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RESUME 

On retrouve les amplificateurs operationnels de precision dans beaucoup 

d'applications, notamment sur des systemes a base de detecteurs, sur des dispositifs 

industriels de commande et sur des amplificateurs d'instrumentation, bref partout ou 

un niveau important d'exactitude dans la mesure est necessaire. Un parametre 

important d'un amplificateur de precision est la tension de decalage referee a l'entree, 

qui determine l'exactitude de la tension continue de sortie. Le mesappariement des 

composants critiques et le stress mecanique induit lors de 1' encapsulation augmentent 

la tension de decalage. De plus, les variations de temperature provoquent une derive 

de celle-ci. Afin de reduire cette tension indesirable, la plupart des amplificateurs 

commerciaux de precision emploient une technique d'ajustement de resistances. 

L'ajustement au laser en temps reel de resistances integrees a meme le circuit 

d'amplificateur est l'une de ces methodes. 

Ce memoire porte sur un amplificateur operationnel de precision a pleine 

gamme dynamique en entree et en sortie ayant des resistances de silicium 

polycristallin (poly-silicium) ajustable par faisceau laser. Une methode d'ajustement 

au laser de resistances de poly-silicium de type P tout a fait compatible avec les 

procedes de fabrication CMOS standard est employee. Une analyse de circuit est 

presentee pour developper une sequence d'ajustement des resistances de facon a 

reduire la tension de decalage sur toute la gamme dynamique de la tension d'entree en 

mode commun, allant de Vss a VDD. Un circuit de polarisation robuste aux variations 

de la tension d'alimentation et au changement de temperature a ete concu pour 

permettre a 1'amplificateur de fonctionner sur une gamme de -40°C a +85°C. 

Le circuit a ete fabrique en technologie CMOS 0.18 îm de la TSMC et 

fonctionne a partir d'une alimentation simple de 3.3 V. Les resultats de tests sont 

presentes et demontrent son bon fonctionnement. Les resultats experimentaux de la 

methode de diminution de la tension de decalage par ajustement au laser de 

resistances en poly-silicium sont egalement presentes. La methode employee sur cinq 
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echantillons montre une tension de decalage finale de moins de 30 uV pour une 

tension d'entree mode commun centree a 1.65 V et de 110 uV sur la toute la gamme 

dynamique de la tension d'entree (3.3V) en mode commun. 
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ABSTRACT 

Precision operational amplifiers have many applications in sensor-based 

systems found in industrial control and instrumentation devices, where a high degree 

of accuracy is needed for measurement. An important parameter of a precision 

amplifier is the input referred offset voltage, which is used to determine its DC 

accuracy. Device mismatch and package induced mechanical stress on the die have an 

influence on the input offset voltage. Furthermore, the temperature variations in the 

operating environment can affect the associated drift of offset voltage. These factors 

tend to limit the DC accuracy and the dynamic range of an amplifier utilized for high 

precision applications. To overcome this performance issue, most commercial 

precision amplifiers exploit an integrated circuit (IC) trimming technique that can 

reduce the initial input offset voltage. Continuous-time laser trimming of resistors at 

wafer level is one such IC trimming method. 

The dissertation presents the design of a standalone precision CMOS rail-to-

rail input-output (I/O) operational amplifier with embedded laser-trimable poly 

silicon resistors. The work investigates a method of laser trimming of P-type poly 

silicon resistors compatible with standard-CMOS processes for reducing the input 

offset voltage. An analysis is presented to develop the trimming sequence 

methodology in order to reduce the input offset voltage over the full input common 

mode range of a rail-to-rail input stage. An on-chip PTAT bias circuitry is also 

designed to maintain the performance of the amplifier over process variations and 

operate over a range of -40°C to +85°C. 

The circuit is implemented using the TSMC 0.18 urn CMOS process and 

operates from a single supply of 3.3V. Test results have been presented and show a 

successful implementation of the amplifier at silicon level. Also, the experimental 

trimming sequence methodology has been proven successful. Laser-trimmed offset 

voltages of less than 30 uV at mid-supply and 110 uV over the entire input common 

mode range have been achieved for various samples of the amplifier. 
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CONDENSE EN FRANQAIS 

Introduction 

Les deux principaux objectifs de ce travail ont ete de 1) Concevoir un 

amplificateur operationnel a pleine gamme dynamique en entree et en sortie (de Vss a 

VDD) a base d'un procede CMOS standard incluant un circuit de polarisation PTAT 

(Proportional-To-Absolute-Temperature); 2) minimiser la tension de decalage de 

1'amplificateur par une technique d'ajustement de resistances au silicium poly-

cristallin (poly-silicium) a l'aide d'un rayon laser. Les resistances au poly silicium 

font partie du circuit d'amplification afin de reduire la tension de decalage et 

d'augmenter la precision de la tension continue (CC) de sortie lorsque 1'amplificateur 

fonctionne en boucle fermee. Le procede utilise pour la fabrication, le CMOS 0.18 

urn de la TSMC, comporte une couche de poly silicium, six couches de metal et la 

possibility d'inclure des capacites de type MiM (Metal-Insulator-Metal). Ce projet de 

recherche a ete accompli en collaboration avec la compagnie quebecoise LTRIM 

Technologies, qui oeuvrait dans le domaine des circuits analogiques de precision 

utilisant des resistances diffusees ajustables par faisceau laser [14, 35]. 

Problematique 

La tension de decalage determine la precision de la tension CC que 

1'amplificateur peut atteindre en sortie. Elle varie habituellement du microvolt au 

millivolt. Elle se definit comme etant la tension CC d'entree que Ton doit appliquen, 

en mode differentiel, pour obtenir une tension CC nulle en sortie [37]. En pratique, 

cette tension de decalage n'est pas nulle meme pour les amplificateurs operationnels 

dont le circuit est entierement integre sur un meme substrat. Ceci provient du fait que 

les composants integres actifs et passifs sont sujets a des variations des differentes 

proprietes des couches qui les composent dependamment de leur position sur la puce. 

Ces variations affectent leurs caracteristiques electriques lors de la fabrication et sont 

critiques dans le cas des composants qui sont apparies comme, par exemple, la paire 
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de transistors d'entree d'un etage differentiel et les miroirs de courant. Lors de la 

fabrication, ces variations se traduisent en non-uniformite dans l'epaisseur d'oxyde, 

dans les concentrations de dopant et dans les geometries, principalement due aux 

erreurs de photolithographie pour ces derniers. Elles sont de nature aleatoire et 

produisent des caracteristiques dissimilaires meme pour des composants ayant ete 

soigneusement apparies lors du dessin des masques. En jargon microelectronique ce 

phenomene est connu sous le nom de mesappariement de composants, 'device 

mismatch' [28]. En plus du mesappariement, le stress engendre lors de la mise en 

boitier du circuit integre accentue le mesappariement des caracteristiques electriques 

et peut augmente la tension de decalage. Ce phenomene peut cependant etre minimise 

en orientant adequatement les composants apparies critiques lors du dessin des 

masques. A la section 1.3, l'effet du mesappariement sur une paire differentielle avec 

charge resistive est demontre. L'amplificateur est polarise a l'aide d'une tension CC 

fixe, et des courants inegaux circulent dans les deux branches du au mesappariement 

des transistors. Cette difference dans les courants va produire en sortie une deviation 

du niveau CC par rapport a celui anticipe. La tension qui devra etre appliquee 

a l'entree pour compenser cette deviation est la tension de decalage. Cependant, cette 

deviation peut etre grandement minimisee en ajustant la valeur des resistances de 

charge de facon a egaliser le mieux possible les courants dans les deux branches. Les 

fabricants d'amplificateurs operationnels de precision utilisent des methodes post-

fabrication s'appliquant directement sur la puce pour reduire la tension de decalage. 

Dans ce travail, une methode d'ajustement au laser des resistances fabriquees en 

silicium poly-cristallin a ete exploitee pour reduire la tension de decalage d'un 

amplificateur operationnel de precision. 

Un element de difficulte supplementaire vient s'aj outer dans le cas des 

amplificateurs a pleine gamme dynamique. La tension de decalage varie selon la 

valeur de la tension CC mode commun (MC) appliquee a l'entree. Un amplificateur a 

pleine gamme dynamique possede deux paires differentielles, une NMOS et l'autre 

PMOS connectees en parallele. La tension de decalage depend de quelle paire 
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differentielle est en operation PMOS, NMOS ou les deux, selon le niveau de tension 

MC a l'entree. C'est dans ces circonstances qu'une methode d'ajustement de la 

tension de decalage causee par les deux paires differentielles a ete developpee de 

facon a couvrir la totalite de la gamme dynamique MC d'entree qui va de Vss a VDD-

Ajustement au laser des resistances de poly-silicium en CMOS standard 

II existe toute une panoplie de methodes de reduction de tension de decalage. 

Elles sont decrites en detail a la section 1.3 en indiquant pour chacune les avantages 

et les inconvenients. Parmi les methodes utilisees dans l'industrie, on retrouve le 

potentiometre externe [7], la technique 'zener zapping' [9, 10, 12, 26], les resistances 

en couches minces [6, 11], les liens configurables [19, 26], les transistors a grille 

flottante[l, 27, 45] et les resistances diffusees [34, 41, 44]. Des methodes utilisant des 

resistances au poly-silicium ont deja ete exploiters [3, 4, 39], mais contrairement a 

celle utilisee dans ce travail, aucune d'elles n'est compatible avec un procede de 

fabrication CMOS standard. L'approche d'ajustement des resistances integrees en 

poly-silicium utilisee dans ce travail est differente; les resistances sont ajustees grace 

a un faisceau laser pulse qui chauffe localement le poly-silicium situe au point focal. 

La fusion locale engendree change la structure cristalline du silicium et a pour effet 

de diminuer sa resistivite a cet endroit et ainsi diminue la resistance totale. Aucun 

masque additionnel n'est requis, ce qui rend la methode applicable a tout procede 

CMOS standard. Des travaux de recherche portant sur les caracteristiques des 

resistances au poly-silicium ajustes au laser sont presentement en cours [13]. A la 

section 1.4, il est demontre que la reduction de decalage non seulement ameliore la 

precision de la tension de sortie, mais augmente aussi la gamme dynamique et le taux 

de rejet en mode commun [16, 17]. 

Pratique de conception pour reduire le mesappariement 

Les phases de conception de Famplificateur de precision ainsi que le circuit de 

polarisation PTAT, impliquent l'appariement de transistors de certains elements de 
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circuit tel que decrit a la section 2.1. L'appariement de composants est un sujet 

abondamment traite dans la litterature et base sur les references [28, 31, 40], les 

principales regies a suivre sont detaillees : 

1 Bases sur les equations (2.1) et (2.2), pour reduire le mesappariement du aux 

variations aleatoires de la tension de seuil, Vj, et du facteur de courant, p = uCox 

(W/L), les transistors apparies doivent avoir une grande surface active (WL). Ceci 

s'avere avantageux au niveau de la conception du dessin des masques, ce qui 

permet d'utiliser des techniques de centroi'de commun et d'entrelacement. 

2 Optimiser le point de polarisation des transistors selon la tension de sur-

conduction (VGS-VT) ou le rapport gm/lDS-

3 Selon l'equation (2.3), le mesappariement des courants de drains d'un miroir de 

courant MOS peut etre reduit en concevant le circuit avec un rapport 

o m DS faible ou une grande tension de sur-conduction (VGS-VT). En d'autres 

mots, polariser le miroir de courant dans la region de forte inversion ameliore 

l'appariement. 

4 Selon l'equation (2.4), pour reduire le mesappariement des tensions grille-source 

des transistors de la paire differentielle, il faut conserver un grand rapport 

Sm I IDS ou une faible tension de sur-conduction (VGS-VT). Ceci implique que le 

point d'operation des transistors se situe dans la region de faible inversion. 

L'amplificateur operationnel CMOS et le circuit de polarisation PTAT 

La topologie de l'amplificateur concue dans ce travail possede une gamme 

dynamique a pleine tension d'alimentation autant en entree qu'en sortie. C'est-a-dire 

qu'il fonctionne pour n'importe quelles tensions d'entree et de sortie comprises entre 

le potentiel d'alimentation le plus positif, VDD et le plus negatif V s s [17]. L'etage 

d'entree typique de ce type d'amplificateur est decrit a la section 1.4 et est presente a 

la figure 1.7. L'etage d'entree differentiel doit suivre les criteres suivants [22] : 
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1. Pour atteindre en entree la tension VDD, une paire differentielle NMOS doit etre 

utilisee afin que leur tension de drain puisse atteindre VDD-

2. Pour atteindre en entree la tension VSs, une paire differentielle PMOS doit etre 

utilisee afin que leur tension de drain puisse atteindre Vss-

3. Pour que l'amplificateur fonctionne sur la pleine gamme dynamique, les 

courants des paires differentielles NMOS and PMOS doivent etre additionnes et 

controles de facon a ce que la transconductance, gm, de l'etage d'entree reste 

constante. L'etage de sortie a pleine gamme dynamique doit fonctionner en classe AB 

pour obtenir le maximum de tension crete a crete en sortie [20]. Une description 

generate des etages de sortie MOS en classe AB est donnee a la section 1.4 et des 

exemples sont montres a la figure 1.8 a) et b). Le principe de base consiste a 

alimenter les grilles des transistors de sortie avec des signaux en phase. Ceci est 

accompli par des etages intermediaires places entre l'etage differentiel d'entree et 

l'etage classe AB source-commune de sortie. 

L'amplificateur operationnel a pleine gamme dynamique d'entree/sortie est 

presente en detail a la section 2.2. L'amplificateur possede trois etages dans le but de 

limiter la complexity du circuit de compensation, tout en atteignant un gain CC en 

boucle ouverte de 40 dB par etage. Dans le cas general des amplificateurs a etages 

multiples cascades, c'est habituellement l'etage d'entree qui contribue 

majoritairement a la tension de decalage [29]. Dans ce contexte, la conception du 

premier etage est critique pour atteindre une bonne precision. Le diagramme 

schematique de la topologie proposee est illustre a la figure 2.4. L'amplificateur 

consiste en un etage d'entree forme des transistors Ml a M12 et des resistances Rl a 

R8. Les resistances Rl, R2, R7 et R8 sont ajustables par laser pour la reduction de la 

tension de decalage et les resistances R3, R4, R5 et R6 ont des valeurs fixes. Puisque 

l'etage d'entree possede deux paires differentielles, son mode d'operation peut etre 

divise en trois parties. Quand le signal d'entree MC possede une composante CC 

faible, seulement la paire PMOS est activee. Lorsque le niveau CC d'entree arrive a 

mi-chemin entre Vss et VDD, les deux paires sont activees, puis lorsque le niveau CC 
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d'entree se rapproche de VDD, seulement la paire NMOS conduit. Les deux paires 

differentielles operent en region d'inversion faible de facon a avoir une relation 

lineaire entre le courant de polarisation et le gm des transistors. L'operation en 

inversion faible couplee avec une large surface de grille et une faible tension de sur-

conduction contribue a diminuer la composante de bruit 1/f [23]. Dans le but de 

conserver le gm des transistors de la paire d'entree constant sur toute la gamme 

dynamique, le circuit compose de la source de courant, M5, d'un transistor de 

transfert de courant, M6, et du miroir de courant, M7-M8, s'assure que la somme des 

courants de polarisation dans les deux paires differentielles PMOS (Ml, M2) et 

NMOS (M3, M4) soit toujours la meme quelque soit la tension MC d'entree CC [20]. 

Le deuxieme etage est compose d'un amplificateur differentiel simple forme par les 

transistors M13 a M17. Sa sortie est connectee au transistor M24 de l'etage classe AB 

en configuration source-commune. Un circuit d'interface constitue des transistors 

Ml8 a M22 convertit la tension de sortie du 2e etage en courant de facon a polariser le 

transistor M23 en configuration source-commune [21]. Cette configuration permet 

aux signaux a la grille de M23 et M24 d'etre en phase. Les transistors Ml8 a M20 

representent un circuit d'amplification large bande [30, 42] ayant un transistor 

connecte en diode comme charge active, pour permettre un decalage de tension CC. 

Le circuit complet de 1'amplificateur est stable pour une charge de 500 pF en utilisant 

la technique de compensation 'Nested-Miller' [32, 38]. 

Le circuit de polarisation PTAT de 1'amplificateur est detaille a la section 2.4 

et est illustre a la figure 2.11. Son fonctionnement est base sur le principe qu'un 

courant est genere dans la resistance RBIAS du a la difference de tension grille-

source entre les transistors M19 et M20 [1]. Ceci est rendu possible en imposant un 

rapport (W/L) du transistor Ml9 plus grand que celui de M20. Ce courant est alors 

independant de la tension d'alimentation et ne depend que de la temperature comme 

le montre l'equation (2.64) tiree d'une analyse simple au premier ordre. Le circuit de 

polarisation doit etre entraine dans l'etat d'operation voulu grace au circuit de 

demarrage compose des transistors Ml a M10. Les alimentations externes VI et V2 
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sont requises par le circuit de demarrage. Le circuit de polarisation genere deux 

tensions precises VBIAS1 et VBIAS2 utilisees par 1'amplificateur. 

Les dessins des masques de 1'amplificateur et du circuit de polarisation 

emploient pour les transistors et les resistances critiques, les techniques 

d'appariement dans les regies de l'art [18]. De plus, les transistors critiques des 

paires differentielles de l'etage d'entree sont positionnes de part et d'autre de l'axe 

central de la puce ou Ton retrouve le gradient de stress le plus faible. Une description 

detaillee des dessins des masques est presentee a la section 2.5 et le dessin complet 

est illustree a la figure 2.13. 

