isachieved Using this function, a
significant improvement on the power consumption value is achieved. Assuming an
even distribution of the analog input voltage on the conversion range, average power
consunption can be conserved up to 41 % while operating in the-Step Multt

Slope Mode.

4.2.4.1 Simulation Results forthe Logic Block

The fine ramp selection function of logic block while the ADC is operating on the
TSMS mode is illustrated iRigure4.26.
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Figure4.26 Column Logic Block Transient Simulation Result.
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During the first conversion cycle, 1 V analog input is giverhsoADC. This level of
analog input requires the use of the fine ramp voltage with résolution. Thus the
7-bit fine ramp voltage is connected to the fine ramp input terminal of the comparator.
On the second decision cycle, the analog input voltagecreased to 2.7 V. The
analog inputs at this regime is polluted with the shot noise aiit t@nversion is not
necessary, as explained in Chag@erhereforefine ramp with a resolution of-Bits

Is selected for the comparator and the conversion is completed.

4.3 Readout Blocks

Following the conversion of the analog signal to the digital dong@inerated 3-bit

data needs to be transferred to the peripheralsedi@. To handle this operation,-13

bit data packages provided by the numerous columns needs to be reduced to a single
13-bit word and then fed to the output terminahiserial schemerollowing sections
presentthe column multiplexer andhe output semlizer blocks that serve fdhe

abovementioned purpose.

4.3.1 Column Multiplexer

Design ofthe column multiplexer block is realized withe useof standard 4x&and
2x1 multiplexers.A 24x1 multiplexer is formedis shown irFigure4.27. 13 of these

multiplexers work in parallel to redu@dx13-bit data to single 1-Bit word.

in10<13:0>
in11<13:0>
in12<13:.0>

A A A A
S EEE
B B B
v v| vy
o| S| vl &
e I I
=] = =

"oz 13 14
mux1<13:0>
Q

"oz 13 14
mux2<13:0>
Q

"oz 13 14
mux3<13:0>
Q

Q

LOGIC 0

noz 13 14
mux7<13:0>

Q

n iz 13 14
mux8<13:0>

Q

" 12
mux9<13:0>

Q

out<13:0>

Figure4.27 Schematic oColumn Multiplexer
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4.3.2 Output Serializer

Transferring 13bit data to outside of the IC via 13 parallel ports is inconvenient as it
increases the number of pads and consequently the packad®sexbuce the number

of data output terminals, a shift register is desigri2ekign of the shift register
incorporates 4x1 multiplexer® Flip-Flops andan output buffer.Operation ofthe
output shift register is controlled I8 digital control signals;clock, pd load and

data_valid

Design of the output serializer is illustratedFigure4.28. Using two digital control
signals hold, parallel data loa@nd shift operations are performéfchoth signals are

at LOGICO state, hold operation is performed. Uspdy loadsignal, 13bit digital
data provided by the column multiplexer is loaded gh&D Flip-Flops. When the
data_validsignal is at LOGICQL state for 13 clock cycles duration, data is shifted from
LSB side b the MSB side of the shift register. MSB bit is buffered &d to the
output terminal alongside with tloata_validsignal.LOGIC 0 signal is fed to the LSB

side agheserial data input.

Q=11=

Q=12=
Qe1i>
Q=10=
Q<11=
Q1>
Qe
Qet=
Q=D
LOGICO
Qs=0>

+— pd_in=0=

i pd_in<1>

— pd_in=11>

Q12>
(=l pd_in<12>

L "no2 1 4y _ _________ H o1z 13 14 Moz 13
pd_load 1 pd_load } S1 po_load \ 51 pd_load \ 51
data_valid 52 q alavalld ysz o ala_vald \s2 o dala_valid Nsz o
ok @ -

| [ & | 4

s ¢ L
c D Cc D c D

Q<12- Q Q Q Q

=d_out

- -

Figure4.28 Scrematic of Output Serializer.

4.3.2.1 Simulation Resultsfor the Output Serializer

In Figure4.29 a transient simulation result fire output serializer blocksishown. 13
bit binary dataof 1100011010100 is fed and parallel load occurs withpthdoad
signal. During the time interval where ttata_validsignal is at LOGICL state, data
it fed out with MSB bit beinghefirst. Data transition occur at each falling edgéhef

clock signal.
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DIGITAL CONTROL SIGNALS
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Figure4.29 Simulation Result for Output Serializer.

