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ABSTRACf 

Image sensors consist of an army of pooto detector elements each of which 

transforms a small portion of the image into e1ectcol\S. The pixel produees an electrical 

signal (from the charges generated) that is indicati .... c of the image. This analog signal is 

then con .... erted into a digital signal by the analog \0 digital converter (18]. Variations in 

process, temperature and noise affect the performllllCC of the sensing cin::uit causing a 

fixed pattern noise on the image. The main goal of this project is to design a low power 

low noise l·bit analog-to-digital converter (AOC) using delta sigma modulation (DSM), 

whieh is robust with process variations and power supply noise. 

Project G(la l 

• To design an AOC dn::uit that determines the intensi ty oflighl applied to the CMOS 

image sensor using an a .... eraging technique. 

• To design a circuit using simple signal processing that is robust with temperature, 

noise and other process variations. 

I>rojett O~IllUali(ln 

llJ..is project is divided into S chapters. 

Chapter One describes the basic principle of CMOS image sensors, pixel circuits and the 

image sensor lImIy. Chapter Two gives an introduction to the DSM technique, some other 

sensing techniques using DSM and the need for this sensing technique. Chapter Three 

describes the individwd building blocks of the design; the NMOS source followers, 



cum:nt mirror, feedback circuit and comparator design alld also eovers tlte complete 

design of the circuit. Chapter Four describes the simulations results obtained for the 

design. It also discusses tlte layout oflhe circuit. Chapler Five eontains the conclusions of 

the design. 
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CI~TERl:3ACKGROUND 

C MOS Image Senson 

The science of converting an image to a signal that is indicative of the image is 

lmagmg. Imaging systems have applications in the oomme~ial , consumer, defense, 

medical, industrial, rmd scientific fields including mobile video communications and 

other hand beld devices. Size minimization, power consumption, and integrating multiple 

functions within the camera module are some of the huge challenges in such applications. 

Image sensors consist of an IIrray of photo detector elements each of which ltansforms a 

small portion of the image into electrons. The pixel produces an electrical signal (from 

the charges genemled) that is indicative of the image. This analog signal is then 

converted into II digital signal by the analog to digital converter. The major reason for the 

growing interest in CMOS imagers is that they aHow a higher level of integration. They 

can also be operated at lower power supply voltages and consume less power wilen 

compared to charge coupled devices (CeD). The eel) devices have their own 

advantages in terms of performance and image quality {II [3] [19]. 

C MOS CII-mem Sy5trm 

A typical CMOS camem system [3] is shown in figure lot. Light from the image \0 be 

recorded is captured on to image sensing elements using optics (a lens is used to fOCllS the 

image). The light from the optical system is convened into an electrical signal by the 

image sensor (by the pixel). The electrical signal is then processed by the signal-

proces:sing module (like an ADC) into II fOlmat lhat is requi red by the display unit [3J. 



1 

1 
I 
I 

2 

S_ 

~ 0.' . 1 s""' '''o=mgl 0_ .1_1 

Figure 1.1. Typical CMOS nmCMI M)'stern 

The image sensor and the analog to digital convener arc discussed here. 

A CMOS active-pixel image sensor contains a photo-detector clement (a 

photodiodc or a photo gatc) and an active transistor (1Ul amplifier) for readout oflhe pixel 

signal. A pixel converts the signal from the photodiodc inlO a fann thai can be read out 

by the addressing circuit. When ]ight is incident on a phOlodiodc it is converted into 

charge and a phOlocurrcnt is produced. The various readout methods for the CMOS 

active pixel sensors (AI'S) are the a) curren! mode readout (where the pholocurrenl is 

read out directly - difficuli approach due to the small phOlocurrents). b) charge 

integration and volLage readout (the phO\ocum:nl is conv~rted in to a voltage by 

accumulating it on to a capacitor-most common approach), c) charge integration and 

sensing readout (the photocurrenl is integrated on a capacitor and the charge is read out 

directly-difficult approach), and the d) resistive curren! to voluge conversion method (the 

poolocurrenl is converted in to a voltage by a large resistive load - resistor matching 

between the pixels can become difficult) [3 J. In this project a delta sigma AID converter 

for use with a voltage mode pixel has been designed, fubrieated and tested. 

CMOS Pixel Circuit! 

CMOS pixels can be divided into two groups a) passive pixel b) active pixel (photodiode 

Iype & pooto gate type). l1te passive pixel or I -transistor (I'n contains no amplification. 



J 

[I is the sImplest of aU Plld lias II $lngJe lr.lnSis\or and II poolOd\ode but has noise and 

sensitivity problems. The active pi:<c! has better noise perfOrTl'\llllCe compared 10 the: 

passive pixel. The active pixel stn50rS (APS) can be implemented as IT pixel. JT pilei 

with II ttansfer gale, 4T pillet and logarithmic pixel circuits 12l 

The general an:hitectwe of an APS (charge integnlion and votlqC readout 

method) is shown in ligure 1.2. P is the photodiodc Ihal COO\'CrtS light inlo charges. A is II 

buffer amplif)Cf (usually implcmallcd usrng an NMOS sourc:e follower) th:d isolates !he 

p/'O'od'O'k from !he bit hne. II ton,'CttS !he dwp (CIecUOiU pnerued by !he 

pbocodJodc) in 10 II wlUgc that is readouI on to the imager's column line. C CXIIIlprUes of 

!he photodJode capKitanc:c. pansitic apKiWJCeS of gate of the: IImphHer and -.ru 

c:apKiWlCe of II rae!. switch pramt in this 1Op01ogy. The charge 10 \'Oltagc: ton\-asion 

takes pIKc. at this node aplCitllnCe. 

p 

Fir:ure 1.2. An:biluture or 110 APS 
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JT Pinl 

A NMOS 3T active pixel [41 is shown in figure 1.3. When RST goes high Ml 

turns 011. The voltage across tbe diode i$ 5ClIO VOO and the photodiode is reverse: bLased. 

When the row .select RS goes high the voltage (VDO-Vp of MS) ~ ruOOut on to the 

colU/JUl line by the $OW'Ce follower MS. This is the dark or the n:ferrnce vol. of the 

pixel sina: the .:.cumulated charges OIl the photodiode lite drained OIl!. Ailcf. suiubk 

integration time (pbo1On lIt(:umu1atioo time) COIIIrOUcd by the RST ltaNisUlr MI photo 

the dc:5Iml signallha! ~ 10 the intmsity nflight applied to the pboIodiode. The 

RS lind RST si&fl&ls sboukI be driva'l to voltages greaaa than von 10 fi.dly IUm Oft the 

NMOS~. 

JDD YDD 

When the RS Sig.naig0e5 high this \'()hage is sampled on 10 the column line. The 

performance of the sour« rol.lo"~ u critica.lIO obtain a good gain and band..-idth of the 

p,xel's output. Increasing the width of the 'lIJurce follower (SF) incn:ues the gain but 

decreases the bandwidth of the pixel. Increasing the width of the RS s,",'ilCh tuluces ils 
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'on' resistance and helps in increasing the gain and frequency bandwidth of the pixel's 

output. Increasing the width of the SF decreases the gate \0 source voltage and holds il 

more close to the threshold voltage thus giving a better conversion. Threshold voltage 

variation of the source follo .... -eT causes non-linearity in the pixel. Fixed pattern noise (a 

11Qise pattern observed on the captured images), arises due 10 variations in threshold 

voltage of source follower, dark current and IIf noise. This is a common problem with 3T 

AI'S. The correlated . double sampling (CDS) technique is employed 10 remove fixed 

pattern noise in the pixels. [n CDS technique the pixel's reset value is subtracted from the 

signal value 10 remove the offset. non-unifonnitics and the threshold volUige of the 

souree follower in the pixel [11!3J [" I [5) [6]. 

4T Pi,el 

A 4T pixel is shown in figure 1.4. By turning on the M I (rescl transistor) and MG 

(transfer gale) the photodiode is reset and the reference voltage is readout to the column 

when RS goes high. l1le transfer gate is then shut ofT and the integrated eharge is stored 

on m., pholOdiodc. After the eharge is stored the trarufer gate is turned on and the desired 

signal that com:sponds 10 the inlensi ly of light is readout on 10 the column line. The 

photo-generated electrons are converted into a voltage by the source follower. The 

number of volts per electron is the conversion gain. The conversion gain is increased and 

noise is reduced here since the capaeiumce at the sense !lOde (gate ofMS) is reduced. The 

reduction in the capaciumce is because of the isolation of the photodiode capacitance by 

the trarufer gale [1)[3 J [4 / [5) [61. 
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roD 

Figure 1.4. Sc:hematic or a 4T APS 
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Pioo~ Pholodiod" 

Figure I.S show, the schematic of the APS .. ith II pinned pbotodiode 

implerncnl3tion.. The photodiode is implemml£d using. pinnal diode in order to reduce 

the dartt current (a ICmpenllure dependant c:unmt that is still prtxol ",ben the 

pbotod:odc i, n:Ver$e biased). noi~ and 10 ha,'e' high quantum c:fflCieney thus tIciIic:ving 

• high pcrl'onnanc:e pixel It eomisls of. pinnal. diode (p' -n-p) .. 'here the photons are 

coI1ec:ted away from the surf~ IhLl!l reducing noix due 10 dart c:wrmL 'The cbIrtc 

genmated by the phocons is uam.ferred 011 10 the f\mting diffusion for ~ The 

~Itanc:c: on the ~li", diffusiOli node (pte of MS) is eritieaJ sioce havins 100 !up. 

signal .... iIen the full ctwx<' is InnSfcntd 16][7). 