Methodologie d'ajustement des resistances pour diminuer la tension de 

decalage 

Une analyse detaillee justifiant la sequence d'ajustement des resistances est 

presentee a la section 2.3. L'analyse en mode courant de la sequence d'ajustement est 

basee sur la methode employee pour reduire la tension de decalage des amplificateurs 

a pleine gamme dynamique a base de transistors bipolaires utilisant la technologie 

'zener zap' [24]. La sequence d'ajustement est decrite ici selon deux scenarios 

possibles. Le premier scenario se presente lorsque la tension d'entree MC est elevee 

de sorte que seulement la paire differentielle NMOS est activee. A 1'oppose, le 

deuxieme scenario se produit lorsque la tension MC est faible et seulement la paire 

PMOS est activee. Dans les deux cas, les effets engendres par l'ajustement de la 

paire de resistances R7 et R8 et ceux engendres par la paire Rl et R2 sont traites 

separement. L'analyse montre que la tension de decalage causee par la paire PMOS, 

Vos(P), est plus sensible a l'ajustement des resistances R7 ou R8 que dans le cas de la 

tension causee par la paire NMOS, Vos(N)- Lorsqu'une des resistances de la paire Rl, 

R2 est ajustee, Vos(N) et Vos(P) sont affecter la meme variation. La diminution de la 

tension de decalage globale se deroule en deux etapes : 



xvi 

Etape No. 1: Ajustement laser des resistances -R7 ouR8 

On deduit de Vequation (2.55), que Vos(P) est trois fois plus sensible au 

changement inflige a la resistance R7 ou R8 que Vos(N)- Cet ajustement est done 

privilegie pour reduire Vos(P)- Le rapport R7/R8 est varie en chauffant au laser R7 ou 

R8 jusqu 'a ce que Vos(P) devienne approximativement egale a Vos(N)- Cette etape 

permet de reduire la difference \Vos(P) - Vos(N)\ a presque 0 Volt. C'est la premiere 

etape dans le processus de reduction de la tension de decalage globale de 

I 'amplificateur. Puisque lors de cet ajustement, Vos(P) est plus sensible que VOS(N>, 

cette etape est realisee pour une tension MC d'entree qui permet d'avoir seulement la 

paire differentielle PMOS active. 

Etape No. 2: Ajustement laser des resistances - Rl ou R2 

On deduit de I'equation (2.60), que Vajustement des resistances Rl ou R2 

influence de la meme facon Vos(P) et Vos(N)- Cet ajustement est realise lorsque la 

tension MC d'entree et a mi-chemin entre VDD et V$s de sorte que les deux paires 

differentielles sont activees. L 'ajustement de Rl ou R2 prendfin lorsque la tension de 

decalage visee est atteinte ou du moins le plus pres possible. 

II existe huit cas possibles de variation de la tension de decalage en fonction 

de la tension MC d'entree. Ces huit cas sont illustres a la figures 2.8 et 2.9. Selon le 

cas, la resistance a ajuster au laser de chacune des paires R7 ou R8 et Rl ou R2 doit 

etre identifiee. A cet effet, le tableau 2.1 identifie ces resistances pour chacun des huit 

cas et un organigramme des sequences d'ajustement est presente a la figure 2.10. 

Resultats 

Les resultats de simulation post-dessin de masques et experimentaux sont 

presentes au chapitre 3. lis demontrent la fonctionnalite de 1'amplificateur et 

l'efficacite de la methode de reduction de la tension de decalage. La conception a ete 

realisee en prenant soin a chaque etape de minimiser les variations des niveaux de 

tension de polarisation CC en fonction des variations des parametres du precede 



xvii 

'comers' et de la temperature sur la gamme -40° C a 85° C. Les resultats demontrant 

la stabilite des niveaux de tension et du gain en boucle ouverte sont presentes aux 

tableaux 3.1 et 3.2 respectivement. Les resultats de simulation sont detailles au 

tableau 3.3. L'amplificateur s'avere stable avec une marge de phase de 63° et un gain 

en boucle ouverte superieur a 120 dB. La reponse a une onde carree ne montre aucune 

trace d'oscillation, prouvant la stabilite du circuit. Un exemple simule de sequence 

d'ajustement des resistances est presente a la section 3.1.1. Cet exemple demontre 

l'utilisation du tableau 2.1 pour reduire efficacement la tension de decalage. Les 

mesures experimentales ont ete effectuees avec une charge de 470 pF et sont 

presentees a la section 3.2. Elles montrent la reponse de l'amplificateur a divers 

stimulus d'entree : rampe de tension CC, sinusoide et petite et grande amplitude 

d'onde carree. Les resultats indiquent que l'amplificateur est fonctionnel et stable 

lorsqu'utilise en suiveur. Les resultats experimentaux d'annulation de tension de 

decalage sont presentes a la section 3.2.1. Les parametres du laser utilise pour ajuster 

les resistances au poly-silicium dope P+ sont presentes au tableau 3.8. Les resultats de 

reduction de tension de decalage pratiques sur cinq echantillons sont resumes au 

tableau 3.12. 

Conclusion 

Ce memoire a presente une nouvelle methode d'ajustement au laser de 

resistances au silicium poly-cristallin fabriquee en technologie CMOS standard. Cette 

methode a ete mise en oeuvre dans le but de reduire la tension de decalage d'un 

amplificateur operationnel a pleine gamme dynamique d'entree et de sortie. La 

sequence d'ajustement des paires de resistances developpe analytiquement a ete 

implementee experimentalement avec succes. L'algorithme d'ajustement des 

resistances developpe par simulation, dans un premier temps, s'est avere exact 

experimentalement. Les resultats obtenus sur cinq echantillons apres ajustement ont 

montre une tension de decalage inferieure a 30 uV pour une tension CC en mode 

commun situee a mi-chemin entre VDD et Vss- De plus, une tension de decalage 
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inferieure a 110 [iV a ete obtenue sur ces memes echantillons et ce pour 1'ensemble 

de la gamme dynamique d'entree, de Vss (0V) a VDD (3.3V). 

La majeure partie du travail experimental effectue a ete dediee a la mise au 

point de la methode d'ajustement au laser des resistances et des mesures avec 

precision des tensions de decalage pendant et apres l'ajustement. Cependant, d'autres 

experimentations pourraient etre conduites pour evaluer, entre autre, le gain en boucle 

ouverte, la bande passante de gain unitaire et la distorsion harmonique totale. La 

derive de la tension de decalage apres ajustement en fonction de la temperature 

devrait aussi etre mesuree. Ce type de mesure est tres apprecie par les industriels et 

font l'objet de publications dans des revues d'envergure. Elles permettent de 

comparer la durabilite des differentes methodes de reduction de tension de decalage. 
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CHAPTER 1 

Introduction 

This chapter introduces the motivation and objective of the thesis. It summaries a 

study of various input offset voltage trimming techniques applied to precision analog 

IC amplifiers. The chapter also presents an overview of rail-to-rail input-output 

CMOS amplifier. The chapter concludes presenting an outline of the thesis. 

1.1 Motivation 

This dissertation was performed in an industrial collaboration with LTRIM 

Technologies Inc., Quebec, Canada. LTRIM Technologies was involved in the design 

of analog circuits utilizing their patented laser trimmable diffused resistor [14, 35] in 

standard CMOS processes. This work intended to implement these laser-trimmable 

diffused resistors for the design of precision operational amplifiers similar to Linear 

Technology's LT1218/LT1219 BJT precision operational amplifiers [8] using 

trimmed resistors for reducing input offset voltage. This research further aimed at 

investigating laser trimming of poly-silicon resistors available in standard-CMOS 

process for designing precision amplifiers. This concept in due course of research 

work became the main motivation for designing and developing a standalone IC 

amplifier and reducing its input offset voltage by laser trimming of poly-silicon 

resistors embedded in the amplifier topology. 

1.2 Objective 

The objective of this thesis is to demonstrate the implementation and application 

of laser-trimmable poly-silicon resistors for reducing the offset voltage of precision 

operational amplifier in standard-CMOS process. The process technology used for 

this work is TSMC CMOS 0.18 urn. A high DC gain, low frequency rail-to-rail I/O 

operational amplifier was the design objective with integrating P+ poly-silicon 

resistors in its topology. This also required developing a methodology for trimming 

sequence such that the input offset voltage of a rail-to-rail differential amplifier can 
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be trimmed over the complete input common mode range (ICMR). This was needed 

since the input offset voltage for a rail-to-rail input stage varies over ICMR 

depending on which differential pair is active, PMOS, NMOS or both pairs. An input 

offset voltage of less than 100 uV over the full ICMR after laser trimming has been 

defined as a specification for the prototype operational amplifier designed for this 

work. 

1.3 Input Offset Voltage Trimming Methods for Operational Amplifier 

VDD 

VIN(+) 

VIN(-) 

VOUT 

GND 

Fig 1.1: Operational amplifier symbolic representation 

An ideal operational amplifier as shown in Fig. 1.1 is characterized by: 

• Infinite open loop DC gain 

• Infinite bandwidth 

• Infinite input impedance i.e., no current flows into either inputs of the amplifier 

• Zero output impedance i.e., amplifier is able to drive any load impedance to any 

voltage 

• Zero output voltage when both input terminals are at same potential i.e., zero 

input offset voltage 

Since this work is aimed at reduction of input offset voltage, the other amplifier 

parameters mentioned above are not discussed further. The term input offset voltage 

(Vos) is defined as the DC voltage that must be applied between the two input 

terminals (inverting and non-inverting) of the operational amplifier to obtain zero DC 

volt at the output terminal [37]. In practice, the amplifier parameters deviate from the 
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ideal ones and this includes offset voltage, which is never zero. In other words, the 

output voltage is not observed to be zero volt, when two input terminals of the 

amplifier are at the same DC potential. Typically, an offset voltage is in the range of 

microvolts to millivolts. The polarity of offset voltage can be negative or positive, 

which varies from device to device (die to die) of the same wafer lot. The reason is 

the inherent device mismatch of the input stage transistors and other integrated circuit 

components in the amplifier during fabrication steps. Device mismatch occurs due to 

random variations in time-independent physical quantities (e.g., number of doping 

atoms under the gates of identical MOS transistors, oxide thickness variation, device 

dimension variations) and this leads to random differences between device 

characteristics [28, 40]. Also, there is a minor contribution of mechanical stress on the 

die during packaging. These factors have a combined effect on the drain currents 

flowing in the input stage of the amplifier. The bias currents are mismatched and flow 

unequally, which creates a difference in voltage appearing at the input terminals of 

the amplifier. 

A simple PMOS differential pair with resistive load, RA and RB is shown in 

Fig. 1.2. For such a differential pair, Tl and T2 should be perfectly matched with 

each other in terms of their size (Width, W and Length, L) and the same condition 

applies for load resistors. As a result, bias or drain currents are equal for this 

differential pair i.e., ID1=ID2. This is an ideal situation. But due to device mismatch, 

W and L of Tl and T2 will vary, which will cause mismatch in their drain currents, 

ID1 and ID2. The mismatch in drain current is observed since it is a function of 

aspect ratio (W/L) of a MOS transistor. Here it is assumed that load resistors, RA and 

RB are perfectly matched though in reality, they too will experience mismatch. A 

difference in drain current values will cause the output DC value, VOUT to deviate 

from the expected value. It can be either higher or lower than the desired value after 

fabrication. Eventually, the output DC voltage accuracy of this differential amplifier 

gets affected. 
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VDD 

VIN(+) £ VIN(-) 

I 
1? 

i 
Fig 1.2: Basic MOS differential amplifier 

Input offset voltage is one of most important specification identified in datasheets for 

commercial IC amplifiers. It is categorized as a DC parameter, which represents an 

internal error of the amplifier occurring due to device mismatches and packaging 

effects as mentioned earlier. This error is always present as the amplifier is powered 

on and the error is observable before, during and after any input signal is applied. In 

other words, input offset voltage determines how accurately the output DC voltage of 

the amplifier matches the ideal operational amplifier condition, as the input terminals 

are maintained at the same DC potential. Thus, the precision of an amplifier is 

identified by the magnitude of its input DC offset voltage, Vos- Referring back to Fig. 

1.2, trimming of load resistors can be performed to improve matching of currents in 

two legs of the differential amplifier, which reduces Vos and thus improves DC 

accuracy. Considering a specific case for purpose of explanation, assuming ID1 is 

greater than ID2 due to mismatch, then RA can be reduced using trimming techniques 

to a lower value to eventually make ID1 equal to ID2. This condition is achieved by 

reducing the input offset voltage and measuring it until a desired value is attained. In 

essence, reducing offset voltage will tend to match the drain currents in the two legs 

of the differential amplifier. The following section describes some of the commercial 

offset voltage trimming techniques applied to operational amplifiers to improve its 
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precision and accuracy. 

1.3.1 External Potentiometer 

Even the classical LM741 BJT general-purpose operational amplifier by 

National Semiconductor included an offset voltage reduction feature [7]. This 

involved two trim-pads called "Offset Null" available to be connected to an external 

potentiometer to reduce the offset voltage. These offset trimming pads were 

connected to the input differential stage. For the sake of discussion, Fig. 1.3 shows 

the null pins in a MOS differential pair connected to an external potentiometer circuit 

represented by RP1 and RP2. 

V1NM I VIN(-) 

-AA/V -vw*-
RB 

K? 

Fig 1.3: Basic MOS differential amplifier with external potentiometer resistors 

The input offset voltage is measured by the difference in voltage between the two 

input terminals of the op amp, i.e., Vos = VIN (-) - VTN (+) [36]. This measurement 

is defined for DC voltage values at VIN (-) and VIN (+) terminals of the differential 

pair. If Vos is negative, then VIN (-) is smaller than VIN (+), so more resistance 
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needs to be added to the NULL2 pins (which ties to the inverting input branch) in 

order to produce more voltage at this node; thus, Vos is less negative, and vice versa 

for the case of positive Vos- Therefore, the absolute Vos becomes smaller for a given 

temperature. This method of offset voltage trimming is applicable to all IC 

manufacturing processes like BJT, Bi-CMOS and CMOS. One of the drawbacks of 

this technique is that it always requires trim-pads that contribute to die area. The 

resistor temperature coefficient of the potentiometer must be given a careful attention 

as it can affect the drift of offset voltage over temperature. The external potentiometer 

is usually large in comparison to IC amplifier, which further occupies large space on 

board. 

1.3.2 Zener Zapping 

Zener zapping is the oldest IC trimming technique applicable to Bipolar 

processes [12,26]. It involves melting of a reverse biased P-N diode (Base-Emitter 

junction) by injecting a large current usually in the range of a single ampere. The 

mechanism involved here is avalanche breakdown of the bipolar transistor, which 

creates localized heating causing rapid metal migration between base and emitter 

metal layers. This makes a metallurgical short circuit connection across the P-N 

junction with a very low resistance of the order of few Ohms under proper bias 

conditions. Fig. 1.4 shows application of base-emitter junction diode or zener diode, 

which are connected in parallel with a string of resistors. Pads are included across 

each parallel resistor-diode network where a large voltage can be applied across a 

selected resistor-diode network. This process will selectively "remove" a particular 

resistor across which the zener diode is shorted. This reduces the net value of the 

series connected resistors. This type of resistor trimming is defined as zener-zapping. 

In the context of the MOS differential pair of Fig. 1.3, RA and RB can be designed as 

integrated parallel resistor-zener diode network connections as shown in Fig. 1.4 for 

offset voltage trimming [23]. 



R1 R2 R3 

D1 D2 D3 

R4 

D4 

Fig 1.4: Zener zap trimming network 

This kind of trimming is widely used for Bipolar and Bi-CMOS processes since 

zener diodes are easily available in such processes without adding any additional 

mask layer and cost. The technique also has a reasonable trimming resolution though 

its is discrete in steps. However, it also comes with some drawbacks which include 

large die area for trim pads connected to zener diodes, short life of test probe needles 

carrying ampere-range currents during zapping, offset variation due to on-chip heat 

waves and large currents required to implement this method make it unsuitable for 

low voltage designs. This technique is best implemented at wafer level in order to 

reduce package pin count. Area considerations reserve this method for large geometry 

processes where the trimming structures and probe pads make up a relatively small 

percentage of the overall die area. Some of the commercial precision amplifiers using 

this form of trimming method are OP07 [9] and OP200 [10] by Analog Devices. 

1.3.3 Thin-Film Resistors 

A thin-film resistor consists of materials like Nickel-Chromium (NiCr), Silicon-

Chromium (SiCr) and Tantalum-Nitride (TaN). Thin-film thickness ranges between 

10 nm and 100 nm. The actual resistance depends on the geometry and the property 

of the film material. Earliest reported thin-film resistor trimming [6] utilized Yttrium 

Aluminum Garnet (YAG) laser, which performed trimming by removing the material. 

The removal of the material is accomplished by making a laser cut into the resistor 
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area, causing the effective resistor width to be reduced. Another way to change the 

value of the resistor is by vaporizing small spots in the interior of a resistor. In both 

cases, the resistance value is increased since the overall area of the resistor is reduced. 

By controlling the path and speed of the laser beam, the resistor's value of a single 

resistor can be adjusted to very precise values. Thin-film resistors trimmed in such 

fashion have shown a change less than 0.1 percent in resistance over a period of 

several months. As an example, OPA27/37 [11] is an ultra-low noise precision 

operational amplifier manufactured by Texas Instruments (TI) that incorporates laser 

trimmed thin-film resistors for offset voltage reduction. 

The laser trimming process is continuous and the thin-film resistors can be 

easily integrated as a circuit element. The trimming process does not require any 

parallel connections like zener-zapping. This avoids the need of any additional pads 

since trimming is performed at wafer level. On the other hand, such resistors require 

an additional manufacturing step that adds to the cost of production. The size of the 

trimming structures created due to a laser cutting of a thin-film resistor depends on 

the laser beam diameter, which does not scale with IC manufacturing processes. 