4.4 Peripheral Blocks

Blocks that are explained throughout this section is designed to assist the comparators
and ramp generators, by geaang necessary bias voltages and digital control signals.
Both blocks have programmability feature to setbetbias voltages accurately and

adjust the length dhetime interval foranyparticular operation.

4.4.1 Bias Generator

The bas voltages and currentequired for the operation of the designed ADC is
supplied by the bias generator blo&as generator is illustratad Figure4.30 on

block level It incorporates bandgap voltage generator and feeds bandgap voltage as
a reference voltage to various digitalanalog converters to obtain biasing voltages

and currents.

BANDGAP REFERENCE
VOLTAGE P29 _ 51 GURRENT Iref CUSEENT
GENERATOR GENERATOR I
REFERENCE
»|  VOLTAGE Vief VO'E;E:GE
GENERATOR I

Figure4.30 Bias Generator Block Diagram.
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The basing currents are generated with the structure shiowhigure 4.9. By
transferring the gate voltage of the PMOS device at the output of the amplifier to other

PMOSdeviceswith differentW/L ratios, a programmable current DAC is realized.

The bas voltagesor the amplifiers are produced themeans of voltage DACs. Using
a resistive DAC structure and a bandgap originated reference voltage, biasing voltage

is generated and buffered to be connected to the required node.

4.4.2 Digital Controller

Digital Controller is designed to provide the necesdaring signals fothedesigned
ADC. The dobal counter block, whose outputs are shared by all the cebharailel

comparataris also included within this block.

An internal counter, whose counting cycla® controlled by an external pulse, is
implementedwithin digital control block ¢ aid the generation dhe timing signals.
Digital equalitychecker blocks for each timing signal uses this counter output to
compare with the programing data and generates the output &igoaler to receive

the programnmg data, djital controller block includes a-#ire Serial Peripheral
Interface protocolReceived data is sted in digital memory structure. Note that SPI
and memory structures also serves to provide the trimming ddteefaitage andhe

current DACsasmentioned in previous section.

The schematic of a single signal generation block is given oFRithee 4.31. The

details ofthedigital control signbgeneration can be given as follaws

1 An external pulse resets the counter and triggers the counting process with its
falling edge.The frequency of this pulse also determines the sampling rate of
the designed ADC.

1 For any digital signal to be generatéuk startandthe endcoordinate values
with respect to the counteutputis received from the SPI.

1 By using digital equality checkeractive highrise andactive lowfall pulses
for each control signal is generated. These rise and fall pulses aretfed to
clock andthe reset inputs of a D Flilop respectively. Using these pulses,

required signal is generated.
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Figure4.31 Digital Signal Generation Block.

The global shared counter is also implementediwihis block. The counter needs to
count down from 63 to O in the coarse conversion phase, and from 95 to 0 in the fine
conversion phase, therefore @i?, parallel loadableup-down counter is designed.
Before the start othe coarse andhe fine convesion phasesthe binary data
corresponding to 63 and 95 is loaded onto the counter and with a count enable signal,
generated with th@bovementionedmethod, counting is performed@he ®unter
outputis driven with strong bufferg ordernot to suffer fromthelong rise and fall

times due to the parasitic capacitance of the conduction gathematic of the

designed counter block is givemFigure4.32.

90



Load
Count
in=i= G
" = -
invart —ﬂ I L@ out=0=
[ '; invert
insi=> i Lr;l
||0 i
I ]
invert :ﬂ-_:> H L@*um{'}
i '.F irverk
in<2a=> i U
i i — —
invert —ﬂ I L@fuutdb
i 'F invert
in=3=> 2 LJ
i - | —
Invert —ﬂ — L@*t‘.\utﬁb
L '; inve
in<d4= i U
uﬂ u|
invert iﬂ__‘—) L] L@ium{q}
- invert
in<5= & [T:I
e |
4 ]
invert :ﬂ :> [ L@fuutdﬁb-
i '.F irverk
in=g= «IE_l-i} :T:
IU
Invert :ﬂ ) L@*Wbﬂb
i '; invert
resath clock

Figure4.32 Global Counter Schematic.

4.4.2.1 Serial Peripheral Interface

The ommunication with external electronics tbie IC is dealt wih the usage o&
standard 4wire Serial Peripheral Interfacé.signas used in SPI is provided dmable
4.9. Data transfer of 2bits with 1-bit Read/Write optiony-bit addressand 16 bit

data is implemented.



Table4.9 SPI GmmunicatiorSignals.