_~L~~~ 
~: 'I' 

figure 1.5. APS wilh . pinD~ I'botod iode 



AOC hnplemenlll.tion 

CMOS !milicI'S allow the integration of analog to digital conveners on I single die. The 

variOUSlpproaches for implanenling ADC's ... ith active pixel5elUQ1'S~: (JI 

8 

I. Colwnn level analog 10 digital ronve~r: The APS lIIT1!.y consists of an ."..y of 

ADC's lIllie bouGm. One Of JI1(JI'e columns oflhe pixel amy $han;. 5inaJe AOC 

in this approach. Genetally aU the AOC's "'ill be operaung ID ..,aI1e1 thus 

allowmg • low Of • medium $peed AOC to be used. Mismatch of the eonvenns 

«I 1M: columm and lining !be AOC in the pixel pitch an: !he tomro:xI problems 

.... ilh this method III 

2. Clup-kwl anaIo& 10 digital 0Dn\'fttef: Here • single AOC is ~ fOf !he m&ite 

APS amy. This metbod mi.ni.rnia-s Iayotn area but requires a higb sp:ed pipelined 

AOC ifthc APS.my me is bigfJ). 

1. PlJCcI-~1 -'og to digital con,~ Eac:b pixel is cbignro ""1m il3 OYI'TI 

a;JIl\'Mer This method has various .t\"atlJageI O\"t"r the column ~ and chip 

level AOC· .. II 0CIn$lln'IC:S loY. power .... "Ofts ",ith low \'Ullage. has the ablhty 10 

obse,,"e the pixels outputs eontinuously and bas • high Sl\'R. Abo • very low 

speed ADC can be used \00lth these an;:hi~ [J J. 
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Column PlIfaIlel Arclutectute ror AID COIwersion [IIJ for CMOS imaae: SC'Tl5On is 

sbo .... T1 in figure 1.6. At the in\aXCtion or every row and • eoIumn Ii~ we haW'. piled 

QODOeClCd to one enure column shares • singk Aoc. A StngJe row is .ctivalCd III • tme 

and the eohnnns m: readout in panalici 

_ AID Converte>" Anay 

Figun 1.6. ColumQ PI,..llel Arc:bicHlure: for AID COD'"e:nion in a CMOS Imager 



CIIAPTER2: INTRODUcnON 

A·t Moolllalon 

to 

Then! IIR ,evmtI approaches for designing RMIog to digital coov~ (AOC) 

like siama-dclta, suecessi,'c approximafioo, and singk sIopdduai slope techniques. AIX: 

an:tuteelll/'eS like 5''CC''Ssh-e approximation eon~rter5 and dual-slope convcrtm pro\ide 

tugh resolution at the cost of using high precision sample and bold circuits. hiah-spttd 

mj high lOCUraCy Inll:gratotS. Laser trimming of eomponenu is mjuiml for IheIe 

N)"quist Il\lc convmas (or KCWBC) .... itboul .... 'hid! tbcx arcluleCtlRS anncH Ix 

impIemmed in the current Ie technology 110]. (}\~ sampling siglN delta ADC', use 

simple data COf\"ersion CIR:uiuy in pbcc of precise and wmpIu analog romponcnlS and 

~ kip restitution.. Si~ dcltl ADC's ilK pn"ferRd O\'cr the trldilional 

ardUl«UIta h«.,_ of their a''el''8&ine nalUI'e. v..iUch makes II IJI(II'e robust 10 CMOS 

pnx:dIJ ,..nations, and the)' ""IlIlre las componcnlllCCUlXy (111. 

The block d~ of .. typical fint Ofder one-bit delta-sigma lA-II modulal(lf 

112J is shown In figure 2.1. II consists of lUI inkgralOr and .. quanliza. The integratOr 

lakcs the difference bet,,'el'I\ the input and the output signals. The quanti7.er is 

implemen:ed with. '·bit comparator, which COR,eltS IU'I analog signal to a high. or a low 

signal value. The input signal is first sampled, quantized and then digitized 12]. 
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!nl.,gr&lOr - +.(9)-----.1 f <IT • I 

Figure 2. 1. }' irs! Order ",--r modulator 

A-l: Modulators are based on over sampling and noise shaping techniques. OVCT 

sampling reduces the quantization noise power by spreading it over 8 bandwidtb larger 

than the signal bandwidth. Noise shaping attenuates noise in the signal band by pushing it 

OUI orthe bandwidth of the input signal. A low pass filter like B cornuer shown in figure 

2.2 can be used \0 attenuale the OUI of band quantization noise. A high resolution AID 

conversion can thus be achieved. BUI there is II penalty in speed as il takes more lime to 

sample the input I[Oj. However achieving higher over sampling ralios is easier than 

producing precise analog component!; for reducing component mismatch [II J. Further 

aliasing is not a problem in delta sigma ADC's [2]. 

Analog lopm ~ t.. I: 
! Modulator '--"="'---' 

I-bit """,,,0 
Digital Fi1I~ 

Figure 2.2. Block Oiagram of nvu sampled AID con\'c rters 

Various architectures for designing ADC's using sigma delta have been proposed 

{I I J {12J {13 J {14 J. A lI- ~ ADC with a semi-parnllcl architecture for an image sensor [11 J 

has been developed where the modulator is implemented with a switched capacitor 

integrator. 8m the non-idealities of the circuit components like finite op-amp gain; 
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limited ap-amp bandwidth afTe<;;led the ADC's performance. A topology developed by 

Fowler -[12) is based on synchronous first order to-l: modulator at pi"el level thai 

requires biasing circuitry and number of analog components where precision and 

matching of transistors could become an issue. The main shortcomings with the circuit is 

the fixed pallc:m noise on the images which is caused by variations in process parameters 

of the MOSFET's from pi;>;ct 10 p;'<el. A MeBS (multichannel bit-serial) ADC, which is 

Nyquist rate pixel1eve! analog \0 digital converter, has been developed by Yang e\ a1. 

[Il] . A Nyquist rate converter has the advantage of reduced output date rate: when 

compared \0 over sampled converters. But the comparator gain-bandwidth played an 

important role in determining the ADCs performance in this design. A free running 

oscillator used lIS a t.-1: modulator has been developed [t4] for a low power CMOS 

imager. The oscillator is desiglled wi th difT·amp and Ilwnber of commoll source 

amplifiers that have threshold voltage variatiOilS. This topology needs external conlrol 

sigrtals to gCllerme the billS voltages. A voltage 10 frequency cOllversion for each pixc1 

has been impl~m~nted whe~ eaeh column has an AOC and one row is operated al a lime. 

This melhod is advantageous sincc thc analog signals need not be transmitted [121. The 

ADC desigrt discussed here has a uniqoo voltage 10 current conversion technique for each 

pixel in order to not disturb the 'IOltages of the pixel and to keep the pixel isolated from 

the scnsing cin:uitry. Also taking the differellCe ill the referellcc and signal elnTeJlts 

makes lhe circuit robust with various process and threshold voltage varialjolls. The cin::uit 

is symmetrical hence any ground noise or VOO noise common to the referencc and signal 

paths affects the outputs in II similar fashion and the error will be live raged out with time. 

·[be ratio of the capacitors cancels out and Ihus any process variations are also can.celled 
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OUL The capacitors on the input of Ih!: comparator average out the noise. The comparator 

gain is nOl important here, as the error will be averaged out wi th lime. The sense can be 

run indefinitely ;0 this sensing technique: and increasing the sense lime inc~ the 

resolution. Errors due 10 thermal noise will be avemgcd oul by sensing for II. longer lime 

thus iocreasing the signal 10 !lOise ratio. 

A low power, low noise, I-bit analog-to.digi tal convener (ADC) usmg delta 

sigma modulation (DSM) techniques to be used wilh II. voltage mode CMOS imaging 

pixel anay has been designed. NMOS source followers arc used for linear vo ltage \0 

current conversion. A switched capaci tor resistor topology is used instead of a resistor to 

minimize layout Mel!. and 10 overcome design challenges. The I:ornparator circuit used to 

compare the reference and the intensity signals has II. good sensitivity of around SmV. 

The power consumed for each coiwlln is around 600uW.The design has good lineari ty 

cluuacteristics, low power consumption. low noise, flO buffers and a simple 

implementation. The eireuit is implemented in a O.Swn AMI CS process technology. '!be 

proposed DSM sensing circuit is applied to CMOS imaging sensors to measurc light 

intensity applied to a pixel. 

ADC's ~ept an analog inpul voltages or cum:nts and converts these inputs into 

a digital value. The reference and the signal 10 be measured are the inputs to llie ADC and 

the output of the AOC can be given to a counter which counts the nwnbcr of high's of the 

DSM circuil and gives a digital word representing the input. A sigma del ta ADC has a 

high resolution and il takes a number of inpul samples 10 converge on II result. Averaging 

for II longer time gives an OU[PUllha[ is eloser [0 the inpul and also reduces the errOr. 
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This sensing design is robust with variations in process shifts, threshold voltages, 

tempenlture, capaeitances. comparator offsets and has a good sensing accuracy. The 

resolution increases with increasing sense times and sampling for a longer period. 

This cireuit gives a good conversion for voltage ranges from 3.2V (Black) to O.7V 

(bright). The perfonnance of the .... }; ADC shown in figure 2.3. The reference voltage is 

held at 3.2 V and the signal voltage corresponding to the desired intensity voltage from 

the pixel is varied from O.7V to 3.35V. We see that the hand calculations match the 

simulation results giving a good sense for these voltage ranges. 