1.3.4 Link Trimming 

When a laser cutting or a high current injection is used to destroy a "shorted" 

connection across a parallel resistive element, it is called link trimming [19, 26]. The 

removal of the connection increases the equivalent resistance of the combined 

elements. Laser cutting works similar to laser trimming of thin films, the high local 

heat from the laser beam causes material changes which create a non-conductive area 

by cutting a metal or conductive poly-silicon connector. Metal layers may include 

aluminum (Al) and titanium-tungsten (TiW). This is somewhat opposite to zener-

zapping where a short is created across a resistor, reducing the value of the resistor. 

Link trimming network consists of metal connections placed in parallel to series 

connected string of resistors. A circuit representation is shown in Fig. 1.5. The 

resistors are represented by Rl, R2, R3 and R4 and link connections are denoted by 

LI, L2, L3 and L4. There are no special processing steps needed although the 
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manufacturing process may have to be tailored to the laser characteristics if laser 

cutting is used. With the high current injection method, trimming can be performed at 

the package level if required using pads for current injection. 
R1 R2 R3 R4 

Fig 1.5: Link trimming network 

The laser cutting of metal links doesn't require extra contact pads but the trim 

structures do not scale with the process feature sizes. This type of trimming cannot be 

performed in package level. The current trimmed version requires additional probe 

pads and it can require extra package pins for in-package trims. Like zener zapping, 

link trimming is discrete in operation. To improve the trimming resolution, additional 

link structures are required and proportionally increase the die area. Metal resistors 

used for link trimming require additional mask steps while poly-silicon resistors used 

for link trimming can easily adapt to a standard-CMOS process. 

1.3.5 Floating Gate Transistor 

A floating gate (FG) transistor is usually associated with digital storage devices 

like EEPROMs. Such a circuit element is used to store binary data to adjust voltage 

levels [27]. Floating gate transistor has also found application as a trimmable element 

in the area of analog circuits, which include voltage reference [1] and operational 

amplifiers [45]. A simplified schematic of a FG device is shown in the Fig. 1.6. It 

consists of two tunnel diodes, Dl and D2 and a MOS transistor, MO. A tunnel diode 

is a used to establish a fixed voltage at the gate of the MOS transistor, which is called 

a floating gate (FG) node. CFG represents the equivalent FG capacitance at the gate of 

the transistor. During the programming phase, a fixed voltage can be set at the FG 
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node. The node voltage VP is raised which causes Dl to charge the FG node and by 

lowering the node voltage VN, D2 will discharge the FG node. Once the FG node 

reaches a specified voltage, both of these diodes, Dl and D2 are turned off by making 

VP and VN to 0 V. It results a fixed charge stored permanently at the FG node. The 

programming phase is identified as trimming of FG transistor in terms of its 

application to analog circuits. Such a transistor can be connected as loads in MOS 

differential pair topology of Fig. 1.2. The gate voltage of FG transistor can be 

adjusted to correct the drain current mismatch in the amplifier to reduce its input 

offset voltage. 

VP 

D1 

TO 

D2 

VN Q 

Fig 1.6: Floating gate circuit representation 

The trimming can be overwritten; it is possible to periodically reprogram the FG 

device to account for long-term drifts or to modify system characteristics to meet new 

requirements. This kind of trimming can be performed at package level. The floating 

gate device is built using two overlapping poly-silicon layers, which is compatible 

with CMOS processes having dual poly-silicon layers. 

1.3.6 Diffused Resistor 

The diffused resistor consists of two highly doped p-type (or n-type) regions 

separated by a gap of n-type (or p-type). It can be considered as a gateless MOSFET 

where two highly doped regions are analogous to the source and drain regions and the 

channel is the gap region. The accuracy of this resistor can be precisely controlled by 
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applying a laser pulse on the gap region, which leads to melting of silicon substrate 

and results in diffusion of dopants from the two highly doped regions [44]. A laser 

trimmable diffused resistor has found application in design of voltage reference [41] 

and R-2R Digital-to-Analog Converters (DAC) [34]. The top layout view of N-type 

diffused resistor with different laser beam positions is shown in Fig. 1.7. The process 

of trimming involves a single laser pulse gap region between the diffused resistors at 

a distance, LPULSE- The two highly doped regions have top nodes C and D connected 

to each other, thus forming a chain of two resistors in series between node A and B. 

Assuming there is enough energy in the laser pulse, its interaction with silicon results 

in melting of the two highly doped regions, causing dopant diffusion in the gap region 

that creates a low resistance path between them. 
METAL 

NODEC CONNECTION NODED 

- - * * I 
» - CONTACTS 

GAP REGION (P-Type ( 

BEAM POSITION ( B f 

BEAM POSITION (B+1) 

HIGHLY DOPED REGIONS (N • Type) 

CONTACTS 

Fig 1.7: Diffused resistor with laser beam positions 

This is electrically equivalent to making a short circuit connection between two 

identical segments of the highly doped regions. The overall resistance is lowered 

because the metallurgical short reduces the available length of the resistor. The beam 

positions are shown in Fig. 1.7 to demonstrate the path of laser as it traces during 

trimming operation. The term X represents the minimum spatial resolution between 

two distinct laser beam positions, B and B+l. 

The advantage of using a diffused resistor is that it can easily form a part of the 
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integrated circuit like resistive elements for differential amplifier in Fig. 1.2. It does 

not require any additional mask since it is entirely compatible with standard CMOS 

and Bipolar processes. Similar to thin-film resistors, the size of the trimmable 

diffused resistor structure depends on the laser beam diameter, which does not scale 

with IC manufacturing processes. 

1.3.7 Poly-silicon Resistor 

Poly-silicon (poly-Si) resistors have been widely used in monolithic ICs 

because of their compatibility with CMOS IC manufacturing processes. A poly-Si can 

be manufactured with a wide range of resistance values. Such resistors also have been 

exploited for the purpose of trimming in high precision analog circuits. One of the 

methods to trim a poly-Si resistor is performed by laser link making [39]. The 

structure of the resistor can be constructed in a similar manner as the diffused resistor 

shown in Fig 1.6. In this case two poly-Si resistors connected in series are separated 

by a gap or un-doped area. The gap area is subjected to a laser pulse, which will cause 

lateral diffusion of the dopants creating a link between poly-Si regions. This is 

analogous to making a short circuit connection in a diffused resistor trimming using a 

laser pulse. The resistance of the poly-Si resistor is decreased as a consequence. Poly-

Si resistor trimmed using laser link making method can be easily adapted to Bipolar 

and standard CMOS processes. Another method reported to perform trimming of 

poly-Si resistors is called pulse current trimming [3, 4]. This method is applicable to 

heavily doped poly-Si resistors with impurities (Arsenic, Boron or Phosphorous). The 

resistance of a heavily doped poly-Si resistor having 2-terminals is reduced by 

electrical means using short duration current pulses. The reduction in resistance is 

possible when a current density higher than a certain threshold value is applied. To 

satisfy conditions for trimming, the doping concentration of impurity should be 

higher than a threshold value of lxlO20 cm"3 and a current density threshold value 

should be higher than 1x10 A/cm2. This method of trimming is applicable at package 

level where trimming can compensate for change in resistance values due to die stress 

and process variations, similar to zener zapping. On the other hand, the requirement 
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for heavy doping of poly-Si resistor with impurities requires specialized processing 

steps. Secondly, trim pads are needed to inject current pulses that cost die area. 

This thesis work employs laser-trimmable passivated poly-Si resistors with a 

different approach as compared to those described earlier. The poly-Si resistor is 

trimmed by local heating on the surface of the resistor using a laser pulse, which 

causes the surface to melt locally where the laser beam is focused. The melting due to 

heat creates a change in the crystalline structure of the resistor that reduces the 

resistivity of the poly-Si resistor. A change in the resistivity creates a proportional 

change in the value of resistance. The process of trimming using this concept tends to 

decreases the value of the resistance. Poly-Si resistors trimmed in this manner can be 

easily manufactured in a standard CMOS process. It requires no additional mask layer 

and it is compatible with standard CMOS process manufacturing steps. Also, it can 

easily form a part of monolithic integrated circuit as a circuit element similar to thin-

film resistors. The characterization of trimmed poly-Si resistors is also the subject of 

current research [13]. 

1.4 Rail-to-Rail Input/Output Amplifiers 

Rail-to-Rail Input/Output (I/O) amplifiers find applications for low supply 

voltage and portable analog IC designs to obtain maximum dynamic range and output 

signal swing. Low supply voltage designs with values of 5 V or less must use the 

complete power supply range to have a usable dynamic range. The usable span is an 

important value because it influences several parameters such as noise susceptibility, 

signal-to-noise ratio (SNR), and dynamic range. Operational amplifiers that have 

input and output stages using the complete span between positive and ground / 

negative supply voltage for signal conditioning are known as rail-to-rail I/O 

amplifiers [17]. 

The input voltage range or the ICMR is a function of the input circuit topology 

of an operational amplifier. In case of a PMOS input pair of a differential amplifier 

stage as shown in Fig. 1.2, ICMR includes the ground rail but the positive supply 

voltage is limited due to voltage drop across the fixed current source. The opposite 
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will be the case if an NMOS input pair differential amplifier is considered. In both 

cases, the ICMR with simple differential amplifier input stage is never rail-to-rail. 

From the circuit design point of view, the design of an efficient rail-to-rail input stage 

must satisfy the following requirements [22]: 

• To reach the positive supply voltage rail, NMOS transistors must be used while 

maintaining their drain voltage close to supply voltage. 

• To reach the ground or negative supply voltage rail, PMOS transistors must be 

used while maintaining their drain voltage close to ground or negative supply 

voltage. 

• To obtain complete rail-to-rail operation, the signals through PMOS and NMOS 

input transistors must be added and processed such that the total 

transconductance, gm of the input stage remains constant over the complete 

ICMR. 

A rail-to-rail input stage operation can then be obtained by paralleling a NMOS (Ml-

M2) and PMOS (M3-M4) differential pair stage as shown in Fig. 1.8. The differential 

pair is connected to a common current summing stage for complete implementation 

of an input stage. The NMOS input stage operates when the ICMR is high and the 

PMOS input stage works under reverse conditions. Both differential input stages 

operate when the input voltage passes through the centre of the ICMR. Thus, a dual 

input stage differential amplifier tends to extend the ICMR relative to a simple 

differential amplifier. 
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Fig. 1.8: Simplified schematic of a rail-to-rail differential input pair 

To obtain a rail-to-rail output voltage swing, the output stage in a rail-to-rail amplifier 

is designed to operate in Class-AB mode [20]. The key requirement is that the output 

transistors are driven by two in-phase voltage signals. There are two cases of Class 

AB mode CMOS output stages shown in Fig. 1.9. The classical Class AB output 

stage shown in Fig. 1.9 (a) utilizes NMOS and PMOS common-drain output stages. 

The issue is that the output voltage swing can reach the supply rail within one gate-

source voltage, which is an obstacle to achieve rail-to-rail output swing. Considering, 

the Class AB output stage shown in Fig. 1.9 (b), it consists of complementary output 

transistors using common source NMOS and PMOS connected with their drain 

terminals. The output voltage swing of this stage is almost rail-to-rail as it can reach 

either supply rail within one drain-source saturation voltage limit. For high DC value 
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of input signals, the drain current of NMOS output transistor is greater than the 

PMOS output transistor. This causes the output stage to pull down or sink current 

from the load connected to the output terminal of the stage. 

VIN A 

VIN Bl 

VDD 

NMOS 

• > 

-4 
PMOS 

GND 

VIN A 

• VOUT 

VIN B 

• < 

VDD 

PMOS 

NMOS 

~> 

GND 

>VOUT 

(a) Common-drain stage (b) Common-source stage 

Fig. 1.9: CMOS Class-AB output stages 

On the other hand, for low value of DC input signals, the reverse occurs during which 

the output stage tends to push or source current into the load. The output stage shown 

in Fig. 1.9 (b) is generally used as an output stage for making rail-to-rail I/O 

amplifiers since it provides wider output signal swing response. 

One of the earliest reported CMOS implementation of rail-to-rail input/output 

amplifiers was described in [22]. Rail-to-rail differential amplifiers require additional 

circuitry to maintain constant gm over the ICMR. Without any gm control stage, the gm 

can vary by a factor of two over the ICMR. This will occur at the centre of the ICMR 

when both input pairs contribute their transconductance relative to the case when only 
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one of the differential pair is operating at low or high ICMR. A variation in gm of the 

rail-to-rail input stage will lead to sub-optimal frequency compensation since the 

unity-gain bandwidth (UGB) of an amplifier is proportional to the gm of the input 

differential stage [25]. In other words, the UGB will vary as the ICMR changes. A 

circuit that maintains constant-gm for a rail-to-rail input stage is designed, based on 

the weak and strong inversion operation mode of the rail-to-rail input differential 

amplifier. This thesis work is restricted to use constant-gm technique applied for weak 

inversion mode of differential pairs. To optimize for low frequency noise or 1/f noise, 

most input differential stages in CMOS amplifiers operate in weak inversion for 

precision analog applications [23]. This also allows making large differential pair 

transistors to reduce mismatch and have common centroid layout geometry. The 

constant-gm stage used for this thesis work is described in Chapter 2. Several CMOS 

amplifiers with rail-to-rail I/O capability are available and an extensive treatment of 

such amplifiers with gm stabilization over ICMR can be found in recent literature 

[20]. 

A rail-to-rail I/O amplifier finds wide usage as a voltage buffer (unity-gain 

configuration) where signal swing is an important parameter. Since the gain in a 

voltage buffer configuration is unity, a rail-to-rail output signal requires the input 

signal to be able to follow the output. A reduction of operating supply voltage will 

result in reduced maximum available dynamic range. In a precision analog system at 

low supply voltage of 5V or less, the operational amplifier must amplify the dc 

voltage level precisely. Errors in this area mainly result from input offset voltage 

(Vos)- This will eventually limit the dynamic range of the amplifier configured in 

unity-gain configurations. The dynamic range of the system is defined as the ratio of 

the largest output voltage to smallest output voltage [17]. The TLC271C (produced 

by TI) has a non rail-to-rail input and a rail-to-rail output stage operational amplifier, 

it operates at 5 V and has an input offset voltage of 1.1 mV. Its maximum output 

voltage swing at 5 V is 3.8 Vp.p. The dynamic range of the TLC271C is 201og 

(3800/1.1) = 71 dB in a unity gain configuration. On the other hand, TLV245x (also 
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produced by TI) has a rail-to-rail input and output with an input offset voltage of 20 

uV. With rail-to-rail I/O feature, this amplifier has a maximum output voltage swing 

of 5 VpP with a 5V supply. The dynamic range is 20 log (5000/0.02) = 108 dB. This 

shows how the dynamic range can improve for low supply voltage using a low offset 

voltage rail-to-rail I/O stage. 

A rail-to-rail input stage Vos varies as the input common mode voltage changes. 

This is not the case with a non rail-to-rail differential amplifier, for which the Vos 

remains the same over the complete ICMR. In a rail-to-rail differential pair, the Vos 

varies since there are two differential pairs connected in parallel. Both PMOS and 

NMOS differential pairs contribute to Vos depending on values of the common mode 

voltage. At a high value of ICMR, only the NMOS stage contributes to Vos, at low 

value of ICMR, only the PMOS stage contributes to Vos and around mid-supply 

values of ICMR, both pairs contribute to Vos- The two differential pairs usually have 

different offset voltages and this change in offset voltages contributes towards the 

common mode rejection ratio (CMRR). The CMRR of a differential amplifier can be 

stated in terms of input offset voltage as [16] 

CMRR = AVcoMMON (1.1) 
AV 

where AVCOMMON and AVos represent the change in common mode input and offset 

voltage. From eq. (1.1), it follows that a large change in offset voltage will deteriorate 

the CMRR of the amplifier. The CMRR can be maximized by spreading the variation 

of input offset voltage over a large part of the ICMR. In case of a precision rail-to-rail 

I/O operational amplifier, reducing or trimming Vos over the ICMR will improve the 

CMRR. 

Offset voltage trimming techniques find usage in rail-to-rail I/O amplifiers 

suited for precision and low supply voltage applications. Based on the discussion 

presented earlier in this section, a reduction in offset voltage using trimming will 

enhance the accuracy, dynamic range and CMRR of the amplifier. The offset 
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trimming methods described in Section 1.3 are all applicable depending on 

manufacturing process, cost and application of the amplifier. Some of the industry 

standard precision rail-to-rail I/O amplifiers are LT1218/1219 by Linear Technology 

and OPA340 series by Texas Instruments. The LT1218/L1219 is built in a Bipolar 

process and utilizes laser-trimmed resistors for offset voltage trimming. OPA340 is 

manufactured in CMOS process and also utilizes laser-trimmed resistors for reduced 

offset voltage. Most industry standard precision amplifiers are manufactured with in-

house semiconductor processes and utilize their process facilities (e.g. thin-film 

resistors, zener diodes) to trim offset voltage. 

The objective of this work is to utilize standard-CMOS process for design of 

rail-to-rail precision amplifier and using available poly-silicon resistors. These poly-

silicon resistors are integrated in the amplifier topology and will be subjected to laser 

trimming for V0s reduction. The poly-silicon resistors form a part of the circuit and 

no additional circuitry is needed for offset voltage reduction. 

1.5 Organization of the Dissertation 

The thesis is organized in three chapters as outlined: 

Chapter 2 presents the circuit and layout design of the CMOS rail-to-rail I/O 

operational amplifier. A mathematical theory and analysis is presented to determine 

the trimming sequence steps for reducing the input offset voltage over ICMR. A 

Proportional-To-Absolute-Temperature (PTAT) bias circuit design is presented to 

generate bias points for the amplifier. A start-up circuit for the bias circuit is also 

described. 