Signal Name | Direction Polarity Purpose
sclk input - Clock signal forsynchronization
sdatain input - Serial data input
senb input active low | Communication enable signal
sdataout output - Serial data output

For data transfer, MSB first approach is employed. First hitereceived 24pit data
denotes the purpose of the operation, whether the data is sent to write on or read from
a specific registeiThe sicceeding bits are address Bit pointing the address of the
register and the remaining -bits are the data to be sent. If it is a read operation,
received 16bit data is discardedata transfer scheme is illustratedFigure 4.33.
senbtoggles to LOGIQ level to initiate the start de operation. At each rising edge
of thesclk a new bit is send visdatainterminal and the present data is shifted into
theinput shift register at the fallingdge of thesclk At the end of the data transfer, if

a write command is receivethe 16-bit data on the input shift register is loaded onto
the specific register marked Iblye 7-bit address word. Elsewise, the content of the
register pointed by the-@it address word is loaded onto the shift register and
transferred to the mastdevice of the SPI communication (e.g. a microcontroller or a

Field Programmable Gate Array).

sck LML e L e e e
senb —

sdatain R X s X o X s X 4 X 2 X e X no X i o )Xoz X paz X pra)X pio) s X o X o7 06 X 5 X 0a X 03 X oz o1 X 00 )

Figure4.33 General SPI Timing Diagram.

64 registers with the storage capability of 16 bits are implemented for meb®ory.
registers are dedicated ttvedigital signal generator block, whereas 32 registers serve

analog circuitries and 13 of registers are left idle.

92



CHAPTER V

LAYOUT OF THE DESIGN

The final step of thelpysical implementation of the designed prototigpéhe layout
of theblocksdetailedin Chapter, thepadframeand the togevel layout of the full
structure This partstarts with aof discussion orthe toplevel planningof the full
layout followed by the details of tHdock level layoutsThetop-level layoutwill be

demonstratedt the end

A commerciall80nmCMOS process is used to draw the layout of the design. Except

for the pad and standard digital cells, all layouts atstommade

5.1 Planning of Block Hacement

The mdframe is divided into twdy powercut cellsto isolate the analog signals and
the power supplies from the digitals signals dahd power suppliesThe bp andthe
right parts of the paffame serve the amlog signal pathswhereas the left anthe
bottom parts of the pafilame,is responsible for theonduction of digital signals and
power supplies. Blocks are pladedkeephepower supply and signal routing distance

at aminimum In Figure5.1, top-level block placement plan can be seen.
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Figureb.1 LayoutFloorplan of the Bsigned IC.

5.2 Block Layouts

5.2.1 Coarse RampGenerator

Layout of the coarse ramp generator is showFigure5.2. Matching of the capacitors

on the capacitor array and the feedbeapacitor is/ery crucialfor the linearity of the
ADC. Therefore layout of these capacitons handled with using the same unit cell
capacitorandexactly same dtances between the devices. Dummy capacitors, whose
both platesare connected to the ground voltagee placed on theerimeter of the
capacitor arrayConnections for feedback loop is done so that it introduces the

minimum parasitic capacitance to the circuitry.

AMPLIFIER CAPACITOR ARRAY AND SHIFT REGISTER

Figure5.2 Layout of Coarse RamBeneratar

Layout of the coarse ramp generator occupies
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5.2.2 Fine Ramp Generator

Physical implementation of thebit fine ramp generator shownin Figure5.3.

Figure5.3 Layout of the Fine Ramp Generator.

The anmplifier is placed on thieft side of the layout. On the tapght, the 9-bit current
DAC is implementedThe ntegration capatwr is positioned on the bottom right with
theuse of 40 unitcell capacibrs Forthefine ramp generatomsith 6-bit, 5-bit, and 4
bit resolutions,the number of unit cellcapacitorsare reduced to 20, 1@nd 5

respectivelyDimensions of fine ramp generaeor ¢ 3400Om 1360 Om.

5.2.3 Column-Parallel Comparator Layout

N ) ) ) O ) ) Y
d

E MEMORY
5

Figure5.4 Layout of ColumnParallel Comparators including Plenplifiers,
Latches, Memory Circuits, and Logic Blocks
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Layout of the columnparallel comparators the most challenging part, due to the
narrow column pitch, which is 13.40 m as provided inTable 2.1. Figure 5.4
demonstratesixteencolumnsthatare placed right nexb each othehe4-input pre
amplifier is the block that occupies the most of the afiegght of a single column is

Imm.