Output Voltage v.lnput Voltage Vref..J.2V, Vthn=O.13V 

, ,------------------------------, 

O.!' Ul .• l.6U 2 U2.42.Sa 3 3.2U 6 

Input Voll.ogo 

Figure 2.3. Simulat ion results of tbe d-E ADC 

In NMOS source followers the lillcari ty is alTected because the body effect cannot 

be e1imillated. A comparator is used to determine which of the two voltages the reference 

or the desired intensity signal paths is greater. The output of the DSM can be given to a 

counter, which can be thOUght oCas B digital filter. 
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CHAPTER J: SENSE AMPLIFIER DESIGN 

SYSTEM BLOCK DIAGRAM 

The block. diagram of the DSM sensing circuit is shown in figure 3.1. A CMOS 

imager comisUi of u pixel anal' in which each individual pixel consists of a photo 

detector element 10 convert a ~rtain intensity of light in 10 voltage. The photodiodc iJ. 

fil"$l =ct to. looltage (VOD) this is the refe=ICe voltage !hat is readout on 10 the imager 

mtumn. The pboto diad!: is Ibm oola!a;i for • c:enai.n amount or aposure time durin& 

.... -bich the junction capaciWlCa .re disdwgcd by tho:: light intmsily. 1be signal \'Ollare 

~Ili to litis desired mttnSlty orlight is then sampled on 10 the column line.. 

DEllA SlGWAA.'W.OG to DlCilTALco.,,\U1a 

""" ...... , ..... ~ .... .... ... - _ ... 
I-f.''''1D c.r .. h - "'" "'"'"' - ~ s....it I OSM o.p" 

s- ... , .... "'" 1 ..... ... "'" - _. -...0. ..... .,. - "'" c-

Ficu~ 3.1. StOliDl Circuil Ulod Diall1lm 

A common row line is connected 10 all the KCCS5 InInSiSlOrS in I row in order to 

read and ~ all the: pueds in the same row simultanrously. ARer an aposwe time the 



stored charges on the photodiodes in the same row are read out simultaneously on 10 the 

bit li ne. Each bit line is then connected 10 an ADC 10 sense the bit lillC voltage [8]. Here 

we are des igning a novel sensing circuit to determine the desired signal voltage on the 

column line of the imager corresponding 10 the intensity of light. The DSM output is a 1-

bit digital representatiOJl of the desired signal voltage indicative of the inteJlsity of light. 

Figure 3.1 shows the block diagram of the delta sigma analog to digital convener that 

senses the column voltage from the pixel. This column vollage ind icates the amount of 

light irn:idcnt on the photodiode when an image is captured by the camera. 

The reference and the signal voltages from the column line are first sampled with 

the sample and hold circuit shown in the block diagram. These voltages are then given 10 

the voltage to current convener block. 

An NMOS common drain amplifier performs the voltage to current conversion. 

The reference aod the signal voltages Me convened into currents 10 isolate the sensing 

circuit from the pixel voltages. The reference and signal currents arc then applied 10 the 

sigma block. 

The difference in the reference and the desired signal currents is sununed in the 

sigma capacitor. The difference in currents is to be taken in ortlcr to subtJact OUI the 

variations in threshold voltage of the souta: follower from pillel to pixel [2]. The voltage 

from the summing capacitor is then applied to the sensing circuit block. 

The sensing circuit is a docked comparator with the SR latch that compares the 

voltages from sigma capaci tor and the reference signal path. The comparator is 

implemented with PMOS input transistors and the transistors with higher gate vollage 

SOllrCes lower current. The output of the latch is used to enable the feedback circuit. 
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TIll: feedback circuil is implemented with a switched capacitor circuit, which 

removes a precise amount of charge. The feedback circuit tries to adjust the current in the 

reference and desired signal paths until they are equaL The desired signal corresponding 

to the intensity of the signal from the pixel can be determined by comparing the desired 

signal current \0 the reference signal current and by averaging the number of limes the 

switch in the feedback path has been enabled \0 equalize the currents. 
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Volla~~ II) C urrt rll CODn!nion 

The refe=\C'.C and dtsi~ vo1tases from the column line: in the pixel are 

convc:ncd in 10 wnmts by the NMOS JOW'CC follo,",w (SF). Figure].2 sho"'S the inpul 

circuit [2] used (Of the design. 'o\itK:h performs the voltage 10 curmlt conversion. MI is 

an NMOS soura: folloWl:r .... itich perfonns the ~vltage 10 current coavasion. 

Ima&u CoIo .... V 

..... Ve~·Vrtl or Vsil 

Ph"" r;;-
S_ ;:r 

RowSded 

v,,, 

~ig 

, 
I 

Chold :& 

L , 
Chald t 

',of 

MI .... 
llrer .. Vuf -Vlbl1 

Rlcf 

VOD 

Rsil 

M2 

""'" 

In this design resistor is replaced with. no.ildJtd capacilOr resistor (SC Resistor]. 

Figwt' 3.] mo.'S the input cin:uit (2] with the n-sistor implemented using a 

swilChcd capacitor- resistor. a PMOS device ",;!h gale drain and bod)' shorted 10 VOD is 

used for the capacitor. 



, Vul 
I 

CboJd& 

, Vsig 

I 
a.oJd~ 

VOD 

! lr~f = (Vref -Vthn)f Csc 

POl8EP 
phi2.& Csc 

VOD 

! Isig = (Vsig-Vtbn)f C5C 

Figu~ 3.3. Voltage to currenl con,·erter with SCR 
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A reference voltage has to be stored before the sense after which the signal from 

the pixel is sampled on to the inputs of the ADC and are then converted in to currents. 

MOSFET M 1 is added to convert the voltages coming from tbe pixel in to currents so 

that tbe colwnn voltages are not changed with the sensing circuit. The difference in the 

reference and intensi ty voltages has to be taken to minimize pixel-Io-pixel variations [2]. 



Linnri ly of NMOS Souree Followfnl 

The performance of the NMOS source follower (SF) is criliCliI for a linear 

converSIOn. Non-linearites due to variations in threshold voltage and other process 

parameters could lead to blurring of images and non-uniform color pictures. Figure 3.4 

shows the Sl.:hematic for ac analysis of the SF with body effect. The output voltage 

(figures 3.5, 3.6) and the gain (~gures 3.7,3.8) of the SF shown in the figures have been 

simulated for different widths or20 (vout), 50 (voutll), and lOO(vout22). It can be seen 

that illCreasing the width of the source follower increases the gain thus giving a good 

conversion but the bandwidth of the SF decreases affecting the dynamic mnge. Also body 

cffect limits linearity in NMOS switches. The linearity is limited by body effect in the 

NMOS switches sin.ce in an n-well process body-effect cannot be eliminated, as the 

NMOS device body is Ihe substrate. figures show the ac analysis of Ihe Sf without body 

effect for different widths W " 20 (voul), SO(voutll), lOO(vout22). Without body effect it 

can be seen that we get a higher gain and bettcr conversion and again the bandwidth is 

affected. Increasing the width increases the parasitic capaciuUlcc (Coxn) of the MOSFET. 

which increases the time constant and hClICe decreases the bandwidth. [4 ] shows the 

analysis of the effC(:1 of source follower on the pixel's output. 

VDO 

ImV V~ 

V., 2_5V R 11 = VoutlR 

Figure 3.4. AC analysis of the S F 
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Figure 3.5. Output Voltage of tbe NMOS SF with body effecl for W - 20, SO, 100 
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Figure 3.6. Gain crlhe Nl\10S SF with body effect for W " 20, SO, 100 
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Figure 3.7. Output Voltage of the NMOS SF WilhOll1 body effect ror W - 20, SO, 100 
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.' ll:urt 3.8. Gain of tbe NMOS SF wilhout body errtt"1 for W - 10, SO, 100 
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Curnot Mirror 

A simple-PMOS cllfrent mmor 121 is sbo\\-n in figure 3.9. M I i5 a PMOS diode 

COflnI:(:leo;I MOSFET wilh its Ml~ and gale tied Iogdbef and M2 minon!he aarmtt in 

MI If both MI and M2 ha,'e ihc same widths and lengths then ihcir gate sotJt'()e voltages 

and dnin to source voltageS IR equal and !he CUJTalts flowing in bod! !he MOSFETS are 

MIeaIly the 5iLIDC. 11Ie cum:nts ~iU be in the ratio orIbe ",idths as given by Equation 3.1, 

Doubling the v.idth of hU ",ill resull in doubling the currau lsig 12). 

fi_W, 
f .. Wl 

VDO 

(3.1) 

VDO 

Fil:u~ 3.9. rMOS Current Mirror 

figUl1l 1.10 shows the rd!idiiCe and signal (:urrmlS in !he curmt[ milr'or of flgUfe 3.9 

with """;ab""" in von for. ~r~ ~ of I~ and MI and M2 cIev>ce 5i>:es of 

SOWU 10 dnUn \vhagcs of M I and M2 are !be same. As Ird is a eonstanl currenl 50UJU 

(it \/oill dnlw II constant cum:nl inespective of the sowu "oltagcs) will uy 10 bold the 

gales oCthc MOSFET"s al a conSWlI potentIal keeping the CIIlTCnts in both the branches 

constant ideally. 
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Figure 3. 10. Variation (If Reference and Signal currents in the current mirror 



Switched Capacitor Cirmit 

A switched capacitor resistor [2] sho\>''11 in figure 3. 11 a can be used for realizing 

large resistors greater than 1 Mega ohms. NMOS or PMOS devices can be used for the 

switches. Phil and phi2 are two non-ovedapping docks that are not high at the same time 

for NMOS devices and should not be low at the same lime for the PMOS swi tches. 