Chapter 3 presents the post-layout simulation results to verify the basic parameters 

(DC Gain, Bandwidth, Phase Margin, Slew Rate, and Settling Time) of the amplifier 

before chip submission. The simulation results also include process corners and 

temperature variation analysis. Test results are presented to show the amplifier 

functionality in terms of DC and transient tests. Experimental results also demonstrate 

offset voltage trimming sequence to verify the trimming methodology developed 

during this thesis. 
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Chapter 4 is the last chapter of the dissertation, which concludes this work and 

presents future work that can be performed related to this thesis. 



21 

CHAPTER 2 

Design of a Precision CMOS Operational Amplifier 
and PTAT Bias Generator 

This section describes the design of a multistage operational amplifier with a 

rail-to-rail input-output capability. It presents the trimming sequence method applied 

to a CMOS rail-to-rail differential input stage to reduce the input offset voltage over 

the common mode voltage range. It is also imperative to have reduced variability of 

circuit characteristics over process and temperature changes. With this issue in 

consideration, a CMOS bias generator was designed to reduce the variations of the 

circuit parameters over a temperature ranging from -40°C to +85°C. The layout 

design and post-layout simulation results of the complete circuit including the 

amplifier and bias circuit is presented. 

2.1 Precision Analog Circuit Design Considerations 

Most precision analog circuit design is governed by the matching properties of 

similar components. Though matching of devices is an important issue addressed at 

layout level, it must be first tackled at the circuit level. Matching is a widely reported 

subject in literature [28, 31, 40] and based on literature review of device mismatch, 

circuit design considerations are summarized below which were instrumental in 

shaping this work. 

1. Mismatch of two MOS transistors is characterized by random variations of the 

difference between their threshold voltages, Vr and current factor, 

/? = juCox {W/L) . The Pelgrom model [40] is followed here for MOS transistor 

matching. The random variations have a normal distribution with an average 

value of zero and a variance depending on MOS active area which is a product of 

gate width, W and gate length, L. Mathematically, the model can be stated as 
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*2(AVT)= A"T 

W.L 

W.L 

(2.1) 

(2.2) 

The equations (2.1) and (2.2) are approximations where AYT and Ap are 

proportionality constants which depend on the process technology. Matching 

is also a function of distance between any matched devices and the 

corresponding term is not shown in the above equations. For the present 

design, all matched transistors are closely placed during layout. Published 

literature has shown that the correlation coefficient between Vx and /? 

mismatch is very low and for this reason, the two terms are considered to be 

independent of each other. In order to reduce variations due to VT and fi 

mismatch, matched transistors are designed to have a large active area (W. L) 

at the circuit level. This also is advantageous for layout design using various 

matching techniques like common-centroid and interdigitated patterns. 

2. Matching is also dependent on biasing point and can be classified for voltage 

and current biased blocks. Most analog circuits will constitute such building 

blocks. An example of a voltage-biased block is a current processing circuit 

(current mirror) and for a current biased block is a voltage processing circuit 

(differential pair). These blocks have been widely used for the design of the 

operational amplifier and the PTAT bias circuit included in this thesis. 

3. For a voltage biasing block as shown in Fig. 2.1, the transistors Tl and T2 are 

biased from the same gate-source voltages and the drain-source current is a 

dependent term. Here, the difference in drain to source current of Tl and T2 is 

the major source of error i.e. AIDS = IDSt - IDS2: 

a{AIDS))
2 (<j(A/3) 

lDS 
+ 

Sn 

V DS J 

!(AFr) (2.3) 
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Eq. (2.3) indicates that to maintain low drain-source current mismatch, 

transistors should be biased to have a low gm /IDS ratio, which will reduce the 

contribution of Vx mismatch. For the present case, j3 factor mismatch will 

dominate. Transistors should also be designed to have large active areas so as 

to both minimize VT and /? mismatch for Eq. (2.3). Thus, the drain current 

mismatch can be reduced by designing for lower gm /IDS ratio or a large gate 

overdrive (VGS-VT) voltage or biasing the transistor towards strong inversion 

region. A current mirror should be biased towards strong inversion region to 

have improved matching for precision analog design. 

KDS £ ^ 

LDS1 

Tl 

rGS 1 

lDS2 

T2 

^ 

? 
Fig. 2.1: Voltage biased block 

4. For a current biased block as shown in Fig. 2.2, the error source is mainly due 

to the difference in gate-source voltages of Tl and T2 i.e., AVCS = VCSI - VCS2 

as gate-source voltage is a dependent variable and the drain-source current is 

fixed, 
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'•(AVcs)=a2(AVT)+ 
o m 

(2.4) 

Eq. (2.4) suggests that to maintain low gate-source voltage mismatch, 

transistors should be biased to have a high gm /IDS ratio that will reduce the 

contribution of J3 mismatch. For the present case, the Vr factor mismatch will 

dominate. Again, transistors should also be designed to have large active areas 

so as to both minimize Vj and J3 mismatch for Eq. (2.4). To obtain reduced 

gate-source voltage mismatch, transistor should have higher gm/IDS ratio or a 

low gate overdrive (VGS-VT) voltage by biasing the transistor towards weak-

inversion region. Thus, a differential pair should be biased towards weak 

inversion region to have improved matching for precision analog design. 
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r 
lDS 

Fig. 2.2: Current biased block 

The mismatch equations presented in this section are valid for all regions of 

operations. 
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2.2 CMOS Rail-to-Rail I/O Operational Amplifier Design 

Device mismatches between MOS transistors and any passive components in 

an operational amplifier topology pose a challenge to circuit design in terms of 

accuracy and precision. It is this effect that appears as an offset voltage at the input 

terminals of the amplifier. The amplifier designed for this work is targeted to have a 

large gain similar to most industry standard precision amplifiers of approximately 120 

dB [8, 23]. A large open loop DC gain is required to have a low DC gain error for the 

amplifier for close-loop operations. So, the number of amplification stages required to 

achieve a very large gain needs to be identified. Usually, BJT precision amplifiers 

utilize two stages of amplification to obtain a DC gain of 120 dB. On the other hand, 

for CMOS precision amplifiers, this is not case. The first reason is that the DC gain of 

a single stage BJT amplifier is higher than a single stage MOS transistor amplifier 

[25, 42]. Also, the intrinsic transconductance of a BJT is higher than a MOS 

transistor, which contributes to higher gain [47]. The intrinsic transconductance of 

MOS transistor varies based on the region of operation. It exhibits highest intrinsic 

transconductance in weak inversion region, yet it is relatively less as compared to a 

BJT. Secondly, for an ideal operational amplifier, the DC value of the output voltage 

should follow the DC value at input. This situation can be observed for an amplifier 

utilized in unity gain configurations for voltage buffering application. But in practice, 

the output DC value deviates from the input DC value leads generate the input offset 

voltage for the amplifier. Device-mismatch due to process-induced variations is the 

major contributing factors to cause the DC value to deviate. This condition tends to 

limit the accuracy of circuit response. In this context, a Figure of Merit (FOM) called 

DC accuracy, Accpc, is defined which is a measure of accuracy of a circuit. It is 

described as the variation of input offset voltage of an amplifier, Vos or the threshold 

voltage mismatch of input stage transistors with reference to the maximum input 

RMS voltage, VIN RMS- For a typical MOS differential voltage amplifier, the ACCDC 

for the output value of the amplifier has been mathematically described in detail in 

[29] and stated as, 
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_ "lN_RMS(MAX) _ YoUTPPjy "^ 
^CC 

3a(V0S) 6<Jl.AVTADC 

(2.5) 

Here VoutPP is the maximum output voltage swing which corresponds to supply 

voltage value, VDD (V), WL is the product of the width, W and the length, L of the 

transistor, AVT is the process technology parameter and ADC is the DC gain of the 

amplifier. The equation (2.5) is only used for the purpose of obtaining an insight into 

a trade-off that exists between the accuracy of the amplifier, its DC gain and area of 

the input stage transistors. It suggests that a very high DC gain for a differential 

amplifier stage will tend to lower the value of DC accuracy if all other parameters are 

maintained the same. Considering the issue of ability to obtain DC gain from a MOS 

amplifier relative to a BJT amplifier and dc accuracy parameter for MOS differential 

amplifier, three stages of amplification is chosen where each stage has a moderate DC 

gain of 40 dB approximately to achieve a 120 dB open loop DC gain. The amplifier 

design is also restricted to three amplifying stages in order to limit the complexity in 

stabilising a higher number of stages. Second, we need to identify which stage of the 

cascaded amplifier will contribute the most towards the input offset voltage. For a 

cascaded multiple stage voltage amplifier design as shown in Fig. 2.3, it is usually the 

input stage that is the main source of input offset voltage. 

vm 

v( OSl V, OS2 
X\ 

A3 

VOSJQ ^ 

Fig. 2.3: Cascaded amplifier stages [29] 

The equivalent input referred offset voltage is given as: 

o(vaJ=Jl<r2(Vosl)+ vtyosi) 
+ 

v A-A2 j 
+ . (2.6) 
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This relationship [29] shows that the input or the first stage of a cascaded amplifier is 

critical for precision design. The signal level is small at the input of the amplifier and 

mismatch effect combined with noise will limit the smallest signal that can be 

amplified. The input stage must be well matched at the layout level to minimize the 

effect of process gradients. 

The schematic of the proposed topology of a three-stage operational amplifier 

are shown in Fig. 2.4. The amplifier consists of a rail-to-rail input stage formed with 

transistors Ml to M12 and load resistors Rl to R8. The load resistors Rl, R2, R7, R8 

are laser trimmable resistors utilized during offset voltage trimming and R3, R4, R5, 

R6 are fixed resistors. Since there are two differential pairs in the input stage, their 

operation is defined on the basis of which differential pair is operating. The operation 

of the input stage can be divided into three different states based on the input DC 

voltage of the signal. At low value of input DC voltage, the PMOS differential pair is 

turned ON, at mid-supply value of DC voltage, both PMOS and NMOS differential 

pairs are turned ON and at high values of DC input voltage, only the NMOS 

differential pair is turned ON. Both differential pairs, NMOS and PMOS, are 

operating in weak-inversion region. In this region the transconductance, gm of a 

common-source MOS transistor acting as an amplifier is linearly proportional to the 

drain current, ID [20] given by 

Here n represents the sub-threshold slope factor which is between 1 and 2 (1.48 for 

NMOS and 1.53 for PMOS in TSMC 0.18 urn process), VTH = kT/q denotes the 

thermal voltage where k is the Boltzman constant, q is the electronic charge and T is 

the temperature in Kelvin. The total trans-conductance when both differential pairs 

are operating is given as gm TOTAL
 = gmp + gmN- In the event, when only one of the 

pairs is operating, gmTOTAL will also change corresponding to which pair is operating. 

To maintain gmTOTAL relatively constant in order to have a constant DC gain over 
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ICMR, a current steering stage [20] is used with the input stage. It consists of current 

source, M5, a current steering transistor, M6 and a 1:1 current mirror M7-M8. The 

function of a current steering stage is to maintain a constant sum of tail currents to the 

PMOS and NMOS differential input transistors as the ICMR changes. This tends to 

provide a constant gm TOTAL for the input stage. If a low value of ICMR voltage is 

applied to the differential pairs, the bias current from M5 flows only in the PMOS 

input pair since the NMOS input pair transistors are not operating. At mid-supply 

input DC values, the current steering transistor, M6 diverts a part of the bias current 

from M5 and feeds it through the current mirror, M7-M8 to the NMOS input pair. 

Applying Kirchhoff s current law at the drain of M5, the sum of the tail currents to 

both differential pairs is equal to the bias current from M5. Further raising the ICMR 

voltage, M6 diverts current from M5 though the current mirror, M7-M8 into the 

NMOS input pair while the PMOS pair is turned off. The equation of the DC gain for 

the input stage based on two port model [16] is given as 

ADCl=Gm-ROUT (2-8) 

where Gm and ROUT are given as 

^m SmMl+ SmM4 \A-') 

^OUT ~\SmM\2-rOU^M\2 

rroutM4.(R6 + R8)\ f ' — — ^ 
&mMWrulilMW 

KroutM4+R6 + RS 

routm.(R2 + R4) 

Kroutm+R2 + R4 
(2.10) 

The equation of ROUT is developed by referring to the analysis of a folded cascade 

amplifier in [16] and applied here to a rail-to-rail amplifier stage. In this case, 

transistor M12, resistors R6 and R8 and transistor M4 make one pair of folded 

cascode stage. Similarly, transistor M10, resistors R2 and R4 and transistor M2 make 

another pair of folded cascode stage. Their equivalent output impedances appear in 



29 

parallel at the drains of M10 and Ml2 and this condition is represented by eq. (2.10) 

which gives the output impedance for a rail-to-rail amplifier. The input stage is 

followed by a second stage consisting of a simple differential amplifier stage formed 

by transistors M13-M17. The DC gain for this stage [30] is given as 

ADC2= ^ ^ (2.H) 
8dsM\5 ""• SdsMM 

The output of the second stage is connected to common source transistor M24 in the 

output stage. An intermediate stage consisting of transistors M18-M22 is used which 

translates the voltage output of the second stage into current mode to bias M23 to 

operate as a common source stage [21]. This configuration allows AC signal paths at 

the gates of M23 and M24 to be in the same phase. In the intermediate stage, Ml 8-

M20 is a wideband amplifier stage [30, 42] with diode connected load acting as a 

buffer. The bias current from current source Ml8 is equally divided between Ml9 and 

M20. Current mirrors M20-M21 and M22-M23 have a ratio of 1:1. An approximate 

equation of DC gain for this stage is given as [30] 

ADCJ~EXMVL (2.12) 
8mM20 

and finally the small signal equation for DC gain of the Class AB output stage 

consisting of M23 and M24 is given as [2] 

A _ £mM23 SmM24 fj 1 "J\ 

SdMfi + SdsM 24 

The output stage is designed to drive a capacitive load of 500 pF. The complete 

amplifier is stabilized by using the Nested-Miller compensation technique proposed 

in [32, 38]. The capacitors C2 and C3 and resistors R9 and R10 form an internal 
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compensation network. CI is used to roll-off the gain of the first stage in order to 

avoid any zero that could affect the performance of the amplifier in the frequency 

band of interest. 
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Fig. 2.4: Schematic of the proposed operational amplifier topology 
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2.3 Effect of Load Resistor Trimming on Offset Voltage 

The input stage of the amplifier is shown separately in Fig. 2.5. In this section 

the effect of varying the value of trimmable load resistors Rl, R2 and R7, R8 on 

offset voltage at the output of the rail-to-rail differential input stage amplifier is 

considered. This method of analysis is based on the work described in [24] which 

shows trimming offset voltage of industrial B JT rail-to-rail amplifier using zener zap 

pads. The value of all resistors Rl, R2, R3, R4, R5, R6, R7 and R8 are equal. The 

analysis is carried out with a current mode method where it is assumed that an output 

current IOUT is flowing into the drain terminals of M10 and Ml2, if a non-zero offset 

voltage exists. 

J 

••»-€ V I M - * -

WN+ Lr 
3h 

p . *. 

r~^\ 

Applying KCL at drain terminals of M10 and Ml2, 

»(p «VB1AS1 

• »VOUT 

< 

Fig. 2.5: Input stage of the CMOS rail-to-rail operational amplifier 

^OUT — ^M12 ^MIO (2.14) 

VBIAS1 is a constant DC voltage provided to bias M5, M9 and M10. For M9-M10, 

due to biasing constraint and equal value of resistors, 
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Y*G9 _ YsGlO (2.15) 

The tail current M5 is defined to be equal to 21 and this current is divided equally 

between the NMOS and PMOS differential pairs depending on their operating state. 