5.2.4 Digital Controller Layout

{
N H
11

]

Figure5.5 Layout of the Digital @ntroller

In Figure5.5, digital controller block layout is shown. Digital programming bit inputs
are fed fromthe bottom side. This block also includes ¥.8o 3.3V level shifters,
since all the digital circuitryvorks with the 1.8/ supply andhedigital signals on the
3.3V regime is required for the analog circuitri@he khyout size of the digital
controller block is 480 Om I 420 Om.

5.2.5 Column Multiplexer Layout

The ®lumn multiplexerlayout is drawn with the 34 Om pi t ¢c h, as the <col
comparator outputs aggrovided with this step size. Since a lot of digital activities

happen on this block, decoupling capacitances are placed beneath the supply routings,

as can be seen froRigure56.Layout of the column multiplexe
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Figure5.6 Layout of the Column Multiplexer.

5.2.6 Output Serializer Layout

Figure5.7 Layout of the Output Serializer.

The aitput serializer layout is demonstratedFigure 5.7. Thirteenidentical digital
blocks on the middle arine 4x1 multiplexers andhe D Flip-Flops. On the left and
right sidestheoutput andheclock buffers are placed respectiveljne area occupied
by the output serializer bloégk1 50 On®ni. 50
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5.3 Top-Level Layout

Figure5.8 Layout of the Prototype IC.

Thetop-level layout involving all the major functional blocks described in Chahter

alongside with the pafftame andheinter-block routingss shownin Figure5.8.

The $ze of the prototype I1& 3.15mmby 3.15mm, however, height of the pdichme
comprised othe padlimited cells is around 250m. Thereforethe core area of the

prototype ICis approximately2.6 mm by 2.6 mm.
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CHAPTER VI

TOP LEVEL SIMUL ATION RESULTS

Designed ADC is simulated in detaih order toverify the performanceln these
simulationsall the functional blocks mentioned in Chaptés employed. Simulations

are run in SPICE environment.

6.1 Top-Level Transient Simulations

The purpose of these simulations is to check if the ADC produces the accurate outputs
at the end of the conversion. Two conversion cycles are simulated fathbdtvo-

Step SingleSlope andhe Two-Step MultiSlope modes adperation, for two different
analog input levels. Desired digital output is calculated and compared with the

conversion results.

6.1.1 Two-Step SingleSlope Mode Simulation

The ADC outputs for twosampled analog input voltages atgown in this section.

Inputvoltage for the first and secordnversion cycleare w P81 Twandw

¢& @orespectively.

Expected conversion resultstime decimal form can be calculated by using equation
(6.1),

T R o
UOOI’]w ) q (6.2)

where N is the aimed resolution fonversion.

Hence the expected digital output values far\and \Mn2 are calculated as follows:
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AL S W | W 4 6.2
O060d 6 & T® ¢ Yhpe h (6.2)
v 2oL . G @ T .

AN S 6.3
006068 6 & oy igwy 8 (6.3)

TWO-STEP SINGLE-SLOPE MODE TRANSIENT SIMULATION RESULTS
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Figure6.1 Transient Simulation Results for Tv&tep SingleSlope Mode

Figure 6.1 illustrates the transient simulation results for the 3Step SingleSlope
mode of the designed AD The @nversion results are shown on the figamebinary
to-decimal converted values are annotated on the plots. Acquired values ¥ra for

and \inzare:

Godeca i T Mow®@ to h (6.4)
DOodeEC i vwhomm Tw 8 (6.5)

Outputs forthe coarse andhe fine conversion results are-calculated using the
algorithm presented iRigure3.8. As thefine conversion results for both outputs are

in the midband of fineconvasion, no alteration is done @oarse conversion results.
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Fine conversion results are-celculated to yield the result in the nbdnd by

subtracting 16 from the results. Achievegultsare;

DO60® O TZeT TP CcWYoh (6.6)

00000 VAPT Twpe oY ah (6.7)

Acquired results are within 1 LSB proximity ftre both inputs and very satisfactory.

6.1.2 Two-Step Multi -Slope Mode Simulation

Similar to the Sectio6.1.1, the ADC outputs for two sampled analog input voltages

which arew P81 T andw ¢& @, aredemonstratech this part.

Note that on this simulation, conversion results hafferént resolutions. As W and
Vinz reside in # and 4" bands of conversion range respectively, obtained resolutions
will be 12-bits for Vin1 and 9bits for Vinz.

Expected outputs for two successive conversions are calculated using edua}ion (

and given as follows:

PET T T . .