Figure 3.11 b shows a switched capacitor resistor implememed with NMOS switches. 

Figure 3.llc shows the non-overlapping clocks (not high at the S;lfne time) required for 

the NMOS switches and their periods should be long enough to charge or discharge the 

capacitor fully. Since phi I and phi2 are not high at the same timc only one of the NMOS 

switches will be 'on' at a time. If vI and v2 are not equal and ifvl>v2 then when phi 1 is 

high the capacitor is charged to voltage vI after which phil goes low Ml turns off and 

when phi2 is high (M2 turns on) the capacitor is discharged to voltage v2 this way a 

charge equal to qJ-q2 is transferred bet","Cen vJ and v2 each dock interval [2]. The 

average currem transferred a\ any given time is 

Equating (3.2) and (3.3) we get 

We get 

C.ll;{VI-V,) (VI-V,) 

T 1k 

I R«""'-­
fC~ 

(3.4) 

(3.5) 
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-> 

figure 3.1 L M) Switched C apacitQr ResiJIGr bl SCR with NM OS ~"' il"h~s c) )'1,',)0 

o" eriapping docks 

Hence a large resistor can be simulated with a switched-capacitor circuit (2J; the 

value of the resistance can be adjusted by adjusting the capacitance and the clock 

frequency. 1Rc advantage of using switched capacitor circuits is less layout area when a 

large resistor (an implanted or diffused resistor takes up large layoll\ area) has \0 be 

realized. And ",,;th varilll.ioru; in process charactrnstics and temperature the resistance 

will vary: the resistance value can be adjusted by varying clock frequeocy wilh a 

switched capacitor circuit. But the disadvantage of using SCR's is more power 

consumption and the need for non-overlapping clocks, which makes if more complicated. 

Charge can be added or removed using switched capacitor circuits. 

Figure 3.13 shows the simulation of the SCR of figure 3.12. The two oon-

overlapping clocks and the voltage across the capacilOr have been sho",'Il. It can be seen 

that when phil is high Ihe capacitor charges 10 4V and whcn phi2 is high thc capacitor 

discharges to 2V. Body effeet in NMOS switches is the reason why the voltage is not 

charging all the way 10 4V 
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Non-Onrlapping Clock Gccn~ral o r 

A non-<lverlapping clock genemtor [2] is required 10 generate the 1100'0 non-

overlapping cJock phases needed for the switched capacitor circuit on chip. 

Figure ].14 shows !he circuit for generating the two IlOD-Ovcrlapping clocks that are IXJ( 

high al Ihc same IlIne, from. cl()(:1r. Jignal. 

NMOSlOrl 
PMOS 200 11>20 ,.,,, 2Of10 

Clod< "- "- "-
C<::- V J " 

pOI 

21>10 ~ 7 

C:::;,. " " "-
v v v 

NMOS 2Of.\ I""" 20110 ""10 
PMOS 200 

"-"UrT 3.1-1. Noa..(k-crbppiac aoc:k Gellenllor 

Lon, length In\'CfICJ1 have been l15Cd on tho: OUIpUI of the NAND ptes 10 

incfuse the delay and hence !he sepanlOOn bet\\=n.lhe times the clock signals phil II1d 

phi2 are bi~ When clock goes high philgocs high and phil goes low. When clock goes 

low phil goes low .,ni2 goes high. In !his "''''y the lWO clods are 1'Il:\'\'f hip _!he ~ 

IInI('. 

Figure 3.1 S shows the simulation of the llOn-"Ovc:rlappmg clock gCrtel'\l.\Of seen in 

figure 3.\4 showing the 1100'0 non-overlapping clocks that lUe 1101 high allhe same time. 
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Figure 3.15. Simulation showing the Non-Overlapping Clocks generated from Ihe 

l:encrPlor 

Feed Back C ircuit 

The SCR circuit in figure 3.16 shows the feedback cirellil [2] for the DSM. When 

phi2 is high the capaci tor is discharged [0 ground. When philgoes high phi2 goes low 

shutting ofT the bottom NMOS, charging the capacitor to the bit line vollage, when the 

controlling switch M I tuniS on indicating that the feedback path be enabled. The switch 

M! is controlled by the comparator, which determines whether the feedback path has to 

be enabled or no!. 
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Figu~ 3.17 dlo ..... the stmuialiOil r~ the feedback circuit o f figure 3.16 sbowil\j 

the eurrenllhrough Ihe bil line voluge. The bit line vollagc is varied 2V 10 5V. Here....-e: 

Bi: ra \"oIIagc: VbiI 
S .... ch !hol eoaIIoIs --.. ./ 
1he fe.e.cback<»-CQIl" VDD 

f.:T 
plil VDD I ~ 

,., 
"'" I CK "'" 

Figu~ 3.16. Ftftlback Cin:uil 

····r···········,·············,····· ··· ··,············., ....... . , 

Currenllhrough 
the bit line: 

I 

''''1 ..... . 
... 

• 
." r 

Vbit - 2V 

040 050 Gill 
u_ uS 

- --°8 
Fieure 3.17. Current Ih roua: h the billillc "oUa~ w urte 

>0. 
r 

VbiI -.sV 
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"' - -Vbi t l b.......ch 

'DO D~· •• ····.····:···-··-··-··;·-·-··-····-;······· .. ···:--_ ......... ; . . . , . . . . . 
'00 ai······· .. ·--. ···········i············i······· .. ···.·· ··········: , . . . . , · . .. , · . ., . · . . . · . . , , 
400 0: _.- _ .. _ .. _. -: ...... - _. ,- --: --- --.--- ---:- _. -' --_ •.. -;. .. _._ .. - ----: 

: ": : : : · .... · .'" · .. . 200 0:············: ..... "',._-: ...... __ .... ; ........•... : .... -_ .... _-: 

, jj --i- ' , 
o oj - i -----1 

• . . . . 
-2e1a 0; _ .. _ •••.. - -.: _ .. --_. -- ... : _ ..... _. -... : .....••. -..• : --_ ••••...•. : 

'as 0 '0' 0 '07 0 '08 0 '0' 0 '10 0 
l1_ ..s 

----[3 
flcarc l.l&. S"owmCI Siag~ Cureal palK 

F;~ 1.18 dlows I lingle t\If1'eI\I puke oC Figure 1.17. Adding MOSFET MI (fi~ 

3.20) the N\tOS $OIIfI:e rollowa mU:cs the charge 00 the SCR's independena oCthe bit 

iu-oe vol~ ";ow!he chargt: on the capacilOr esc givm by QcaP"' Cse (Vcol-V\hn) glveII' 

• mluc:ed vol~ge IWlng and reduced = 1 (companng figure 3.18 ""~thoul the NMOS 

SOUfU; bllo,,"'er and figun; 3.21 with !be NMOS soum: rolklwa-) and good hneanty. The 

amounl or charge 00 !be bit hne is more eonstalll independent of the bit line voltage 12]. 
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- -Vb. ~ lbr<UlCh 

200 D ... •• .. • .. ···.·--·--·· .. ··· -- -········-··-----··.·--· ··.· ••••••••. . . . . . , · . . . , · .. , · .. . · . . 
150 oi·· ......... j ......... __ .j .......... , •... __ ...... _, ........... : 

, . . . . . r-:---,--,-,' , ., , 
Currmt throu....~: : : : : : 6" •• , ••• 

L---''''::''::"i'':::'~=---' 00 Of" ~-.--m·1-··--···· -- ·1-- ""'---f-----""'--f-- ~"''''''l 

1 
,., , , ,,' ,'. . . . . " 't'" ., ...... j[ ..... t'"\+!.\.: 
=, : ', :,: 

00' , • --.' 

• . . . . . 
-50 , 0 ; .. _ .••.•••.. :, --_. --- --- .:, .......... ,: ••••••••• -•• : .. --- ....... : 

60S a '10 a ' I S 0 '20 0 '25 0 610 0 

1'1& ..... .1.21 . ' • .,.,mplde SdtlillC 

LooklnSAI Indl\'.dual ~I pulses of figure 3.20 in figure ).21 we can see thai there 1I 

mcomplete 5dlhnJ i.e, the currenl In the bit hoc: docs DOl go 10 zero ... hen phiZ goes high. 

This is we to clock fecdlhmugh. l.o ... mng!he cloek freqJ>ellCy o(the CI!CUII WIll rcdllCC. 

the incomplete ICtlhng o f the Ci rcUit as seen In the simulation of figu!e 3.22. liere the 

time period iJ lOris. 
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Figure 3.21. Lo .... ering Clock Frequency to reduce Incumplttc Settling 
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Figure 3.23. DSM Input Circuit 

Figure 3.23 shoWl! the DSM input circui l (2\ consisting of NMOS source 

followers and the: feedback circuit. The MOSFITs M I and M2 1m' II1lKk: vt'ry wide so 

thai it 11M • ViS very dose \0 Vthn. If the signal from the oompanuor 1l0C!! high the 

resistor (SCR) in the reference signal feedback path is enabled. If the re feT~ signal is 

greater than the desired signal we want to me35ure, Ihm the CIIITCTI\ in the reference path 

will be greater than the current in the desired signal path (sioce Vgs of Ml is greater than 

Vgs of M2). The MOSFET M4 (charge oontrolling switch) in !be desired signal path is 

al .... ays enabled. The eapacioor on the: node Vsig l is charged .... ith the diffe~ in the 

CWTCnl.S ITd·lsig. 