Since all resistors in the input stage are of equal value, it is considered for analysis: 

V =V 
VR1 VR2 

(2.16) 

or IRJ .R1-IR2.R2 (2.17) 

V =V 
v R7 v R8 

(2.18) 

or IR7.R7-IR8.R8 (2.19) 

Case 1: NMOS Differential Pair is ON and PMOS Differential Pair is OFF 

» - H r WN- » -

1l , If 

v — i — • 

4IVBMS1 

Fig. 2.6: Input stage with NMOS differential pair turned ON 

http://Irj.R1-Ir2.R2
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This condition occurs when the ICMR voltage is at a high value during which 

only NMOS differential input transistors are operating and PMOS transistors are 

turned OFF. The circuit while NMOS pair is ON is as shown in the Fig. 2.6 forming a 

folded-cascode differential amplifier with NMOS input. The current distribution 

equation in the input stage during this circuit condition is given as follows, 

I M 5 = I R , = I R 2 = 2 I (2.20) 

IM6=IM7 = I M 8 = 2 I (2.21) 

IM i=IM 2=I (2-22) 

I R 7 = I M = I (2-23) 

First, the effect of trimming on Rl and R2 is considered assuming no trimming on R7 

and R8. Solving for IMI2 in eq. (2.14), 

^M12 = ^M11 = ^ M 9 = 1 R 1 "^M2 ( 2 . 2 4 ) 

R2 
^Mi2 = 1 R 2 - " J T 7 — *M2 (2 -25) 

R2 
I M i2=2I M .—-I (2.26) 

I M 1 2 = 2 I R 7 . ^ - ^ - I (2.27) 
M12 R? R8 Rl 

'--Hsfr1 (228) 
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Solving for iMioin eq. (2.14), 

^MIO ~ *R2 ~*M1 (2.29) 

I =1 * I - I lM10 — *R1 ' 
R2 

(2.30) 

T =21 — - I 
M1° R2 

(2.31) 

Substituting the values of IMI2 and IMIO in eq. (2.14), it gives 

I = 2 1 * ^ - 2 1 ^ OUT R8R1 R2 
(2.32) 

Now, the effect on trimming R7 and R8 is considered 

*OUT — ^M12 " (*R2 ' *M\) 

*OUT = *R8 " ( R8 " V 

(2.33) 

(2.34) 

*OUT 'I 5Z-il 
V R 7 ' R 8 J 

(2.35) 

Using the Superposition Principle [43], which states that, "If cause and effect are 

linearly related, the total effect of several causes acting simultaneously is equal to the 

sum of the effects of the individual causes acting one at a time." Then the total IOUT 

is the sum of Eq. (2.32) and (2.35) defined as 
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I = 21 
r R7R2 R1A 

VR8 Rl K2J 
- I 

R7 

VR8 
(2.36) 

Case 2: PMOS Differential Pair is ON and NMOS Differential Pair is OFF 

This condition occurs when the ICMR voltage is at a low value during which 

only PMOS differential input transistors are operating and NMOS transistors are 

turned OFF. The circuit while PMOS pair is ON is as shown in the Fig. 2.7 forming a 

folded-cascode differential amplifier with NMOS input. The current distribution 

equation in the input stage during this circuit condition is given as follows, 

^M5 —
 1R1

 — *R2 ~ ^ (2.37) 

*M3 — ^M4 — * (2.38) 

M N - * -

VIN+ I 

4 
M3 

VBIAS1 B H 

* * • 

\ 
M4< 

Ki 
MS' 

M i l 

J 

_ ^ V D D 

:RZ 

«-|P m VBIASI 

HI * 

M10 

• VOUT 

M12 

:R7 :RB 

>vss 

Fig. 2.7: Input stage with PMOS differential pair turned ON only 
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I =1 =31 (2.39) 

In this analysis, similar equation is derived as (2.36). Solving for IMH in eq. (2.14), 

^M12 — 1 R 8 *M3 (2.40) 

i =i H_i LM12 *R7-
R8 

(2.41) 

R7 
*M12 = V*R1 M 4 ' " ~ p " g (2.42) 

*M12 *R2 

AR7R2" 

,R8 Rl , 
+ 1 

' R 7 A 

M4 ^R8 
- 1 (2.43) 

IM.2 = 21 
/R7R2N 

R8 RL 
+ 1 

R7 
R S ; 

(2.44) 

Solving for IMIO in eq. (2.14), 

T T T I T 
^Mio = *R2 = 'RI 'TT = TVO 

(2.45) 

Substituting the values of IMI2 and IMIO in eq. (2.14) from eq. (2.44) and eq. (2.45) 

respectively, 

I =21 
xOUT z ' 1 

R 7 R 2 R 1 
*vR8 Rl R2J 

+ 1 
r-nn A 

1 R7 

VR8 ; 
(2.46) 
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The two equations (2.36) and (2.46) differ from each other by the sign of the second 

term. This show that an adjustment in the value of resistors R7 or R8 will have an 

influence on IOUT depending on which differential pair is in operation. Based on the 

same equations, an adjustment in the value of resistors Rl or R2 in the first term will 

affect IOUT which is independent of which differential pair is operating. The presence 

of the R7 and R8 with Rl and R2 in the first term of the equations indicates that the 

adjustment in the value of resistors is inter-related. 

2.3.1 Interpretation of the Offset Voltage Trimming Analysis 

The equations (2.36) and (2.46) derived earlier are re-written here for further 

analysis and interpretation. The term IOUT in these two equations has been represented 

as IOUTJNMOS and IOUT_PMOS to define equations for NMOS and PMOS folded cascode 

differential pairs, respectively. The condition when only NMOS differential pair is 

operating, IOUT has been derived as 

T = 2 T 
xOUT NMOS z ' 1 

' R 7 R 2 _ R f 
,R8 Rl R2> 

R7 
VR8 

(2.47) 

and for condition when only PMOS differential pair is operating, IOUT has been 

derived as 

I =2T 
1OUT PMOS z , ± 

'R7R2 R1A 

VR8 Rl R2; 
+ 1 

vR8 
(2.48) 

For eq. (2.47) and (2.48), considering the situation that the upper load resistors, Rl 

and R2 are perfectly matched leading to the ratio R1/R2 and R2/R1 equal to unity and 

R7 or R8 is varied such that the ratio R7/R8 is not unity. This condition can be stated 

as 
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R 1 = — = 1 (2.49) 
R2 Rl 

R7 
= X (2.50) R8 

Substituting for the values from eq. (2.49) and (2.50) in eq. (2.47) gives 

IOUTNMOS = 21 (X-1 ) -1 (X-1) (2.51) 

IOUT_NMOS
 = I @t -1) (2.52) 

and substituting for the values from eq. (2.49) and (2.50) in eq. (2.48) gives 

I O U T _ P M O S = 2 I ( X - 1 ) + I ( X - 1 ) (2.53) 

IOUT_PMOS = 3 I ( X - 1 ) (2.54) 

Comparing eqs. (2.52) and (2.54) indicates that a change in the ratio of R7/R8 will 

affect IOUT by a factor of three times more for PMOS folded cascode differential pair 

than NMOS folded cascode differential pairs. A correlation can be drawn from eqs. 

(2.52) and (2.54) given as 

^OUT_PMOS = *• *OUT_NMOS ( 2 . J J J 

This shows that IOUTJ>MOS is three time more sensitive to any changes in the ratio, 

R7/R8, relative to IOUT_NMOS- Next in this analysis, it is considered that R7 and R8 are 

perfectly matched and Rl or R2 are changed in eqs. (2.47) and (2.48) such that the 

ratio R1/R2 and R2/R1 is not unity. This can be mathematically stated as 
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R7 
= 1 (2.56) R8 

DO 

= Y (2.57) 
Rl 

Substituting for the values from eq. (2.56) and (2.57) in eq. (2.47) gives 

T = 2 T 
1OUT NMOS ^x 

f 1^ 
Y - — 

V Y. 
(2.58) 

and substituting for the values from eq. (2.56) and (2.57) in eq. (2.48) gives 

I =21 
1OUT PMOS Z , A 

Y - -

v Y ; 
(2.59) 

Equations (2.57) and (2.58) show that IOUT_PMOS and IOUT_NMOS represent 

same values, respectively and this leads to 

*OUT_PMOS = *OUT_NMOS ( Z . O U ) 

This shows that for a matched pair of resistors R7 and R8, a change in the ratio of Rl 

and R2 will have the influence on the term IOUT by the same factor for PMOS and 

NMOS folded cascode differential pair. 

To summarize, the current-mode trimming analysis presented above has been 

interpreted in terms of voltage-mode for reducing the offset voltage of a rail-to-rail 

amplifier. For such an input differential pair, the input offset voltage, Vos will vary 

according to three different states of operation depending on the DC value of the 

input signal - Only PMOS pair is ON (high common mode), both NMOS and PMOS 

pairs are ON (mid-supply common mode) and only NMOS pair is ON (lower 
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common mode). Let Vos(P) and Vos(N) represent the individual offset voltage for P 

and N type folded cascode differential stages respectively. When both pairs are 

operating, the total offset voltage, Vos is due to contribution of both Vos(P) and 

Vos(N)- Broadly, the trimming is performed in two steps as outlined: 

STEP No. 1: Laser Trimming of Lower Load Resistors - R7 or R8 

It is deduced from eq. (2.55), that Vos(P) is three time more sensitive to 

changes in R7 or R8 than Vos(N)- SO, trimming is preferred to produce a change in 

Vos(P)- The ratio R7/R8 is adjusted by laser-trimming R7 or R8 until Vos(P) becomes 

approximately equal to Vos(N)- This step is equivalent to reducing the difference 

|Vos(P) - Vos(N)| to near zero volts. This is the first step involved in trimming the offset 

voltage of the amplifier. Since the sensitivity of Vos(P) is more than Vos(N), so 

trimming at low common mode DC value is performed keeping only the PMOS 

differential pair in operation. 

STEP No. 2: Laser Trimming of Upper Load Resistors - Rl or R2 

It is determined from eq. (2.60), trimming of Rl or R2 which will cause both 

Vos(P) and Vos(N) to be influenced by the same amount. This step involves trimming 

at mid-supply common mode voltage when both PMOS and NMOS differential input 

pairs are operating. The trimming is performed until a target value of the offset 

voltage is attained. 

The possible cases that can be observed for an un-trimmed input offset 

voltage, Vos, over common mode input voltage range, VIN, during experimental 

verification at wafer level are shown in Fig. 2.8 and 2.9. At lower common mode 

voltages, offset voltage due to PMOS differential pair, Vos(P) dominates while at 

higher common mode voltage, offset voltage due to NMOS differential pair, Vos(N) 

dominates. For the input voltages centered on mid-supply values, both PMOS and 

NMOS differential pair contribute to the total value of input offset voltage. It must be 

noted that the choice of resistors to be trimmed depends on the polarity of the DC 

offset voltage. So, the initial step should be to determine the polarity of offset voltage 

before applying any trimming sequence. As shown in Fig. 2.8 and 2.9, the offset 
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voltage curve can possibly lie in the positive quadrant, negative quadrant or in 

between the two quadrants. There are two special cases 7 and 8 in Fig. 2.9 which 

shows that Vos(N) and Vos(P) are approximately the same. Under this situation, there is 

no need to trim the lower of resistors, R7 and R8, as Vos(P) and Vos(N) have similar 

values. These two cases will not require Step No. 1 for trimming as described 

previously where one of the lower resistors is trimmed. Only upper resistors, Rl or 

R2 are trimmed from Step No. 2. Based on eight possible cases of untrimmed offset 

voltage versus input voltage range, Table 2.1 shows resistor selection guidelines for 

trimming the offset voltage. This data is obtained by creating these eight cases during 

DC simulations of the amplifier topology shown in Fig. 2.4 and using the equations 

(2.36) and (2.46). The simulation set-up utilized non-inverting unity gain 

configuration to obtain offset voltage curves similar to the eight cases. The input 

range involved sweeping it from 0 to supply voltage, VDD. Finally, a flow chart is 

shown in Fig. 2.10 describing a generalized method used for trimming. It should be 

used with reference to offset curve cases and resistor selection table to determine 

resistors to be trimmed. 
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Fig. 2.8: Un-trimmed input offset voltage curve cases over ICMR 
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QUADRANT 

NEGATIVE 
QUADRANT 

(f): Case 6 

VIN 

VOS(N) 

POSITIVE 
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Fig. 2.9: Un-trimmed input offset voltage curve cases over ICMR 
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Table 2.1: Resistor selection for input offset voltage trimming sequence over ICMR 

Untrimmed 

V0s Case 

1 

2 

3 

4 

5 

6 

7 

8 

Step No. 

1 

TrimR7 

TrimR7 

Trim R8 

Trim R8 

TrimR8 

TrimR7 

— 

— 

Step No. 

2 

TrimR2 

Trim Rl 

TrimR2 

Trim Rl 

TrimR2 

TrimRl 

TrimRl 

TrimR2 

Remarks 

Trim R7 to lower Vos(P) down to Vos(N)-

Trim R2 to lower both Vos(P) and Vos(N). 

Trim R7 to lower Vos(P) down to Vos(N)-

Trim Rl to raise both Vos(P) and VOS(N)-

Trim R8 to raise Vos(P) to Vos(N)-

Trim R2 to reduce both Vos(P) and Vos(N)-

Trim R8 to raise Vos(P) to Vos(N)-

Trim Rl to raise both Vos(P) and Vos(N). 

Trim R8 to lower Vos(P) down to Vos(N)-

Trim R2 to lower both Vos(P) and Vos(N)-

Trim R7 to raise Vos(P) till to VOS(N)-

Trim Rl to raise both Vos(P) and Vos(N)-

Trim Rl to raise both Vos(P) and VOS(N>-

Trim R2 to lower both Vos(P) and VQS(N)-
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MEASURE UNTRIMMED 
VOS vs. ICMR VOLTAGE (VIN) AND 

DETERMINE THE OFFSET 
CURVE CASE 

STEP NO. 1 : 
TRIM R7 OR R8 AT LOW ICMR WHEN ONLY 
PMOS DIFFERENTIAL PAIR IS OPERATING 

NO 

YES 

STEP NO. 2 : 
TRIM R1 OR R2 AT MID-SUPPLY ICMR 
VOLTAGE WHEN BOTH DIFFERNTIAL 

PAIRS ARE OPERATING 

NO 

END OF OFFSET VOLTAGE 
TRIMMING SEQUENCE 

Fig. 2.10: Flow-chart for input offset voltage trimming sequence steps over ICMR 
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2.4 CMOS PTAT Bias Circuit Design 

A CMOS Proportional-To-Absolute-Temperature (PTAT) bias circuit for the 

amplifier is shown in Fig. 2.11, where Ml 1 to M22 forms the biasing core which is a 

variant of the topology described in [1]. Mi l , M12, M14, M15 and M16 form the 

NMOS wide swing cascade current mirror. M17, M18, M19, M20 and M22 form the 

PMOS wide swing cascade current mirror. Ml6 and M22 are diode connected 

transistors to provide biasing voltage to cascode transistors Ml5, M14 and Ml7, 

Ml8, respectively. The wide-swing cascode current mirrors are used to minimize the 

dependence of drain voltage on currents since it has high output impedance [25]. 

The operation of this circuit is based on the principle that a current is 

generated due to the difference in VGS of Ml9 and M20 that develops across the 

resistor RBIAS [33]. This is achieved by designing Width/Length (W/L) ratio of Ml9 

larger than that of M20. In this case, the ratio for Ml9 is two times the ratio of M20. 

Transistors Ml9 and M20 operate in sub-threshold region. Ml9 and M20 carry the 

same drain currents and this condition is imposed by the PMOS wide swing current 

mirror, therefore, the larger device, Ml9, has a smaller value of VGS than the smaller 

device, M20. This difference in VGS appears across the resistor RBIAS- These 

conditions, coupled with the wide swing current mirror Mil-Ml 5, produce a current 

flowing through RBIAS which is a function of temperature only, independent of supply 

variation. Applying Kirchhoff s law around the loop formed by Ml9, M20 and Rl, 

VGS2O
 =

 VGSI9 + IBIAS- RBIAS (2-61) 

For a MOS transistors operating in weak inversion, the drain current is approximately 

given by an exponential relationship given by [25, 30] 

h h 
(W\ 

\L) 
eynVnJ (2.62) 
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Here n represents the sub-threshold slope factor, VTH = kT/q denotes the thermal 

voltage where k is the Boltzman constant, q is the electronic charge and T is the 

temperature in Kelvin. The values of VGS can then be expressed as 

VGS - nVT In 
r I ^ 

1 D 

I0(W/L\ 
(2.63) 

VI 

V2»—* 

^ 
3M6 

*C1 

VDD 

M i l l 

M141 

CM3 

CM4 

M9t. 

^ 

M5jh 1-

•*M7 c 1 MS 

J-

M10 

M17 

A JMU 

B 
* 

C4 
M15 

JM13 

t VBIAS1 

1M16 

MIS 

M19f" D 

RBIAS 

< M20 
QM2li 

VBIAS2 

r 
4C3 

M22 

VSS 

Fig. 2.11: CMOS PTAT Bias Circuit 

Ml9 and M20 operate in sub-threshold region which carry equal drain currents, then 

substituting for the values of VQS2O and Vosi9 in eq. (2.61) based on eq. (2.63) will 

lead to 

*BIAS ~ ' 

nVTH\n{M) TH 

R 
(2.64) 

BIAS 

Here M is the ratio, which is greater than one given as 
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UJ . . / UJ 

Eq. (2.64) denotes that IBIAS is proportional to T while other terms are numerical 

constants, hence the name PTAT (Proportional-To-Absolute-Temperarure) bias 

circuit. This statement is correct to first order approximation and the biasing current 

value, IBIAS? is expected to shift over process variations caused during fabrication of 

RBIAS- The requirement of PTAT bias circuit is governed by the fact that the 

differential pairs used in the amplifier topology of Fig. 2.4 are operating in weak-

inversion mode. A MOS transistor as an amplifier has its trans-conductance, gm given 

by Eq. (2.7) which is inversely proportional to temperature. Therefore, using a PTAT 

biased drain current as defined by Eq. (2.64) will tend to make gm independent of 

temperature to first order. This also helps to stabilize unity gain bandwidth variation 

over temperature as gm variations are minimized [23]. 

In order to maintain a single operating state for the biasing core, a start-up 

circuit is implemented with transistors Ml to M10. VI and V2 are external supply 

voltages applied to keep the start-up circuit in operation. VI is set to VDD and V2 is 

set to GND for start-up circuit to operate in ENABLE mode. This is because there is a 

possible stable state in which the bias currents are zero. The start-up circuit is 

required to affect the bias loop only when all the currents in the bias loop are zero. 

Under zero bias conditions, all currents in the bias core are zero. Nodes A and B stay 

at VDD and nodes C and D stay at GND. M5 and M2 is in turned-off state. The initial 

charge on the capacitor, CI is zero or the voltage across the capacitor is zero. M3 is 

biased at 0 V while M4 observes 0 V at its gate due to the initial voltage across the 

capacitor. So, M3-M4 act as high impedance loads that are turned ON. As a result, 

the gates of M9-M10 are pulled high, since M5 is non-conducting. M9-M10 start 

conducting that will inject current into the bias loop by pulling down the gates of 

Ml 1-Ml2 and M14-M15. This causes a current to flow in the bias core pulling up the 

gate of M5 and turning it ON. This creates a DC current path through M3-M4 which 
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will cause the gate voltage M9-M10 to fall eventually to zero causing them to turn 

OFF. On the other hand, the instant when Ml 1-Ml2 are turned ON, M2 is also tuned 

ON which sinks current from VDD into the capacitor, CI, charging it until VDD. As 

CI is charged until VDD, it eventually turns OFF M4 blocking any DC path through 

M3. 