L —— 6.8
060d 6 & ¢ Whpe h (6.8)
N S - QO -

AN S 6.9
660806 o T xfpo 8 (6.9)

Figure6.2 depicts the transig simulation results for the Twstep SingleSlope mode
of the designed ADCAlongside with the onversion resulishinaryto-decimal

converted values are annotated on the plots. Acquired values &g fand Vinz are:

bomeE i 1 Momm T¢ h (6.10)

DOomE i vwhom@ wT 8 (6.11)
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TWO-STEP MULTI-SLOPE MODE TRANSIENT SIMULATION RESULTS
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Figure6.2 Transient Simulation Results for Tv&tepMulti-Slope Mode

The reason of increase on the fine conversion resiinefcompared to the TSSS
mode results is due to the increased slope of the fine ramp. Fine conversion is
completed within 12 clock cycles forinY in TSMS mode, whereas it took 96 clock
cycles in the TSSS mode. Since separate counters are not implemented for different

regimes for TSMS mode, output value is provided over 96 clock cycles.

For obtainingthe final outputs, steps on the output-a&culdion algorithm is
performedagain. For TSMS mode, algorithm demonstrateligure 3.8 needs to be
re-scaled for different bands. According to thesoaled algorithmacquired results

are given as follows:

6006 tTZeT T PO CYoh (6.12)
D006 vVBY W PT ¢ TX0Q8 (6.13)

Note that the weight of the coarse conversion is reduced from 64 totBeandnber
of counts separated for regimes above and below the main band decreased from 16 to
2. Simulation results fothe TSMS mode are also within 1 LSB proximity of the

desired result.
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6.2 Out of Range Recovery Simulation

In order to check the behavior of the ADC for analog inputs that are outside its
conversion rangehe outof-range simulation is performed. As described in Section
4.2.4 if no decision is performed dhe coarse conversion, ADC prohibits the fine
conversion phasajnce the fine ramp reaches outside the conversion range. Thus 13
bit output of all LOGIC1s are provided at the output.

OUT OF RANGE RECOVERY
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Figure6.3 Out of Range Simulation Results.

Figure 6.3 depicts the analog to digital conversion of two inputs, where the second
input is 3V, an out of range&alue ADC performs the conversion successfully on the
first step, however, no decision isrfiemed on the second step ahdcoarse anthe

fine conversion results of (63)and (127)o is given to the outpufThis way, the

user/tester is informed that the second analog input voltage-@$-cange.

6.3 Power-Cut Function Simulation

The pwer-cutfunction is implemented to reduce the power consumption, by disabling
the column level pramplifiers and dynamic latches @ftthe fine conversion is
completedThis function is governed by the logic blocks employed in colpamallel
comparatorsFigure 6.4 illustrates the effect of poweut function on the current

dissipated by the pramplifier inside the columparallel comparators. The current
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drawn from the positive supply is at 40A Il wehileehe preamplifier is enabled.
After being disabled, current value dissipated by theapmplifier reduces to few nAs.

By exploiting powercut function,powerconsumptiorcan be reduced up to 30fdr

the Two-Step SingleSlope mode. Moreover, whilgperating in the Twestep Multi
Slope mode power can be conserved up to 41%, which is the main reason of

integrating multislope function to the designed ADC.

POWER-CUT FUNCTION OF ADC
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Figure6.4 Simulation of PoweCut Function.

6.4 Readout Simulation

The o-operability ofthe columnparallel analog to digital convertere column
multiplexer, andthe output serializer blocks are simulated and results are prowvided
Figure6.5. The resultant binary data belonging to analog inpuat ~ p& wwis read
out after the end of the first conversion. Expected output féom p& wo is

calculated on equatio®.(4).
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g1 18O .
pc&)—n&) C p X tyrt 8 (6.14)

Acquired data from the simulatigives the resulprovided on equatiorf6.15).

060G O

006086 C¢XeT ompe pxtch (6.15)
An error equal to 1.2 LSB is present on the outputs, which is reasonable due to the
norridealities on coarse ramp and charge injection of the hold switch driving the hold
capacitor at the input of the paenplifier. These errors can be corrected by adjgsti

the VrefL and VrefH voltages to get ideal swing on the coarse ramp.

On the other hand, conversion results are successfullyorgada output shift register
asFigure6.5 shows. Binary equivalent values thie coarse andhe fine conversion

outputs are providedn equationsg.16) and 6.17).

0@ G X TPPTPP (6.16)
0 ® o Tl MMPPPPT (6.17)

Figure6.5 Digital Data Reaébut Simulation

With pd_loadpulse, resultant binary data on colwparallel ADCs are multiplexed
down to a single 13bit data andtransferred out of the chip with the MSB first

approach.
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