The PMOS current mIrror can ideally source the same cUlTCnl through each side 

and .. mn Vn:f >Vsig MI can sink more cum:nt due to it's higheT gale \'oltage than M4 
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resulting in chasEing the capac:ilOr on the node Vsigl 10 II higher voltage the Q signal 

from the comparator goes low IhWl Hlcreasing the charge on node Vren . 

Wbto swi1ch M4 closes., the amounl of charge dumped on 10 !he capacitor in the desn'ed 

When swilCb M3 closes. the amount of charge dumped on 10 the eapatu.or in the: 

ngun: 3.24 shows the simulation showmg voltages on the nodes Vren and Vsigl. which 

Ideally 1rnCir: each other due \0 the f«<tbad:. 

• , 
" 

Voltage V 

1 
, 
" 

. " 
" " " 

Vrefl 

.................................. -..... ............................ . , . . . · , , 

· , , . · . . . · . . , · . . . (~+~""+ ... ~wJ!.lhtWWJoj. .. \4l',.,/Io,t J"i'-'- J: ~' 

-,._ ...... _. -: .... _ ... --- .. :. -_ ..... ... --: ............ -:- ....... _. _.-: · . , . . · . , . · . . . · . . . · . . . · . , 
· ' -_ .. __ .............. -_. __ ..• _- ---- ---_ ............................... . · . . . . 

" 

, .., 

" , .. " u-

· , . · . , · , . · . . , . . · . · . , 

, 
"' .. 

.s 

-El 
Figllrc 3.24. Showing Ibe sbirtrd re(crtlltt lIod siJ: •• t vollagn 

• 
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Simpling RdcuDce a nd Inlern;!), Signals 

The reference signal Of the black signal is sampled firsl followed by desirtd signal 

on \0 Iho:: input sampling capaciton thrQugh switches. If !he signal from the pixel \'lUies 

during conversion lime: then the ADC will produce a wrong ootpuL To handle these 

clumging inputs this sample hold capacitor is added. The hold stilling times. linearity. 

clock jiner, hold-mode feed through of the S/H will alTt<:t the pffl'ormance of the AOC. 

Then: should be less noise through the MOSFET sampling switches because for hi&h 

JlTCCision ADC'I coupling perturbations in the held signal can cause bit errors, and thus 

distortions in !he digi\i7.ed signal [20]. The two main problclIllI with sample and hold 

circuits are ctwg" injection and clock feed through which cause non-linearity and affect 

circuit pcrfonnancc parciculll1ly 11:$Olul;oo. 

1ll" MOSFET switches should have a linear transfer funetiol! and constant on 

resistance independent of the input voltages in order 10 have the RC (time COnslanl) for 

cilariing the capacitor a constant for all input signal amplitudes 120J. A CMOS 

tnmsmission gate (TG) i5 used for the ~witehes because a TO C<lJ1 pass both a logic high 

and a logic low without a threshold drop thus giving full logic le"1d 5";11&, it also has a 

lower o"erall ~istaoce (since the resi5tances of PMOS and NMOS arc in parallel) and a 

low~r clock rea;! through when compa=i to the PMOS or NMOS pass gates, But !he TO 

has a larger layout area; more control signals to deal "ith and has leakage pattu: to both 

vooand OND. 
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Charge Injection and Clo~k Feed Through 

Charge inje<:liQn from MOSFET switches affects the accuracy of sample and hold 

circuits, switched capacitor filters and ADC circuilS, There arc several methods to 

model charge inje<:lion and 10 predict the amount of charge injected in switches [16]. 

Figure 3.25 shows the charge illje.::lion mechanism [15]. When elk goes high the 

MOSFET switch is on and it is operntillg in the triode region and drain to source 

yoltage is very small. When it is 'on' there are a mobile charge under tbe gate oxide 

from the inverted channel when it is olTthese charges are injected in to the source arnl 

drain (the voltage source and the hold capacitor) and Ihe substrate resulting in an error 

component \0 the: sampled vol!.Dge on Chold which is a functioll of input vol\.3.gc. The 

amount of charge: mmsferred 10 the hold capacitor when the transistor is olT 

determines the error (which is usually in the mV range) caused by charge injection. 

v. 
CbOld l 

Figure 3.2S. Showing charge injection 

If the MOSFET is 'on' then we don't hav.: this problem the hold capacitor will 

simply be charged with the input vol tage through the resistance of the NMOS. 
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When the MOSFET is operating in triode and elk goes high, elk will feed 

through the parasitic C3pa1;itances (gate-source ilIld gatc-drain capacitances), \\'hich 

has no elTect on the output voltage, as the hold (apacitor will charge through the 

NMOS resistance. But a voltage change occurs on the output when e lk is low as it 

feed!; through due \0 Ihe volll1gc divider between the twld capacitor and the parasitic 

capacitan>:e sOO"11 in figure 3.26. 

Ck -"-

±l n TCgd 

Cb.,d± 

Figure 3.26. Showing clock feed through 

Cloek reed through [15J and charge injection can be cancelled au! by uSing 

various methods. By using a transmission gate for the switch the charges released 

from complementary MOSFET's Icod 10 cancel OU1 each other \0 a certain extent. A 

dummy transistor wilh drain sourcc and bulk shone<! (10 avoid de currenl flow) and 

with half the channel area of the main switch can be placed ill series with the main 

switch 10 reduce charge injection by onc or t\\'O ordcrs o f magnitude [] 8J. Using fuJly 

differential topologies and providing active compensation by low sensitivity auxiliary 

input also reduce charge injection [16]. Several open loop and closed loop sample and 

hold an:hi tectures for increasing the speed of\he sample and hold circuits have I)(."en 

proposed but they suffer from clock feed through and I:harge injcction problems too. 

A high speed sample and hold technique using MiJler hold capal:itance to improve the 



precision and reduce charge injection problem in open loop SIH circuits has been 

proposed [17]. 

Showing C harge Injection & C lock Feed Through from the TG's 

Figure 3.28 shows the c lock feed through on the output of the TG in figure 3.27 with 

PMOS & NMOS widths 30/2 & 10/2 respectively for a 2.4V input, the voltage change is 

around 12 mV. PMOS clock reed through is thrice the NMOS clock feed through. 

, 
2 Uli 

2 410 

.-:---,,-----, 
Output Voltage 

2 405 

Vo-( Vout 

Figure 3.27. TG 

... ..... .... ......... ............ .......... _ ........ -. 
, ' ' , ' ' , ' 
, ' 

, "----'----, ~ 

, ' f ' ' .. , .. .... .;....! ...... ! .! ....... !......! · . . . . · . . . . , . , ' 
Voltage Chonge",12mV 

, , ' ' . ........... ~ ........... . ~ ........ .. ~ .......... .. ~ .. ...... . 
, , . , · . . . , . . . · . . . · . . . · . . . : : . . , ,I 

2 400' '::-----:"'-;--- --"'-;-- •.•••. ~.. . . . . ....••••... .... ...• 
o 0 2 0 4 0 .. 0 BOlO 0 

"' -----·6 
Figure 3.28. Clock Feed through ofTG 
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Ha~lI~ "'Ilial widtli devi<;Q fur butb PMOS (2012) & NMOS (2012) reduces elOlOk feW 

through (tloek feed.\htough from PMOS and NMOS are in equal and opposite directions 

lendina 10 eaneel eaeh other though 001 pc:rfcctly) as sboWll in the simulllliOll or figure 

3.29. The voltage change is only arowJd ImV. 

, 
2 4005 •••· .. ·····,·······--···,·.·--·.··--,·------·--··r·--·· ...... , . . . . . . . . 

• • , . 

r[ ~""-.... -,-v-O-I""'-,.r '0001---+----+-"1 t········, 
2 ]"5 ........................ : ...... -.j..~ ••• -- •••••• • •••••• --.-•• 

: : I ! vO/w .. ~ .... lm~ I 
2 3'''' ···········~·····-······t--··--·V··~-··-·----···!--··· ...... ~ · . . . · , . . · . . · . . · . . · . . • • · . 2 ),.§ .................................... _._-_. __ ........ _-.- .... . 

DO 20 40 'IJ '(1100 

Simple SIll Circuit 

Figure 3,10 dIows sample and hold circuit used for this design. When sWitch is 

closed the input 51gnal is connected 10 hold capacilor and when it is open the Input is 

dlKOarJ«IOd from thc capacltOf and the capacitors 5lay charged with the requlraJsignals. 

The TO in !he reference Signal path goes high first and the reference Ilgnal is sampled on 

to the hold capacitor aller which this TG shuts off. Then TG in the desired sIgnal path 

goes high samphngthe desired signal on to the hold capacitor. 



42 

Figure 3.30. Sample & Hold O~ralioD 

f igure 3.31 shows the simulation of fie circui t ShOWll iJl figuro: 3.30 wi th reference (dark) 

signal of2.4V and in l~'TIsi ty signal of 2.2V. 
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Figure 3.31 . Sho .. 'ing rererence .od sil: nal voltages a Rer u mpUng 
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Tbermal Noi.'lt 

Thennal noise in a resistor is due to the random motion of electrons with variations in 

temperature. The sample and hold circuit [9J seen in figure 3.27 can be modeled as an RC 

circuit seen in fig 3.32. The hold capaci tor charging through the MOSFET's parasitic 

resistances gh'es rise \0 a thennal noise introducing fluctuations in the reference and 

signal voltages measured. R is the resistance thai comes from the MOSFET's parasitic 

resistances here Rn 1/ Rp and C is the hold capaci tor. 