During the DISABLE operating mode, VI is set at 0 V turning Ml ON 

causing the gate voltage of M2 to pull up at VDD. V2 is set at VDD value causing 

M6, M7, M8 to turn ON and pulling down the drain voltage to GND. These 

conditions will turn OFF the bias core. The circuit has two biasing voltages, VBIAS1 

and VBIAS2 corresponding to node A and D which are used to generate bias points 

for the amplifier. The node voltages inside the PTAT bias circuit are a shown in Fig. 

2.12 when the supply voltage is ramped from 0 to 3.3 V. It illustrates that the node 

voltages reach their stable biasing points. 

Time (us) 

Fig. 2.12: Node voltages in PTAT bias circuit for supply voltage ramp 
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2.5 IC Layout Implementation 

The layout of the operational amplifier and the bias circuit has been 

implemented using 1P6M (Single Poly layer and Six Metal layers) TSMC CMOS 

0.18 fj,m process technology. Once matching considerations are taken care of during 

circuit design, the next important phase is layout design. A bad layout design will 

contribute to higher mismatches between devices, leading to a higher input offset 

voltage for the amplifier. The layout of the amplifier with the bias circuit is shown in 

Fig. 2.13. 

Fig. 2.13: Layout of the fabricated chip 

All critically matched devices including those in the amplifier and the bias 

generator are designed with state-of-the-art layout matching techniques applied to 

transistors and resistors [18]. Good device matching is essential to reduce or cancel 

variations due to the manufacturing process. Identical transistors that constitute a part 
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of differential pairs and current mirrors are highly susceptible to mismatches and for 

this reason, matched pairs with large area transistors are designed with a common 

centroid layout. For the bias part, the wide-swing current mirrors are laid out as 

common centroid layout for a configuration shown in Fig. 2.14. For a PMOS wide-

swing current mirror, the matching critical pairs are Mil-Ml 2 and M14-M15. To 

minimize bulk-source voltage mismatch for cascode transistors, M14 and Ml5, both 

transistors are built in separate Hot N-wells so that their bulk and source nodes are 

connected to each other. A Hot N-well is defined as a well not connected to VDD and 

it is left floating. Referring to Fig. 2.13, M11-M12 corresponds to A-B layout and 

M14-M15 corresponds to C-D setup on layout. For the case concerning, NMOS wide 

swing current mirror, transistor pair M17-M18 is matched on layout that corresponds 

to a layout style shown in Fig. 2.15. Transistors Ml9 and M20 are not matched as 

Ml9 is designed in Deep N-well so as to maintain zero bulk-source voltage drop like 

M20 which is built in p-substrate. The resistor RBIAS of 200 KH is laid out in a 

serpentine fashion. 

The transistors in the amplifier are also matched especially for the input stage, 

the matching is critical as it has the highest contribution to offset voltage. First the 

differential pairs of the input stage, both transistor pairs M26-M27 and M29-M30 are 

laid in a common centroid style as shown in Fig. 2.16. 

A 

B 

C 

D 

B 

A 

D 

C 

A 

B 

B 

A 

Fig. 2.14: Layout configuration Fig. 2.15: Layout configuration 
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The PMOS differential pair (M29-M30) is built in Hot N-well and the NMOS 

differential pair (M26-M27) is built in Deep N-well. This allows them to have zero 

bulk-source voltage dependence and also isolates them from any substrate noise. The 

transistor pairs M31-M32, M33-M34, M37-M38 and M39-M40 are all based on the 

common centroid layout configuration as shown earlier in Fig. 2.15. The matching of 

current mirror pairs M42-M43 and M45-M46 is relatively relaxed since the output 

stage contributes the least towards the offset voltage. The layout here involves unit-

matching principle [2] which involves creating geometrically equivalent components 

by drawing them as identical units adjacent to each other. The passive elements of the 

rail-to-rail input stage, the P+ poly-resistors are also matched and follow an 

interdigitated common centroid layout pattern as depicted in Fig. 2.17. 

A 

B 

B 

A 

B 

A 

A 

B 

A B A B 

Fig. 2.16: Layout configuration Fig. 2.17: Layout configuration 

The following statements outline basic analog layout considerations followed for the 

amplifier and the bias circuit design: 

1. Large area devices are built from unit sized elements [25]. 

2. Distance between the matched elements is kept to a minimum as allowed by the 

topology and the design rules of TSMC 0.18 um CMOS process. 

3. To maintain similar environment around matched elements, dummies were 

utilized [18, 30]. 

4. Critically matched transistors of the input differential stage are placed on the die's 

center axis where low stress gradients occur to minimize sensitivity to die stress 

due to packaging [5]. 
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5. MOS transistors exhibit different motilities in different orientations. So, same 

orientation of devices to be matched is maintained throughout the design such that 

the current flows in the same direction [30]. 

6. Identical metal fill patterns are placed surrounding the matched elements 

especially for the input differential transistors [46]. 

7. Resistors are designed with relaxed design rules to improve matching between 

them [48]. 
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CHAPTER 3 

Simulation Results and Experimental Verification 

This chapter describes the simulation results of the extracted layout of the 

operational amplifier and PTAT bias circuit. The simulation results present the 

response of the integrated amplifier circuit over process corners and temperature 

range of -40°C to +85°C. Simulation results are presented to demonstrate steps for 

trimming the input offset voltage (Vos) over Input Common Mode Range (ICMR) for 

the proposed amplifier topology. The chip is fabricated in single-poly, six metal, 

MiM capacitor TSMC 0.18 urn process technology with 40-pin DIP package. The 

amplifier test results obtained during experimental verification of the chip are 

presented along with offset voltage trimming using P+ poly resistors. 

3.1 Simulation Results 

In this section, post-layout results are presented to verify the functionality of 

the amplifier before fabrication. The primary task followed during schematic design 

phase was to maintain the stability of DC operating points over process and 

temperature variations. After this, AC parameters were verified as per specifications. 

The simulations were performed using spectre. The supply voltage used is 3.3 V. The 

dc output voltage values for the amplifier under process and temperature variations 

are shown in Table 3.1. These DC operating points indicate the variation in the output 

DC value of the amplifier under device-matched conditions. It is imperative for a 

robust design that there should not be a very large deviation in DC operating point 

values over process and temperature variations. This is followed by simulation DC 

gain values over process and temperature variations. Table 3.2 indicates the DC gain 

(dB) values at 1 KHz. 
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Table 3.1: Operating point values for output DC node voltage (V) over process and 

temperature 

TEMP. (°C) 

25 

85 

-40 

TT 

1.650 

1.774 

1.530 

ss 

1.871 

1.999 

1.743 

FF 

1.765 

1.862 

1.670 

FS 

1.642 

1.741 

1.546 

SF 

2.003 

2.123 

1.884 

Table 3.2: DC operating point values for DC gain (dB) over process and temperature 

TEMP. 

(°C) 

25 

85 

-40 

TT 

123.0 

120.0 

125.4 

SS 

124.8 

122.4 

127.0 

FF 

111.9 

109.6 

114.3 

FS 

116.0 

113.7 

118.2 

SF 

119.6 

117.1 

121.9 

The results from Table 3.1 and 3.2 show variations of DC points and DC gain over 

process corners and a wide temperature range. The plots for DC gain and phase 

margin for Typical-Typical (TT) process corner are given in Fig. 3.1 and Fig. 3.2 to 

demonstrate the stability of the amplifier. A phase margin of approximately 63° has 

been achieved. In order to demonstrate the operation of the rail-to-rail input feature 
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using the current steering stage, Fig. 3.3 shows a plot of variation of the low 

frequency gain measured at 1 KHz over the entire common mode input voltage range 

from 0 to 3.3 V. These results, performed for all process corners, indicate a uniform 

trans-conductance control. Fig. 3.4 indicates simulated large signal response of the 

amplifier with a square wave input signal 3.3 Vp.p and simulated slew rate for the 

amplifier is 0.24 V/us. Fig. 3.5 shows simulated small signal response of the 

amplifier with a square wave input signal 100 mVp.p and simulated settling time for 

the amplifier is 2.8 us. The small signal square wave response also indicates the 

stability of the amplifier indicating it is closer to critically damped case [30] and 

shows no ringing corresponding to 63° phase margin. 

, 3 g .:/VOUT 

DC Cain = 122.8 dB 

UGBW = 598.43 KHz 

10m 

k (MBI.4JK -bJb.ll.Hn) 
freq ( Hz ) 

Fig. 3.1: Simulated DC gain of the amplifier at T = 25 C for TT process corner ^1tL°t 

http://-bJb.ll.Hn


58 

i f - 180 

18m 

PM = 63.01 degrees 
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B: (&2»«BM -18B.ee) iliipa: -37.S2B2U 

Fig. 3.2: Simulated phase margin of the amplifier at T = 25 C for TT process corner 

=: C-,rfost_slo*";DCGAIN 
130 " : 0"fost_be3t";DCGAIN 

120 

90.0 

70.0 

»: C»"slo*_fost";DCGAIN 
.: C-"typ":DCGAIN 

»: C-"slo*_*or»t";DCGAIN 

-1.0 0.0 2.0 3.0 
ec ( v ) 

4.0 5.0 

Fig. 3.3: Simulated DC gain at 1 KHz over ICMR (0 V - 3.3 V) 

http://-18B.ee
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- : /VOUT 
4 B •: /net67 

ISlew Rate = 0.24 V/usee 

Fig. 3.4: Simulated slew rate of the amplifier at T = 25 C for TT process corner 

- : /VOUT 
1.6530 •• / n e t 6 7 

1.6520 

1.6490 
0.0 

(Settling time = 3 usee approx. 

1.0U 
time ( s ) 

2.0u 3.0u 

Fig. 3.5: Simulated settling time of the amplifier at T = 25 C for TT process corner 
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The simulated results presented here are summarized in a tabulated format in Table 

3.3 along with power and current consumption values. These reported values are for a 

Typical-Typical (TT) process corner at 25 °C. 

Table 3.3: Parameters of the amplifier at T = 25 °C for TT process corner simulation 

PARAMETER 

Supply Voltage (V) 

DC Gain (dB) 

Phase Margin (") 

Slew Rate (V/fis) 

Settling Time ((is) 

Total Current Consumed (uA) 

Power (uW) 

VALUE 

3.3 

122.8 

63.01 

0.24 

3.0 

180 

594 

3.1.1 Simulation Results to Demonstrate Offset Voltage Trimming 

The simulation results in this section demonstrate the influence of laser 

trimming of trimmable load resistors in the input stage of the amplifier on the input 

offset voltage. The laser trimming of a resistor is modeled as reducing the value of the 

resistor during simulations. The value of the resistor is reduced to observe its 

influence on input offset voltage. Based on the analysis presented in Chapter 2, 

simulation results are presented to support the theoretical analysis for trimming 

sequence of offset voltage. There are various cases of untrimmed offset voltage 

versus ICMR. To demonstrate offset voltage trimming, a simulated example is 

presented for a particular case of offset voltage curve characteristic over ICMR. 

Though one case is shown here, all other cases of untrimmed offset voltage over 

ICMR are equally applicable. 

To create the offset voltage, the aspect ratios of PMOS and NMOS differential 

pairs in the input stage are changed by a small amount. The offset voltage is measured 

by configuring the amplifier in unity-gain set-up. Fig. 3.6 shows a simulated example 

of an initial untrimmed offset voltage over ICMR. This corresponds to Case 3 from 
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Fig. 2.8 in Section 2.3 of Chapter 2. The untrimmed offset voltages at different values 

of common mode voltage are tabulated in Table 3.4. 

1.0 1.5 2.0 

Input Voltage Range: 0 V to 3.3 V 

Fig. 3.6: Simulated un-trimmed input offset voltage over ICMR 

Table 3.4: Simulated un-trimmed input offset voltage at various DC input voltages 

ICMR 

Low 

Mid-Rail 

High 

UN-TRIMMED OFFSET VOLTAGE (VOS) 

PMOS Differential Pair ON: VOS(P) 

PMOS & NMOS Differential Pair ON: 

VoS (P) +VoS (N) 

NMOS Differential Pair ON: VOS(N) 

VALUE (mV) 

1.15 

1.28 

1.51 
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With reference to Step 1 from the trimming procedure given in Fig. 2.10 and the 

resistor selection table outlined in Table 2.1, the value of the resistor R8 is reduced to 

raise Vos(P) close to the value of Vos(N) maintaining only PMOS differential stage 

turned ON and NMOS differential stage turned OFF i.e. biasing the input stage at 

lower DC voltage of common mode input range (0.45 V). Simulated plot is shown in 

Fig.3.7 where two offset voltages from both differential pairs are approximately the 

same. 

.5 1.0 1.5 2.0 

Input Voltage Range: 0 V to 3.3 V 

Fig. 3.7: Simulated trimmed input offset voltage over ICMR after Step 1 

The results for this trimming step are shown in Table 3.5. The resistor R8 is reduced 

from 5 KQ. to 4.97 KQ. The PMOS input offset voltage VOSp is raised to 1.52 mV by 

reducing the resistance of resistor R8 so as to reduce the difference between Vos (P) 

and Vos (N>- It is observed from this simulation, that as the value of Vos(P) is raised, 

the part of the offset voltage contributed when both differential pairs are ON is also 

raised and a minor increment of Vos (N> is observed. 
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Table 3.5: Simulated results for trimmed input offset voltage after Step 1 of trimming 

ICMR 

Low 

Mid-Rail 

High 

TRIMMED OFFSET VOLTAGE (VOS) 

PMOS Differential Pair ON: VOS(p) 

PMOS & NMOS Differential Pair ON: 

VoS (P)+ VoS (N) 

NMOS Differential Pair ON: VOS(N) 

VALUE (mV) 

1.52 

1.53 

1.63 

After following Step 1, the offset is trimmed as per Step 2 of Fig. 3.10 where the 

input DC bias voltage is set at mid-rail value of 1.65 V. At this ICMR voltage, both 

differential pairs contribute to offset voltage. The resistor R2 is reduced from 5 KQ to 

4.82 K£2 to reduce the offset voltage at mid-rail to 60.5 uV. The offset voltages due to 

each differential pair are also reduced i.e., both Vos(P) and Vos(N) move in the same 

direction. The results are presented in Table 3.6 and the simulated plot for the 

trimmed offset voltage is shown in Fig. 3.8. These offset voltage trimming steps were 

performed at temperature, T = 25 °C. The issue of offset voltage drift is also 

addressed since the amplifier is specified to operate over a range of temperature from 

-40°C to +85°C. The offset voltage drift is measured as average drifts over the 

specified temperature range to simplify testing and specifications. The drift 

measurement is usually made at an intermediate point of the temperature range, 

followed by two end point tests. The two separate drifts are computed and their 

magnitudes are averaged to define the average offset voltage drift over temperature 

[15]. 
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o 

> 

O 
•45 .250 

1.0 1.5 2.0 

Input Voltage Range: 0 V to 3.3 V 
3.0 3.5 

Fig. 3.8: Simulated trimmed input offset voltage over ICMR after Step 2 

Table 3.6: Simulated results of trimmed input offset voltage after Step 2 of trimming 

ICMR 

Low 

Mid-Rail 

High 

TRIMMED OFFSET VOLTAGE (VOS) 

PMOS Differential Pair ON: VOS (P) 

PMOS & NMOS Differential Pair ON: 

VoS (P)+ Vos (N) 

NMOS Differential Pair ON: V o s (N) 

VALUE (uV) 

75.3 

60.5 

42.1 
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This procedure is performed to avoid averaging two large but opposing drifts over 

various portions of the specified temperature range. The average of a U-shaped drift 

curve would be deceptively small if only end points are taken into account. The input 

offset voltage drift as a function of temperature is represented as 

dV, OS 

dT 

Vos (T,) - Vos (25° o | + \V0S (T2) - Vos (25° C)! 

J AVERAGE -M 2 

(3.1) 

where the specified operating temperature range for the amplifier is from Ti = -40 °C 

to T2 = +85 °C and the intermediate temperature is 25 °C. The offset voltage drift is 

usually specified at mid-supply DC value which in this case is 1.65 V for 3.3 V 

supply. 

The RBIAS resistor in the PTAT Bias circuit as shown in Fig. 2.11 in Chapter 2 

can be implemented using a poly-silicon or a diffused resistor. A poly-silicon resistor 

has a negative temperature coefficient and a diffused resistor has positive temperature 

coefficient as identified in TSMC 0.18 um CMOS process. The choice of RBIAS 

resistor film in the PTAT Bias circuit can influence the offset voltage drift over 

temperature. To demonstrate this issue, drift curves for untrimmed and trimmed input 

offset voltage are plotted in Fig. 3.9 and Fig. 3.10, respectively. These curves are for 

the case when the RBIAS resistor in the Bias circuit is implemented using a P+ poly-

silicon resistor. This is followed by offset voltage drift curves for the case when a 

diffused resistor is used in the Bias circuit. The plots for drift curves are shown for 

untrimmed and trimmed input offset voltage in Fig. 3.11 and Fig. 3.12, respectively. 

The offset drifts are calculated as per Eq. 1 and summarized in Table 3.7 for two 

kinds of resistor that can be used to implement the PTAT Bias circuit. It also shows 

offset voltage drift is reduced when laser trimming is performed. In case of poly-

silicon resistor in the bias circuit, drift is reduced from 3.12 uV7 °C to 1.37 uV/ °C 
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and for a diffused resistor in the bias circuit, it is reduced from 3.44 uV/ C to 0.99 

uV/ °C. 