R R 

c 

Figure 3.32. Modding noillt' in a RC low paJ~ filler [91 

The noise in the resistor can be modeled by the voltage source VR seen in fig ",here VR
2 

.. 4kTR is the thermal noise "SO of the resistor [9] 

The U'lII1Sfcr function can now be ",Titten as 

V_(s)= 1 [9J 
v~ luRe 

The toUlI noise power a1the output can be written as 

The IOtal RMS noise vollage measured a\ the output can be given by 

f9f 



where k = Boltzmann's constanl - L18E·2J JIK 

T - Temperature in Kelvin 

C - Capacitance in Farads 

The noise voltage is independent of Ihe MOSFET's resistances and is only dependant on 

the si~ of the capacitor because for bigger values of R the noise per unit bandwidth 

increases but the overall bandwidth of the circuit decreases due to higher time constant. 

Increasing the size of the capacitor will decrease the thermal noise sampled on to the 

capacitor but the speed of the circuit degrades. [9] Using a lpF capacitance the value of 

the thermal noise at room temperature ca:n be calculated as follows: 

\i(I}.)~"~2J~IJ·3@ooii V_·~_,I 
IpF 

64.J.uV 

Selling the hold capacitor to IpF gives an RJ\1S nOise voltage of 64.3J.1V at room 

temperature. So when the TG turns on both the input signal (reference or intensity) and 

the kT/C noise voltage (64.3J.1V) are sampled on to the hold capacitors. 

l 
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Companllor Design 

Figure 3.33 sl>ows the comparator [2} "11h the PMOS imbalance MOSFET's used 

for this design. 

VDD 

PMOS 30/2 
NMOS 2012 

M8 

Figure 3.33. Comparato r Circuit 

When dock is high MJ and M8 are off, the MOSFET's M4 and M7 tum on 

pulling the nodes QUlp and Culm low, turning M2 and M9 '00 ' pulling the nodes 01-04 

'high'. In Ihis way all the nodes are actively driven ' high' or 'low'. This is important for 

erasing the comparator's memory, since a floating node might swing to a v()ltage value of 

the previous sense operation. Since M3 and M8 are offthcre is no direct path from von 

!O ground so 1he current pulled from von is also very less; it does not pull current except 

when the clock is switching stales. When clock is Iowan imbalance is created and the 

nodes vp and I'm arc compllfed. If vp>vm the currenl in Ml is Jess than the current in 

M10 (since Vsg of Ml is less than Vsg ofMIQ). The node 04 will be pulled high and 

wIlen dock goes [ow Cutp will be pulled high tlll11ing M5 on lind pulling Outrn low 

(tuming M6 off). The companuor pulls an average current of around 4S~. The 
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maxImum Input voltage that can be 5f:IlSed IS VO[).Vlhp and the comparator funcllons 

for negative input voltages also as the gate voltage still above the threshold voltage orthe 

PMOS device. For vay tush Input voltage!l the input PMOS devices will be ofT and the 

Imbalance cannot be c=\led. The nurumum vno fCqVlred is 

Vsd.MI ~VJg.M2+Vgs.MS--O.2j+(l.66ti).92 = 1.83V for the 0.5 micron proceu. 

In the $1IllUJatlOll of Figt= 3.34 vp input is held III 2JV and vm input is held at 2.1 V. 

Since: \'JI>'-1tI the node Quip will be pullal high ",iIcu clock is low (Ouun will be pulled 

low). Wbm clock is lugh both the OUtpulS are puUed kilO' III seen in the $imllauon. 
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so, 

J.'gllre 3.34. SlIo .. -inC tbe opcratioa of the comp"rator 10 ngUrf J.JJ 

Figure J.JS show5 the inputs, elock sipls and outputs ofltic comparator with vp 

inpUI swept from 2.1 V 10 2.3V and vm input is held at 2.2 V. When clock goes low both 

the OUtPijlS are pulled 'high' mitially when the sensing operation suuu hence \he glitches 



" 
ate soet1 In the sImulation. ThiS can be a problem for sensiRII .incc the comparatOr could 

take the wrong declJion and enable or disable the feedback path .... hen il should I'IOt and 

therecan be. chacgc Il"IlnSfer when there should not be any. 

, ouh~' 
- ••• 1l 

'00 

" , 
V" .... ~oo . ... ~ ...... ; .+ ... ; ....... . 

1 
, 

" 
-" 

" '" 100 0 150 0 200 0 
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250 0 laO D 

--·8 
F1clln J.J5. Slto .. -ine lite 0pulicioa or.-c nampanlor iD n, ure ).JJ 

Figure ).)6 1hov.'S the COIl1pMalOr WIth SR F1Jp-00p .ddcd 011 its oulpU! when 

dod aoes high both OUlpul5 go low and the latch docs not change stales which make the 

OU'P1" of the comparator change on the rising edge oflhe clock when the inputs change; 

Oulp flows 10 tho QI output and the: Dutro flows 10 the Q output. Adding the nip-nap 

makes II easier to COWl! the output pulses of the DSM. 
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VDO 

PMOS 3012 
NMOS 2012 

M8 

Figure 3.36. Comparator Cireuil " 'lib SR Ftip-nop 
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Figure 3.37 shows the simulation of figure 3.36. The input and output and the clock 

signals !lave been shown. The vp input is s ..... ept from 2.3 V and 2.7 V and vm is held at 

2.5 V. When vp>vm. QuIp goes high and the Qi output goes high (Q goes low). Outputs 

of the comparator Q and Qi nip when the input data changes only on the edge of clock as 

seen in figure 3.37. 
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Figure J.J 7. Showillg the ollCrali (ln of cireuil in figu re 3.36 



Seositivity of t h ~ Compara tor 

The sensitivity of the comparalor is around 8mV. Figure 3.38 shows the transient 

response oflhe comparator in figure 3.36 with vp input swept from 2.52V to 2.536V and 

vm input at 2.528V. Figure 3.]8 shows the inputs. clock and the output signal of the 

comparator. The minimum voltage th~ comparator can reso lve is SmV. 
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Figure 3.38. Showing the clock, inputs and outputs of circui t io fi gure 3.36 
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Shnulath'I& the C \\K.K t'ted Through Noise & KIckback NoIse of the Comp"ratQr 

Clock reed through noise is present whm clock feeds through the mp\ll orllle comparator 

cin:uil and is not I problem hat: since the inpulS are isolated from the cJoc:k SIgnal by two 

MOSFET' .. Ilowever ltickback noise (wllich is the noise feedmg in 10 \he mpuls when 

the eompantOr 15 switching staleS) is prcsmI and can bccomo: I problem for the 5eI1SlIlg 

CUCUIL 

SunuLulllllhc «lmparalOr ~ilh DDIHdeaI !II()tIl'CeS can gin us !he amotIIIl of kick t.ck 

III'OUnd ISOmV as scm III figwesJ.J9. 3.40. 

, 
S II., -... "- -..... --_., ........ ", 
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I v'::c I s °+ ... 000 

....... -:ron .m ..... :_ --.. -.. -

• 
S DO:· -•• ,_ 
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• n i·· ' .•.. 

, 
t to:······ 
" . 

~ u~' 

1 .......!.-. • 

, .... _-_ ......... __ .. . 
10f 0 102 0 tu. 106 a 

-~~{~J 
Figure J.J!I. Sbo .. -inl: the C lock feed througb Nooe of tbe comp ..... tor 
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Figure 3.40. Showiog the Clock feed through Noise of the comparator 
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tlaving IpF capacitors on the inpul of the circuit reduces the kick hack ooise of the 

comparator 10 6mV as shown in the simulation in Figures 3.41, 42. The huge: capacitors 

avcr.age OU1 noise so Lhe kick back noise will not interfere with the sensing. The average 

current drawn from VOD fOT both me comparator and the nip-flop is around 771tA_ 

A comparator with both NMOS and PMOS input transistors could be designed so that it 

has a beuer sensitivity and wider inpul signal range beyond power supply rails. 
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Showing tbe Schematic U~ed ror (he Design 

The schematic for the DSM AOC [21 is shown in ligu«: 3.43. 

VDD 

i 
'- VIr! T I 4012 ~-' 

Vsig 

~ Q 

.on ~~ 
500110 500110 

VOD l phil L ... -.,+--CVD=D;------------.J 

Y"1 "'" "" r fT 

Figure 3.4]. ~hfmatic or the DSM 

lbc current in the Tefcn:m:c signal path is 

I .. '" V",-v.. (3.6) ... 
The currenl in the desired signal path is 

I 
_ V .. -v .. .- R.,. 

(3.7) 
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Due to the feedback path the currents in both the branches are equal, bence we can write 

V'1 -v .. '" V..,-V.. (3.9) 

"'" ... 

where ~ NM FCr·­
N 

N - tOLaI number of clock pulses 

M '" number of times Qi output goes high 

Substituting for Rr., and R.,. in Equation .... e gel 

-==V"3-e=: v..",. _ , "' I 

ICsc. N-M lese 
N 

N-M 
V.., ..... '" -_ ·V'1"'" 

N 

().IO) 

(3.11) 

(3.12) 

Using the Equation J.12 Ihe desired voltage signal from the pixel Clill be calculated. 



DSM Sensing C ircuit 

, 
~ • A llll:l 

'1 
lO!2 Yc.,. ttpF J1 t ; lc~ 

'~ ~ 

~ - ~T ;1; '''' 
~ 

Figure 3.44. I)SM Sen! ing Cinuit 

The voltages from the pixel i.e. the column voltages are sampled on to the hold 

capacitors. NMOS 50urce followers are used to convert the voltages in 10 currents. 11le 

width of the NMOS devices is made large so that the gale to source voltage is dose to the 

threshold voltage and will be robust with variations in VDD. The current in the refereru.:e 

path is mirrored using the PMOS current mirror. 11le swi tched capacitor circuit in the 

feedback path behaves like a resistor. Since Vrd >Vsig the current that Ml C3JI sink in 

the reference path is greater than the current in the desired signa.] path. The PMOS current 

mirror mirrors the reference current to the other side; the difference in currents "ill 

chargc the capacitor on node Vsigl. Since there is a lower gate voltage on M2, the 

capacitor on nodc Vren will be at a lower voltage than the other path. Q will tum low 
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disabhnl the fttdb&ck path in 1110> n:rc~c signal path and decreasing the current in this 

path resulting in increasing the node voltagc Vrcfl, untillhe CUl'ttf\15 in both the paths are 

equal. IlI(:rcuing the ~i5WlCe in the feedback path will result in Iowmng the CuneR! 

nowing and "'ill UIke. longer sense time. Using small resiSlOfS (increase capacilanl:c of 

SCR's) willaive. faster $Itf\Se. The sense accurw::y depends on how ICCumldy charJc 

tan be guided Into the r~ c:apacilOB, if 1M dock high time i$ very low the NMOS 

SWItch of the SCR will be ofT the dwge from !be bil Iioe caDDOI. be removN prttisdy 

bee, .. ,.. less charge goes 10 !be switched eapacitor.s inaeasing !he resi.slanoe Md 

d ......... 8$.111 !he currenl$ flo ... ~ This limits Ihc: axuracy of the sense beaoce gi\'lng non 

hl1l3liues. 

TIle OUlJIUI Q! can be gi\'al 10 an up COUlIta-, which counts !be Dumber of limes !be 

_lIeh in the feedb.dl: path.. bas been enabled. By .,~ the number of times tho: 

capacitor in the feedback pub has disdwged by c:omparing il to the refnaJCe ,'OIuge. 

we can gc1 an idea of the lbimi signal 00 thc coh.mll \'Oltage in the ptXt'I "'"t an: trying 

to measure. Tbe: PO"''" ~ by one of the DSM Sl"nX-amps 011 the chip is only 

around 650)1 W 
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Figure 3.45 shows the signals VreO, Vsig l and the output Q from the DSM. It can be 

steI\ from the simulation thai when Vref »> Vsig. !ref»> isig. the Q output goes low 

more decreasing the CUrTe1l1 in the reference signal path unti! the CUJTCllts ;m: equal. 

When Vrefl goes above Vsigl, Q goes bad: high and tries \0 discharge the node Vrcn. 

, vrefl 

&.0 .•.. __ .. , •.....•.•. -- ..... , .•...••. ,-- .•.••. , ........ , ........ ,----."', , . , .. ,. · . , .. .' · ,., .' , .' ' · " . · . . 
r-,----' . . . 4.0 n.n .. :" __ n • • u ~ 

Output 
Voltage 

• • ofDSM 
L~_-"'O 

.~- ...... "'" .. ' ...... _, ....... -.- .. -•.... -.-~ 

1 
• -2 0 .. - ... --. --. -- .. ~ .. -. ..•... -

00 02 04 " , 
• .-.... _--- • • ..,. _--_ ..• - -_ ....•.... 

" . 10 12 1 4 

_c""=-_+. a 
• • , , 

Figure 3.45. Showing the signals Vrefl , V$ igl and tbe output Q froni tbe sensing 

circuil 

Avernging roxluccs the amount of thermal noise sampled on \0 the capacitors by If 
times as iodicated by Equation 1.11 [21· 

(l.U) 

From the equation it can be seeo that increasing thc oumber of clock cycles decreases the 

amouOl ofthcrmalooise sampled 0010 the capaci lor and hence we get a better seose and 



" 
an improvement In the signal to noise ralio by averaging for more num~r of clock 

cycles. 
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CHAPTER 4: SIMULA TION RESULTS, LA YOUT OF THE ADe 

Showing the Output of the DSM ~cDsing circuit 

Figures 4.1, 4.2, 4.3, 4,4 shows the simulation results for the DSM circuit asswning that 

the OOWller is enabled from O.5!J.S (to allow for start up and 81H operation) sense time is 

For Vrof=3.2V, N- IOO, V",.-"i' =V.., - V ... =3.2--O.67 =2.S3V (Hand Calculations), 

a) For Vsig"'J.! V, V ........ =V ... - V ... =J.I-O.67=2.43V 

From simulations, the output goes high J limes hence M~J, (Figure 4.1) and the value of 

v ....... .. N~M . v.., _ _ 19~ . 2.53 =2.45V (Calculated from simulations) 

b) For Vsig- 2.15V, v. .. _ =2.1 S-O.67= L48V (Hand Calculations), 

From simulations Output goes high 44 limes hence M""44, (Figure 4.2) and the value of 

1()()-44 V ........ z 2.S3· 1.42V(CaJculated from simulations) 
100 
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Figure 4.1. ShOIl-lnl,! Ibr ~U(PIII of tb r DSM sensing circuit of figure 3.44 
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F1gu~ 4.2. Output of tbe DSM leasiag circuit of ligut 3.44 
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c) For V_r-1.6V. Y ......... I.6-0.67.O.9J1' (Hand Cakubltonl). 

, -01 

•• , ................ + ... -........ -...... , ........ , ........ , ....... , 

au .... . 
Voltage 
orOOM 

• 
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-•• , ....... , ... ··_--·j···· · .. ·······,,········,,· .. ··c '::·· .. :": .... ·:' 
00 02 0 4 0' al II 12 1 4 I ' 

•• ---··8 
FlgLlrr 4J. OUlPlit or Ib" DSM U D$ID& elK .. 11 or "gun 3.44 
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d) For Vsig-O.8V, V .... ..,=O.8-O.67=O.13V (Hand Calculations), 

Output goes high 96 times hence M--96. (Figure 4.4) and !he value of 

Output 
Voltage 
ofDSM 

, 

(Calculated from simulations) 

-" 
'" ....... -, -_ ...... , ... . 

, 
---.-....... ,-, 

-_._ .. , ........ , ... . 
, , , ' , , 

- _ ........... , 
, , , ' 

..... ~. , 4 0 ..• . .......... . . ......• , . .... -~ , 
, 

- .... ~ ... -L .---" " 

1 

, ' _., ....... '. , ........... . - - _ . ...• . ..... ~ , , 
, 

" " 
, ' -2 0 --- - ....•....... ~ --

00 01 0 4 "' 
, 

_ •. ....... •..... , 
o 8 1.0 

, 

, 

_ .........•..... -

---":'~. ~ 
Figure 4.4. Outpul of the OSM sensing tireuil of figure 3.44 

Sensitivity 10 VOD ~nd Ground Noise 

, 

, , 

The OSM ADC has been simulated with VOO noiseof lOOmV and ground noise of 

sOmV. Simulation results (Figure 4.5) show the count generated by the ADC for the 
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signal voltages shown above in figures 4.1 (a). 4.2 (b), 4.3 (cl. 4.4 (d). It can be seen that 

the count does nat change (for Vref=3.2V. Vsig""3.1 V. Count=3. Vsig"'2. ISV, Count=44, 

Vsig"'1.6V. Count=67, Vsig=O.8V, Count=(6) with variations in von and ground. The 

circuit is robust with VOO and ground noi se due to its symmetric nature. 
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Resolution of tbe DSM 

The resolution of the DSM can be calculated by using the following equation: 

v '" V"".oItt .. 1.73V = 17.3mV 
... N 100 

As the input ~oltages drop from 2.4 V to 2.3 V the count difference is 7 (for a lOOmV 

difference in the reference and desired signals) from 2.3 V to 2.2 V the code is 6, for 2.2 

V to 2.1 V the code is 7, for 2.1 V to 2 V the count is 6. So the resolution can be 

estimated as 

V ... = lOOmV 16.6mV 
6 

So calculating the shifted re ference ~oltage ~alue with this resolution gives 

v,., ....... N ·V,... =1.666V 

V rtf .>'oi'I = V"" - V ... 
v ..... V""-V,,,,_ =2.4-1.666=O.7J4V instead of O.67V 

Calculating the shifted reference and intensity voltages with V .. = O.7J4V gives 

a) V~. _2.3V, V"" ..... _ 2.3_0.734_1.566V (Cafculau:J), V .......... ~1.666V, 

9J 
V~_ =1.666· - .. 1.S49V (Sensed value) 

100 

b) V",=2.2V. V ...... -¥ =2.2-o.7J4=1.466V (Calculated), V""_ =1.666V, 

87 
V"., ..... =1.666· - .. 1.449V (Sensed value) 

100 

c) V ..... =2. lV, V~_ =2. H l.7J4=1.366V (Calculated), V"" ....... 1.666V, 

V ........ =1.666 . 80 =1.332V (Sensed value) 
100 

d) V~ =2V, V.,. ..... =2-0.734= I.266V (Calculated), V", .... =1.666V, 

v, ....... =].666 74 
- =] .232V (Sensed "altle) 
100 
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Table 4.1 5hows the valucs for the Calculated and Simulated si8J1llls for a reference 

voltage of Vrcp] V. The shifted reference volUlge V~...". • V..,.-V ... _J.-{l.67:2J3V 