Table 3.7: Simulated input offset voltage drift values over temperature (- 40°C to + 

85°C) 

RBIAS Resistor 

Film 

Poly-silicon 

Diffused 

Un-trimmed V o s Drift (uV/ °C) 

3.12 

3.44 

Trimmed VOS Drift (uV/ °C) 

1.37 

0.99 

25.0 50.0 

Temperature (C) 

Fig. 3.9: Simulated un-trimmed offset voltage drift curve for RBIAS implemented as P+ 
poly-resistor 
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> 
3 

I 
o 

25.0 

Temperature (C) 
75.0 

Fig. 3.10: Simulated trimmed offset voltage drift curve for RBIAS implemented as P+ 
poly-resistor 

25.0 
Temperature (C) 

Fig. 3.11: Simulated un-trimmed offset voltage drift curve for RBIAS implemented as 
diffused resistor 
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Fig. 3.12: Simulated trimmed offset voltage drift curve for RBIAS implemented as 
diffused resistor 

3.2 Experimental Results 

The test-set up used for experimental results involves the rail-to-rail amplifier 

configured in non-inverting unity gain. This configuration is used to determine the 

functionality of the amplifier in terms of DC and transient response. For the purpose 

of the test, the chip was mounted on a Printed Circuit Board (PCB). The instruments 

utilized are the Agilent E3631A DC Power Supply for bias, supply and ground 

voltages, the Tektronix TDS754 Digital Oscilloscope for measurement of the 

amplifier DC and transient response, the Agilent 33250A Arbitrary Function 

Generator for sine-wave and square-wave generation and the Keithley 2002 Precision 

Multi-meter for measurement of DC values. The test results show that the expected 

functionality was achieved for the amplifier. The DC power supply of 3.3 V is used 

and a discrete capacitor of 470 pF was used as an external load. The measured results 

are described as follows: 
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• Fig. 3.13 shows measured DC input sweep response of the amplifier. The non-

inverting input of the amplifier was swept from 0 V to 3.264 V shown by curve 

CI and the output DC response attained is from 0 V to 3.237 V as shown. 

• Fig. 3.14 shows measured sine wave response from the amplifier. A sine-wave of 

3.302 Vp.p at 1 KHz was applied at the input shown by curve C2 and the output 

sinusoid response measured is 3.285 Vp.p (Curve CI). Fig. 3.9 and Fig. 3.10 

demonstrate the rail-to-rail output swing capability at the output of the amplifier 

with a capacitive load. 

• Fig. 3.15 (a) shows measured transient response for a large signal square wave 

response. A square wave of 3.308 Vp.p at 1 KHz is applied at the input shown by 

curve C2. The output response is slew-rate limited as shown by curve CI. The 

measured slew rate is 0.22 V / us approximately. Fig. 3.15 (b) shows enlarged 

view of the Fig. 3.15(a) 

• Fig. 3.16 (a) depicts the measured transient response for a small signal square 

wave. A square wave of 100 mVp.p at 1 KHz is applied at the input shown by 

curve C2 while the output response is shown by curve CI. Fig. 3.16 (b) shows an 

enlarged view of Fig. 3.16 (a). This measurement was performed to determine the 

stability of the amplifier [30], which shows no ringing in the response of the 

amplifier. 
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Fig. 3.13: Measured DC transfers characteristics of the input common-mode range 
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Fig. 3.15: (a) Measured transient response with large signal input (b) Zoomed-in view 
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Fig. 3.16: (a) Measured transient response with small signal input (b) Zoomed-in view 
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3. 2.1. Laser Trimming of Poly-Resistors for Offset Voltage Reduction 

In this section, experimental results on offset voltage reduction are shown while 

performing laser trimming of P+ poly resistors as load resistors in the rail-to-rail input 

amplifier stage. The laser trimming is performed using the Nd-YAG laser. As 

proposed in Chapter 1, the local heating due to the laser pulse creates a melted spot at 

the surface of the poly-resistor. At this location on the surface, the crystalline 

structure of the resistor undergoes a change, which is accompanied by reduction in 

the value of resistance for the P+ poly-resistor. The trimming of Vos involves 

iterative steps during which melted spots are created on the surface of the resistor and 

the resistance value is decreased with each step. The test set-up parameters during 

experiments with laser used for trimming P+ poly-resistors are tabulated in Table 3.8. 

These parameters were obtained during experimental optimization process, which 

creates a stable change in the value of the poly-resistor after trimming. 

Table 3.8: Laser equipment set-up values for trimming of P+ poly resistor 

Laser power consumed 

Laser pulse time-period 

Time difference between each laser pulse 

0.6-0.8 W (Box); 

0.2 - 0.3 W (Chip) 

290-300 ns 

96 ns 

In Table 3.8, "Box" represents the power as indicated on the laser controller, which is 

the total output power of the laser and "Chip" means the power that reaches the test-

chip as the laser traverses through the acousto-optic modulator that is about 25%-30% 

of the total power. The operational amplifier is configured in unity gain set-up for 

offset voltage measurement and trimming as shown in Fig. 3.17. The Device Under 

Test (DUT) is the amplifier designed and fabricated for this thesis work. The 
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amplifier has a load of 473 pF discrete capacitor at its output terminal. The input of 

the DUT is connected to a Keithley 2400 Source and Measurement Unit designated as 

Multi-meter A while the output of the DUT is connected to Keithley 2002 Precision 

Multi-meter. The Multi-meter A is used to generate a voltage ramp sweeping from 0 

V to 3.3 V with a specified number of steps and the Multi-meter B is connected to 

measure the output DC voltage value corresponding to the input value during the 

sweep process. Both multi-meters are interfaced with a GPIB cable connected to a 

Central Processing Unit (CPU), which is a desktop PC processing a MATLAB code. 

MULTI-METER 

A 

_"\ 
4 >. 

v 

VDDi 

INPUT 

OUTPUT 

DEVICE UNDER TEST 

J . 
J 

MULTI-METER 

B 

CENTRAL 
PROCESSING 

UNIT 

{MATLAB Code, 
Screen Output) 

\ r 

Fig. 3.17: Offset voltage measurement test set-up 

The voltage sweep is generated using the MATLAB code where the increment steps 

are also specified. The code records the OUTPUT terminal voltage of the DUT, 

VOUTPUT and INPUT terminal voltage of the DUT, VINPUT- The output plot consists of 

offset voltage, Vos as a function of input voltage sweep, VINPUT- The offset voltage, 

Vos is defined as a difference of VOUTPUT - VINPUT- The experimental results on offset 
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voltage trimming are presented for five different samples of the amplifier denoted as 

OPAMP1, OPAMP2, OPAMP3, OPAMP4 and OPAMP5. For OPAMP1, the values 

of untrimmed offset voltages at various parts of the common mode are shown in 

Table 3.9 which were obtained by readings from Multimeter B and verified using 

MATLAB plot of Fig. 3.18. The un-trimmed offset voltage ranges approximately 

between -0.18 mV to +0.21 mV over common mode voltage sweep and the curve 

response corresponds to Case 5 from Fig. 2.9 (e) in Chapter 2. 

Table 3.9: Measured un-trimmed input offset voltage at various ICMR values 

ICMR 

Low 

Mid-Rail 

High 

UN-TRIMMED OFFSET VOLTAGE (Vos) 

PMOS Differential Pair ON: Vo s (P) 

PMOS & NMOS Differential Pairs ON: 

V o s (P) + V o s (N) 

NMOS Differential Pair ON: V0S (N) 

VALUE (mV) 

-0.178 

+0.060 

+0.211 

Now using the trimming steps and flowchart described in Chapter 2 and the resistor 

selection Table 2.1, Vos(P) is trimmed while maintaining the PMOS differential pair in 

operation at low common mode voltage of 0.45 V. The P+ poly-resistor R8 is 

trimmed until Vos(P) is approximately equal to Vos(N)- The multimeter readings 

obtained during this phase of trimming are shown in Table 3.10. This completes Step 

1 of trimming sequence and its MATLAB result shown in Fig. 3.19 where Vos(P) lies 

in the same plane as VQS(N)-
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Input Voltage Range: OV to 3.3V 

Fig. 3.18: OPAMP1 - Measured un-trimmed input offset voltage over ICMR 

Table 3.10: Measured trimmed input offset voltage over ICMR after stepl of trimming 

ICMR 

Low 

Mid-Rail 

High 

UN-TRIMMED OFFSET VOLTAGE (VOS) 

PMOS Differential Pair ON: V o s (P) 

PMOS & NMOS Differential Pairs ON: 

V o s (P) + V o s (N) 

NMOS Differential Pair ON: VOS(N) 

VALUE (mV) 

+0.193 

+0.205 

+0.213 
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Next process is Step 2 of trimming sequence during which R2 is trimmed. The 

trimmed Vos lies between -25 uV to +50 uV over the common mode voltage range. 

The measured readings from Multimeter B are presented in Table 3.11 and MATLAB 

plot result in Fig. 3.20 and a close up view in Fig. 3.21. Further results are presented 

for more samples of the amplifier. For sample, OPAMP2, Fig. 3.22 shows the un-

trimmed offset voltage ranging between +0.1 mV to + 0.5 mV over common mode 

range. The trimmed offset voltage plot after Step 2 is presented in Fig. 3.23 where the 

input offset voltage is between -30 uV to +30 uV. The results for only trimmed offset 

voltage curves are presented for the remaining samples of the amplifier over ICMR. 

The trimmed Vos for OPAMP3 lies between -40 uV to +40 uV as shown in plot of 

Fig. 3.24. In case of OPAMP4, it lies between -50 uV to +60 uV as shown in Fig. 

3.25 and for OPAMP5, it lies between +80 uV to -20 uV as shown in Fig. 3.26. The 

measured results for trimmed offset voltage at mid-supply and over ICMR are 

summarized in Table 3.12 for five samples of the amplifier after Step No. 2 of 

trimming. 
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Fig. 3.19: OPAMP1 - Measured trimmed input offset voltage over ICMR after Step 1 

Table 3.11: Measured trimmed input offset voltage over ICMR after Step 2 of trimming 

ICMR 

Low 

Mid-Rail 

High 

TRIMMED OFFSET VOLTAGE (VOS) 

PMOS Differential Pair ON: VOS(P) 

PMOS & NMOS Differential Pairs ON: 

VoS (P) + VoS (N) 

NMOS Differential Pair ON: VOS(N) 

VALUE (u.V) 

-15.95 

+17.0 

+43.6 
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x10 

1 1.5 2 2.5 
Input Voltage Range: OVto 3.3V 

3.5 

Fig. 3.20: OPAMP1 - Measured trimmed input offset voltage over ICMR after Step 2 

x10 

0.5 1 1.5 2 2.5 
Input Voltage Range: OVto 3.3V 

Fig. 3.21: OPAMP1- Zoomed-in view of Fig. 3.20 
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x 1 0 

1 1.5 2 2.5 

Input Voltage Range: OVto 3.3V 

Fig. 3.22: OPAMP2 - Measured un-trimmed input offset voltage over ICMR 
• 5 

x10 

13 

1 1.5 2 2.5 

Input Voltage Range: OVto 3.3V 
Fig. 3.23: OPAMP2 - Measured trimmed input offset voltage over ICMR after Step 2 
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1 1.5 2 2.6 

Input Voltage Range: OV to 3.3V 

Fig. 3.24: OPAMP3 - Measured trimmed input offset voltage over ICMR after Step 2 

x10 

1 1.5 2 2.5 

Input Voltage Range: OVto 3.3V 

Fig. 3.25: OPAMP4 - Measured trimmed input offset voltage over ICMR after Step 2 



82 

1 1.5 2 2.5 

Input Voltage Range: OV to 3.3V 

Fig. 3.26: OPAMP5- Measured trimmed input offset voltage over ICMR after Step 2 

Table 3.12: Measured results for trimmed input offset voltage at mid-supply 

and over ICMR for 5 samples of amplifier 

SAMPLE 

OPAMP1 

OPAMP2 

OPAMP3 

OPAMP4 

OPAMP5 

TRIMMED V o s (fiV) @ 

MID-SUPPLY (1.65 V) 

+17 

-15 

+25 

-20 

+50 

TRIMMED Vos (jiV) 

OVER ICMR (0 - 3.3 V) 

-25 to +50 

-30 to +30 

-40 to +40 

-50 to +60 

+80 to -20 
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CHAPTER 4 

Conclusion and Future Work 

This chapter summarizes this dissertation and gives an insight into future 

work that can be performed associated with this thesis. 

4.1 Thesis Summary 

This thesis demonstrates a method to trim poly-silicon resistors available in 

standard CMOS processes and its application to precision analog ICs. A three-stage 

operational amplifier topology has been designed which has laser trimmable poly-

silicon resistors. These resistors form a part of the circuit as load elements. A PTAT 

bias circuit has also been designed to generate DC bias points for the amplifier. The 

complete circuit was implemented at silicon level. The mathematical analysis 

developed for offset trimming sequence for a CMOS rail-to-rail amplifier input stage 

has been successfully implemented. The offset voltage trimming steps during 

experimental phase show a good correspondence to the theoretical and simulations 

analysis for offset trimming. Though trimmed rail-to-rail amplifiers are available in 

the market, yet a comprehensive mathematical analysis describing the offset voltage 

trimming methodology for a rail-to-rail CMOS differential amplifier is not published 

in the literature. This thesis work intends to bridge this gap and it is learned that 

trimming a rail-to-rail differential input stage is an altogether different method from a 

simple differential input stage, as it requires a careful selection of load elements that 

can be trimmed. To facilitate the trimming sequence, possible offset voltage curve 

cases have been identified and provided along with a resistor selection table. The 

offset voltage trimming over ICMR is performed in two steps. During the first step of 

trimming sequence, it is identified that the offset voltage of the PMOS differential 

pair is 3 times more sensitive compared to the offset voltage of the NMOS pair. 

Therefore, trimming the lower pair of trimmable load resistors is performed such that 

it affects the change in the offset voltage of the PMOS differential pair. This is the 
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key aspect of trimming sequence during which the offset voltage of the PMOS input 

pair is trimmed so that it becomes equal to the NMOS pair offset voltage. This is 

followed by the second step of trimming during which the upper trimmable load 

resistors tend to have the same impact on offset voltages of PMOS and NMOS input 

pairs. In addition to developing an input offset voltage trimming methodology for 

CMOS rail-to-rail amplifiers, this thesis work also demonstrated the ability to trim 

poly-silicon resistors available in standard CMOS processes by local heating at the 

surface of the resistor using a laser pulse. 

The closed loop configuration results during the experimental phase have 

shown a successful silicon level implementation of the amplifier. The measured input 

DC sweep and sine wave response show a rail-to-rail input and output signal 

processing capability of the amplifier. The large signal response of the amplifier 

demonstrates the slewing capability and the small signal response has shown no 

ringing behavior indicating the amplifier is stable in closed-loop configuration. The 

device matching issues were addressed both at circuit and layout level. This was 

important to have an untrimmed offset voltage as low as possible before any 

trimming of offset voltage can be applied. A large untrimmed offset voltage can 

influence the size of the resistors to be trimmed for reducing offset voltage. The 

method of laser trimming presented in the thesis creates melted spots where the 

surface of the resistor undergoes a change in its crystalline structure. This method 

causes a decrease in the value of the resistance. So, in case of a large untrimmed 

offset voltage, it will require larger surface area to create multiple spots in an iterative 

manner to attain the target value of trimmed offset voltage. The analog circuit and 

layout design skills used during the design phase have resulted in less than 1 mV 

untrimmed offset voltage over the ICMR as measured during testing period for all the 

samples. The reduction of input offset voltage of the amplifier has been 

experimentally demonstrated using laser trimming of poly-silicon resistors, which is 

in correspondence with theoretical, and simulation analysis. There is no additional 

circuitry needed for offset trimming. As observed from experimental results, the 
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method of trimming poly-silicon resistors utilized during this work is completely 

compatible with standard CMOS processes. There were no additional masks used 

during the manufacturing process to implement such method of laser trimming. The 

results obtained for trimmed offset voltage shows that the trimmed offset voltage is 

less than 30 uV at mid-supply for 5 trimmed amplifier samples. Among all five 

amplifier sample, input offset voltages were trimmed to be less that 110 uV over the 

ICMR from 0 V to 3.3 V. 

The trimmed offset voltage for the samples of the amplifier showed almost 

negligible drift over the ICMR when tested after a period of 6 months. Such 

experiments were performed to determine the stability of trimmed resistors and its 

influence on input offset voltage. Most of the experimental efforts done during this 

work were directed towards trimming the offset voltage of the amplifier. However, 

experiments are needed to determine open loop DC gain of the amplifier and unity 

gain-bandwidth. To observe the influence of trimming on the CMRR, it should be 

measured before and after trimming to determine its improvement. Also, the Total 

Harmonic Distortion (THD) measurement will be useful to further characterize the 

amplifier. One of the most important parameters remaining to be measured is offset 

voltage drift over a specified temperature range. This will further allow this work to 

draw comparisons with reported low offset, low drift precision CMOS amplifiers 

using different methods of trimming techniques. 
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Integrated Circuit Trimming Technique for Offset 
• Reduction in a. Precision CMOS Amplifier 

Raial SiHgli1, Yves Au.dets, Yws. Gagtwjrf. and Yvttn Savatia1 

'DspmtmmtqfEhefri^Engme&ing.EeafeP^'tGehniqHGdeMonSriktf, P.O. Base. 6S7S>Statia% Centm-vilk, 
MmtiykiliQC'l CtmadaHSCM? 

*LI$IM Techmshgieu: Jsc. 44S Mhd Armani Frsppi&rr Suits 140. Lam! (QQ Canada H7Y4B4 

Abuiact—This article presents an application of a 
recently reported IC trimming technique using la:er 
diffused resistor-! to reduce the input inferred offset 
voltage of a precision amplifier, A three stage precision 
CMOS QBerafional amplifier topology is propose*! 
ntiliiittg laser-rrimniable: diffused resistors for p«st-
fabricatian trimming, The amplifier is designed to operate 
over an industrial temperature range (~M6C to -4-SfcC) 
iacludiag process- corners and utilize: an au-cbip CMOS 
In.i- generariea circuit to maiataia .1 robust performance. 
The results of poit-iayoiit siiniaktiau «f the complete 
circuit are summarized. The effects of the trimming 
technique ©a the iaput offset voltage af the amplifier are 
described. Tlie ciicuit i; designed uting the T&MC 0.1 Sum 
CM0% process aad operate: from a single supply of 3,3 V. 