Table 4.\. Calculated :Ind Simula ted signals for tonstant reference "ollage aDd 

different signal vo ltages 

fiiifoE;' ~1l'~~ig",1 ~, ~Shijkd ShijW 
ReftrMU OI!5;red Counl HAND CALCS signal signal 

llANO 
signal 
S IMS ond D6iud Signal SIMS 

signals 

1 
1 

V ... =O.61 ~ 

,~ 

1 
1 
1 
1 
1 ,­
,~ 

[i---

:%-
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S lt ijled 
~twUII signal Dai,", 

RI'Jucnu Desired Count llAN D signal signal signal 
and Daind Signlll (cont'd) CALCS(conl 'd) S IMS HA.ND SIMS 

signals (con/'d) (conl 'd) CA LCS (cont'd) 
(COllt'tf) 

V ... =O.67 
(cont'd) 

Table 4.1. ("Dntinued) 

Showing tbe Count gcne .... lcd by the sens ing circuil 

The DSM ADC (figure 3.44) lias been simulated (figures) for different reference 

and signal voltages. The count generated by the seru;ing circuit has been shown in figures 

4.9,4.12, and 4.13. Here the desired intensity voltages have been varied for different 

reference voltages and count generated by the DSM has been plotted. The desired sigoo.l 

voltages (outpul) calculated from the COUlll generated by the DSM and Hand Cales has 

been planed for different input voltages (figures 4-10, 4. 11 4.7,4. 14-.4.20) 

We can see from the figure 4.9 that as the voltage difference between the 

reference and the intensi ty signal increases the count also increases linearly. 
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Voltage va Count for Vr.f· 3\( 

'E 
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, __ 000.nI '" N , M -
u 

~ 
~-
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, 
" 

"'poll Vol_~ 

Figure 4.9. Showing the Count geDerat~ by the sensing circuit or figure 3.44 

Comparison or vollagl'll hllnd cales and sims genenlled by tbe $cnsing circuit 

A graph showing a comparison o f tile calculated and simulated va lues uflhe output 

vallages ror both the threshold vollages (Vlhn:O.61V. 0.73V) arc shown in figure 4.10, 

4.11 . h can be seen that the voltages generated with the calculated threshold voltage of 

O.73V ( fi gure 4. 11 ) are more close 10 the hand calculations. 
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Figure ".10. Comparison or \"o'tages band tala aad linu '~D~nllrd by Ib~ KlisioC 

cin:.it orf1cul"e 3.44 

Output Voltage Yslnput Voltage Vr.t-3V, Vlhn=O.73V 
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circuit or fil"n 3.44 
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Volt~II' vs Count for Vref· 4.5, 4, 3.8, 3.6, 3.4, 3.2V 

Figure 4.12. Showing the COLint generated by the DSM of figure 3.44 for different 

reference voltages 

Voltag" vs Count lor Vr"f . 3, 2.8, 2.6, VI, 2, 1.6, W 

, , " Input VoltagO Ol~ 

, 

Figure 4.13. Showing the Count geocrated by the DSM of figure 3.44 for different 

refHeoce voltages 
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Figures 4.14-4.20 shows a comparison of the calculated and simulated values of the 

output desired signal voltages for different refCRllCC voltages. 

Output Voltage v. Input Voltage Vref=4.5V. Vttln..o.73V 

"-',-

Figure 4.14. Compari.5011 ofvolllgcs bind ella Ind silllS geoeflted by the muiog 

circuit of r"ure 3.44 

Output Voltage ... Input Voltage Vntrqv. Vttln-o.73V 

, 
,. 

! 
l. a 

• -,-
Figure 4.1 S. Compu'ison of voltages hind ulcs and sims geQerated by Ibe sensing 

circuit of figure 3.44 
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Output Voltage v.lnput Voltage Vref=1.4V, Vthn=O.13V 

.... '-
F1gure 4.16. CompuuoD orvollages bind eaka and sims generated by the UDJing 

ci~ull of tlgllre 3.44 

Output Voltage v.lnput VoIta\JO Yref-3.2V. Vthn..o.13Y 

' r----------------------------, 

.... '-
Figure 4.17. Compari!lOD of voltages band cales and sinn generated by the sensing 

circuit of figure 3.44 
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dreult of ligu~ 3..44 

For reference voltai\cs above 4.SV the cOmparJIOr shuts ofT and we get • large 

"",,-Iineanty ;n the sense. Oclo,,", O.7V the NMOS Input amplifiC!Q .bUI olT giving 

Doohoc:anly. The ~ can be funbcr devdopcd IO ..... Ofk lOr higher rc:r~ VflI~ 

above 3.4V. 

51mllllllioal ortbe Srasing Circuil for DlfferUI Sro~e Times 

increllSing lIle sense lime will Improve the signal 10 noise: ratio (as we aample rOT 

longer Ume5) and ~ we get • better sense 3$ the enors will .vengc oul willi umc. 

Figure 4.21 shows the $lmulationl: orllle DSM for sense tunes of Ius, 2us, Ind Jus. 

Simulations of tbe Selll iDC Circuit . 1 Highu Frequencies 

Figure 4.22 shows the simulalions of thc DSM at higher clock frequencies of 

I66MIu. and 2S0MHz.. The sense time is Ius then the ownbeZ" of samples iDc:reases to 

166,250 and the _ values gel bcna by ampling for • longer time. 
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Temperalure SeosWvily or tbe S",o,iog Clr~ Llij 

The cireuiliw two branches that an: synuneuical which will affoct the outputs siffill:uly 

for VOO and ~ variations, The DSM cireuit of figure 3.44 has been simulated 

fQl'" different tcmpcnlUI'CS the deslUd signal voltage output has been CSllIlWcd from the 

count gmerau:d by the DSM. The circuit is robust with variallODS In tempenturcs as scm 

&om 1M simulations In flgure4.2J. 

Output Volta;. vslnpul Voltage _hh lncn.wng .. mpe .. tun v .. ,.2...v .. .. 
OA 
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i a~ 
•• 
" , I- .~ 
."",--" 

, 11 11 _.- .. • 

1 
- --.:> • T-GC -'~ l 
,~ ,-.---,­
~,~ 

,. 

ngure 4.ll. Simulatio.s Orlbe Kosiag circuit for diffeuollempuatures 
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SimulaliollJ of tbe Sensing Cir!:uit at Lower VOl) 

Figure 4.24 shows the simulali(>Jl results for a VOD ony for the O.5um process. The 

design works for lower power supply voltages. 

Output Votta~ 'IS Input Vol"ge with VDlF2\' VrtOf=1V 

•. , 
"" •. ~ I- -

j •. , -- -- -

7 ~-~ 
-. -s;n. • > D 15 r-, . 

d:-o • •. , -• 
.~ r- - ".---

• 
.~ •. , '" ••• •. ~ ••• .~ , _.-

Count with with V00=2V Vr.t-1V 

~ 

~ 

ro 
00 -

'00 /' 
doo 

00 ~~ > 
ro 

" • • • •• 
Input VoltagO OH .... "c. 

Figure 4.24. SimulatioDs orlhe sensing tirtuil for lower VDn 
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Lll)"out of tb~ Delta Sigma ADC 

The sensing circuit has been fabricated in a O.5um process technology and several test 

structures of the n!md gale, buffer, comparator and the input circuit have also been laid 

out and tested. Figure 4.25 shows Ihe chip layout wilh LIle lest structures of the circuit 

(figure 3.44). The ESD prolectioll diodes in the pad frame are turning on causing huge 

leakage currenllo flow due \0 which the chip failed. 



Nand Gate 
Tcsc SlNeIure 

00_ 
Test StI'UCtU1e 

Input Circuit 
Test 5tnlcture 

Sensing emuit r..,..., 

fi;IIR 4.25: Chip LaYOIII ¥lilll tbe tat slnactura orlile DeUa Sigma ADC 

" 
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CHAPTER 5: CONCLUSIONS 

A sigma delta ADC thaI uses averaging teclmiques has been designed 10 

dClcnnine the column voltages from the CMOS pil(cl. A unique voltage to current 

converter technique for each pixcllhat keeps the pixel isolnted from the sensing circuitry 

has been designed. The difference in the reference and signal currents is taken which 

makes the circuit robust with various process and threshold voltage variations. lbe circuit 

is s),lIUllclrical hence it is robust to ground noise or VDO !Ioise. The ADC has a 

resolution of 20mV for a sense lime of lfL'l. Increasing Ihe sense time increases the 

resolution. The output of the ADC is a digital signal from which we can determine the 

analog voltages coming from the pixel by counting the number of limes the ADC OUlput 

goes high. The digital output can be connected to a counter (which also acts as a low pass 

filler) thai counts the number of times the ADC goes high. The voltages can then be 

detennincd from the CQunter's value. From the simulations it ean be seen how different 

signal levels can be measured using the ADC. Since there are no resistors in the design 

the circuit is robust with process variations. Simulations show that design is robust "ith 

variation~ in temperatures and also works for lower supply voltages. 

The project can further be developed to work for higher input voltage ranges and 

bener lincarities. 
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