I. INTRODUCTION-

Pi session aniplifiais find many application: in isistoi 
based systems tstiliiMd fci i&dnsvtrial control and 

siistrusientatioLi devices wises e a high degiee of sera: acy it 
needed. An important paiametei of a predsicr, amphfiei is 
the input leferred offset voltage which dstet mines it: DC 
accuracy 3essce niismatci and package induced sties; liavs 
an e&ct on the input offset voltage, aid temperature changes 
sti tlie inrrossninig environment mtfluence tlie associated drift 
cf offset \ioltaza. Tisese facto;: tend tc hunt the DC aecusacy 
and dytsasusc range of an amplifier '.'.tilled tea high precision 
applications. To overcome this peitcrssanee issue moss 
comraeazial piecisiou amplifiers exploit an K asainmis 
teenm^ue winch can lotvei the minal input offset voltage 
Cantuiiics.s-t:ase lasea tsiaaniij ofiesistors at waiet level is 
one surli X trmussmg method which is used fci offset 
teductice. in piscisica amplifies: 

la the follc-wing sections, an agplscatseas of a new lasei 
SritamabU difrhsee ressstor ".] is discussed The aiticls 
proposes an arssisitectssia of a thsee-staga pieestiota rail-to-iail 
CN'Oti amplifier with a isgii DC gain I: exploits iasei-
tiiniuiable diffused resistors far laducskni af input lefesed 
offset voltage of the atsphfiei The laser diffused jesastoj :s 
eossspletely eonspati'svle with sttndad CMOS fabtscatKai step: 
snd does no: reasssrs any spacsaltzeipiccessmg 

The tranasable scstctssse consists of ;wc is:gl£y-doped p-:ypa 
10: n- :ype) :eg:oiis separated by a gap of n-type (ot p-npel. 
It ear. be considered as a gaseles: MOSFET tvbeis two 
Jisgi.'.y-doped jegioas aie aaalcgcus to the seance sad drssn 
regimis and th€ cbansel teams the gap regscss The accus acy 
cf t k ; lesistoi caa be precisely coatiolLed by appl>i»g a bsei 
pulss oa the gap region \vi:ch teads to mei&ng of sslnou 
ss:bsnate and results ia diffusioa of depaats from the two 
i;sily-dDped :eaaoas Tat desa-Lptiou cf the p:opcsed 
sciplitset topology is pjesented :n seitioa H »llcwed by tha 
lesult; of Tost-layctR tisiulatioa ia sectics: HI. insulation of 
tlie Utasnimg affaet of dsf&sed I^SISKJIS fci offset seduction :s 
s.tc«ivr. 111 Mcaoa IV 

H. PROPOSED AMPIJKERARC HnECTORE 

The auipli£es- design is sesfticted to three aniyltrjiag stages in 
csder :a Usict tse complexity in ssabiistuig a Ingher usanber of 
stages, while sunultaueously aduevstig issgh cpen hsc-p DC 
gaas Tie anipl.ficatica stages wese designed to offei a DC 
grsn of appioxmutely 1 Cu V V per stage. For low drift, i t : ; 
•.sspsatix's to have leducsd virability of cirnu: 
chaiacteristi?-. aver tsocatt and tasuperatuse chaagss. With 
?Liis sssne nj eoiisideiatiau. a CMOS bias gasteiatoi was 
designed to teduce the vassziiens of the cticuit patauieteis 
ever an mdustaal tsssperansrarange a£-40"'C tc —Sf C 

Foi ? laaeial mtsltple stags amplifies dessgss. :t is usually the 
mpiE stage tliai: ss the mam source of saput ofrse; s-oltage f̂ I-
In tiis ccstext. tie input of the fisst s:age is citticaL jet 
piedsisa desiga. Ail crmcaliy matcaed dr.'sxe; iuclssdiag 
those m the ant-plifer aud tie bias genaratcx ase designed 
with state-of-the-ai: b>*out matching tecbnsc_ues applied to 
ttansistois and resistoss "3] L?rge atea devices have *ean 
designed to minimize device paisuietai vanan-ons CusicaLly 
snatched trasisistes of l ie iaput drflfetatstial stage are placed 
eti the die's centsal a:ris whale Iciv stisis gsadiessK orr^r in 
cider to nmssmise ssusitis'ity to die sfiesi [4]. 

Tha details of tie pioposed tcpolcgy of a thiee-staga 
cperaticjsal ajjsplirer are shot̂ -n m Fsg. 1 The auiplsfiei 
consists cf a iail-;o-rail input stage fbiined i,vith transistois 
yill to 2\34 assd resistas RI :c R7 sctitg as [cad. 

file:///ioltaza
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Figure I. Schematic of the proposed three stage friisiuaMs p'sebicss ampifiar. 

F a a folded caicods complementary irtptit stags, ai c ids 
to mir-iaiize ittotttos. ;t :-.. mrpcrtaiit tc "kisp t ie ovsiall 
gam of ills r.nt vsge ar traniroiid-.ttfance. £•„.. sf the aspttt 
pan somtant over the eoatplete icsmsos mode input 
voltage :ange Tins ii achieved by opeiatita; tie MGs 
ttunis pair i^ the iub-thie:hold isfioa whei* the e> v. 
propartiotial to tie diais current [5]. The «„ conn al fat the 
tapir: itage i; governed hy a cuiieut source M2S, a current 
-.wttii M25 arid a cmient minor M24-M25 [5]. The input 
ttage ahc meoipaiate^ die late: •attainable diffused 
temtotr:. 5n«.:- *c: :~ e P'-apc.* c : seducing the offset 
voltage «" tie amplifies The lecoad anipkfytag t,:age 
eer.dt.tt of a ittstple diffejeuttal pan amplifies fctmsl by 
M3f aai M37 to M4C Thi; :i fallatyed V- a 
cosxpleinffiiary oi«put itage ^6] witch czaittts of M36 
a.rtd M-li to 2-1-6 that &»n dsive a larse capaiinve load 
The complete amplifies i; stabilized by tidss die Nectad-
Mtller competttatton tachmc.us proposed ui [~] The 
capasitoi; C6 and CT and reir-ton Ei and E9 form tie 
ttvtenial ccropesiatiou usiwcik C5 :: u-.sd to it>ll-cff the 
gtoi of the HLxst itage m side; te avoid xty ttetc that cottld 
affect the perfoamance of the aatplif-ar m the neajieitcy 
band of iiste; eit 

A CMOS Propoisiojial-Tc-Ab'-oLute-TeitipafaMie ;PTAT1 
bias :3i:-.'.:t for the snipifiei i: Jiows a Fig I. where Ml 1 
to M22 teams the aiuing :ore which is a variant of the 
topolosy described m [5]. The operation of this cir:ui; :; 
baied on tie ptirttiple that a Jtaient it, geneiated &-J.& to tils 
difference ui V,-„ of MIS asd M2S that develop! a a m ; 
tie relator Rl Thn î  achies'ed bv deitfiiiif 
W'idii Leigdi J L l rate of MIS larger tliaa that of M2C. 
Iu to:; ca;e. £-.e jatio tba Ml? it wo tisiei the ratte of 
M2D and Votli ttaszittor; opetate m vuVureJioid legion.. 
Thete ccidtttcr.;. coupled \»ith the V J U ivitsf cussen; 
Kiaiai 2.I11-M15. produce a ciuient iomna tkrcttgi. Rl 
wludi v. a fcactica. of tetapeiattae only ar.d ridepessdeast of 
tupply i-oltase vartatiaa Bmvevei. "lie t i a r a s cuserit 
value n aho bcund to ;h:ft over procett paiametei 
vai lalisiit. In arder to maustatti:- 'jjjfle opeiatrai ia:« 3a 
tie bianaz care a ittart-up ctrcnit :c tnjplera.Er.ted with 

tramictoii Ml to 2*110 VI and Y2 ate esteaaal tvtpply 
voltage; sppliec to keep the ttait-up ciictut m chelation. 
The ciir.n; hac two bisciag %-oitagei. VBIAS1 and 
VBIAS2. Fis. 1 -JJOWI tie tayoct of the pioterjpe chip 
\v«k ampufiei andbiai i c u i t -ufemittad. for febsisatian 

Figure 2. Schematic of bias generator 

Figure J. Laj'mstsf the pcposed, aiajJlitMr 

II.. POST-LAYOUT SIMULATION MESIiLTS 

To design a piecisias amplifier, it is tseoeasary tbat ths 
•circuii characteiistks i-emauii robnst foi all process 
•comers aatt ths fak«d. cperating temperature range be&re 
temrnitig am be applied fir offset reobcticm. Use complete 
circuit is simulated far a load capacitaac* of 500 pF asisig 
SPECTKE .simiiktar wiik BSM3v3 mostek Bis ciravfi 
utilises 3. single supply of 3.3V sad is designed in lite 
TSMC O.lSum CMOS process, la order to demonstrate 

http://eer.dt.tt
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lie cperaticei of tlie isil-tc-raii utjwM ieatiae. Fig. - thowt 
a plot of variation; m tie loir frequency gain p»i:-laycffi 
sua'.'.bted at 0.0] Hz aver a cammim mode input valuge 
range frost 0 to 2.3 V. 7ie;e leai i i . e'atamec fci all 
proce^ coma:;, indicate a uniform £*> scotrol. Tc 
minimize ditwitioa. tlia gam mast i earns, airly eauitaut 
ever tin coEmm mods input lange Tie dnralahas wa; 
pafeijced ic-i a temperatuia of 25 ' C and smnlai remit; 
were obtained tci tie complete cperctmg temperature 
tange i-40"C to -S5''C). Table I i3i<™-i the ipecficaticsii 
c : (Lie amplifier oral the t«cips;?hc:e ian§* for a Typical-
Typical piocatt, comei Thi'.e limtdation: indicate lew 
vamtian of different anipifiei ^pecifinaticr.: ever a wide 
cemp-iiatine isnge Table 2 lictvi the variability of the 
ipeafiatioas svsi all tvt pro;e;s coma; a: 15 C. Thau 
results ;attSim that a icfaut areMtetture it achieved while 
cnauitaiiiuig Low power caasiffitptioti 

die target value a£ ths ofiiet voltage aftet aiminir.g The 
process cf tiintniiig evolve; a single lasa pube m the 
gap segion between tie diffused letistoi:, at a i-.tar.ee. 
Lfiih- T j e two iishlj doped regiant xain the diffused 
:es::itois that have tap nodes C and D ccsaiKted to each 
eth«. tint fcmiEg a duct of two istissou 1:1 isjie; 
between node A and B. Asiuuisaj tiers i; enough -Basray 
m tae lass pvJ.se. lis interactive: with slices, lesnltc ia 
melting of the two highly doped 3egioas. causing Jcp?ut 
dirrxracn su the say regis:; diat creates a low resistance 
p;>th bettveen ihesx. Til-, is electrically equivalent tc 
Et?kin§ s shcis circuit connection between tare identical 
segments of lie highly doped regions, Tiis. placets 
produces a ciange in the lesistaace value of RJS£,j rcj 
litis desisr.. N - diffusion us-istcst have been utsc. Tin, 
tingle late: pulse n, geueiated by a Use: bsain peoiiianins 
system that ha; a miumuin letoiuticii m a gives direcnoa. 
The miumum spatial issohrticn between two diitmct laiet 
beam pcuticaii, 5 aad 5 - 1 it called X. Atmniuig a lineal 
lelaticcthip cstweeu latei puke potidoa z-ui the ietnltdn$ 
effset voltage a£« tttmmiag. die physicsl length cf tLie 
dti&r.ed tetittor I it givea. by 

21',. 
'-X m 

Still assuming: Usearity, t ie pesitiss at wliiA tlis laser 
learn far tiimmiiig mast be placed i s the gap between the 
diffused resistors is apprisxiuiaialy gives by 

. I'm. m-4MHlM>@M 

Fiz>ae~ D C G j u n i Ccmaica nsoda mprt veltage 

Trsbls 1 Reiult'. fra 
Temparaaire f C jl 

GaiU'dB' 
?ba.eMatsxi ' i 

C-BV." :1Hz~l 
Pawei fsulR") 

TVMC*1-T>TI 
-40 

12f-
6^3? 
7415 
C5-i 

icsKTTl DIM*" coscei 
- 2 5 
123 0 
62 S7 

628 1 
0 55 

- S f 
120 4 
i«39 
S510 
^ *• 7 

T»Bl 
F:csa-.i 

Gam (dB) 
?ia;e (!, 

&3%MtK=) 
Pwvei ;m.U"} 

? 2 Simn 
TT 

323 0 
62 8"? 
S2S.1 
o?*; 

aaon 3e.Bls;atT = 
iS 

ii-iS 
6: • -

5S9 1 
0t*6 

FF 
1119 
66 53 
6S-i.~ 
0 *2 

:f3c 
FS 

116 0 
66 36 
iS13 9 
0 62 

ZT: 

119 6 
63 &2 
«?C2 
0 5^ 

IV TFJ-MMMC-FOR OFFSET REDUCTION 

If the trnaased letiitcs u to achieve ? cpecuS: taigas 1-aiiu 
la oidei tc adjuit l ie input tsft:st •. oltaze dt= ph>iical 
leagtsi. L of *he ciffii^ed lauttcir m-iit ba determctad 
jppicpnately ThediiSaed resutca ss diowiim Fie 5 Let 
Max (Y,K-r-,rmM-r) 'be tie uiajaaiinn oiEer ', sjltaae 
befcie -im mmg thr can be ccnected a^d V,j>.t(.cA(t"^ it 

The abtn'e ai^alysis is correct to fest older and a mete 
elaborate wos-k oa this Hsbgect is xusdeâ vay to deternihae 

SIETH. 

I i 

I s 

HXI f l POSITIOK ( » t 

«EE™ POSITION ta»n 

IN-TsflWl 

» cr«r*(sre 
t 

Figure 5. Dif&sed resistor (RrMt,«i tntibeam posttioBi&g 
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_c trim tie tapta cfEet voltage to tew tsutat of a 
aiiaovolt. the te« dxcuit eoaSgicatiou m:: : not lntsodtas 
sn-ai" greats than t!i« offcet voltage, Foi the pic<pc--s3 
ardutectsie cf the ax&pli&i. a doted loop aos-uivsttiiig 
coiifigta-attca i a : been u;«d f« oSstf volts ga 
utHJVBeuuiu xid adj'iUtxMnt [$]. Tie input referred ofifca: 
voltage 1; modeled a- a voltage soiuee. \\n at the aca-
taveitsag input of tli£ ampliSa fear tie purpose cf 
ciiisvuaticr.. Use isprn: lefared of Set voltage for a aca-
taverttag ccufifraanon zsu be expieued a: 

Table ii Trim ecudittett! at T = 2S C (Vcu=L6$ V) 

v, , = .y ) T - v . T , 

tvhae Von ii the output DC voltage, V, •; :t ths coimcon 
n;oc» input voltage and A -, :: tie cloven1 loop gaus The 
Y ,* axpisivicn may have a positive or negative value that 
detsraEiiH which K.THW tetr.tot will be subject to 
eimniiig Tne efiect of offtet adjustment by sstatmisg the 
sesittors R u n ess Yd- has sees plotted us Fig. 6 To* 
'.sap e» etas coefficient of tie diffused resistor RTJW it; 
taken mto accoust wiile perfoisahsg aay sasulatioas Tits 
plot shows ci£Saent values of Y s-THiAisrj obtained for 
cottespoadmg value: ofX.r*tw Table 3 sicAvs an example 
of condition; setose and aftax trimming It demcm-.tiate: 
dut initial offset voltage of -2 e V was xeduced to a target 
value c: -~C9 ,Y" while nnrtniag Rrw; i 2 am 2CK1J tc 
I X i l Tie offset is adjusted fes a Y, M = 1 £5 V or ffitd-
t'ipply value when both ?MOS asd NMOS differential 
p33j ais opeiatiag The input offset voltage trill vary ov« 
die eatue ecs^aioa mode vcluge lange. depeadmg tspon 
which dit&ieattal pat: is sew? NMOi or ?MO$ cs "both 
[10.11]. To maintain a Low offset voltags varatiaa over 3 
sytde ecEcasoa mode would reqtixe aa additional ?3U 
diffused lesiitois connected vr.sh tie lowei issiscai RS and 
R~ similar to X2-Rf and RII, ; • lom^ecttcci Tltt 
coafigtarMtoa i a ; aot yet bssr. miorpoaated vs. the 
proposed amptifiar topology. 

r i i.s5 K, mwi 

.z... 
^ mt -I.-TSS-W. ?.:?*••? ? ^ K ' ' . ^ K •** 

Fi.^ine. 6. Tacsei Vr* \"5. VaxiduS' Ra»tw values. 

COISBITHJM 

S>ffiraSfl»ft*JS=il? 
i'B^i 

NO-TKIM 

20 KQ: 

+2mV 

POST-TRIlil 

I K O 

+70.9 nV 

V. CONCLUSION 

Th» c::ciut description of a pioposed pi&ji::oa CMOS 
aaiplilier and ?TAT but ssasatc: vnzi pis^sated. It iva» 
tiowti mat ampLfial ciaiactejistics are toisraat to ptocEt.: 
vanationt;. supply 3iid teaiperatiire ehaisgit. Smmlatica; 
alio '.iowed the appicafeca of la^ss tjasanable diSfoia-d 
letKtot: tc reduce ths wpttt sefetsd DC sfftet '.-oltage A 
piotctjpe i i p in ; baen '.ubsiitted foi fabjisation tc 
validate tie piedtmm jmpkfia: fvracBcEAity ssA the effect 
cf the la>a tiimmad diffiiied xe;i;tc;i 
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