UNIVERSIDADE FEDERAL DO RIO GRANDE DO SUL
PROGRAMA DE POS-GRADUAGAO EM MICROELETRONICA - PGIZRO

DALTON MARTINI COLOMBO

Bandgap Voltage References in
submicrometer CMOS technology

Thesis presented in partial fulfillment of the
requirements for the degree of Master in
Microelectronics

Prof. Dr. Gilson Wirth
Advisor

Prof. Dr. Sergio Bampi
Co-Advisor

Porto Alegre, November, 2009



CIP — CATALOGACAO NA PUBLICACAO

Colombo, Dalton Martini

U)

Bandgap Voltage References in submicrometer CMO!
tecnology / Dalton Martini Colombo — Porto Alegférograma de
Pos-Graduacao em Microeletronica, 2008.

92 f.:il.

Thesis (Master) — Universidade Federal do Rio Geashal Sul.
Programa de PoOs-Graduacdo em Microeletrbnica. Psldgre,
BR — RS, 2008. Advisor: Gilson Wirth; Co-Advisor:ergio
Bampi.

1. Projeto Analogico CMOS. 2. Referéncias de ten8ao
Referéncias de tensdo Bandgap. [|. Wirth, Gilsén,Bampi,
Sergio.

UNIVERSIDADE FEDERAL DO RIO GRANDE DO SUL

Reitor: Prof. Carlos Alexandre Netto

Vice-reitor: Prof. Rui Vicente Oppermann

Pré-Reitor de Pos-Graduacdo: Aldo Bolten Lucion

Diretor do Instituto de Informatica: Prof. Flavie&h Wagner
Coordenador do PGMICRO: Prof. Henri lvanov Boudinov
Bibliotecaria-Chefe do Instituto de Informatica:aBéz Regina Bastos Haro



ACKNOWLEDGMENTS

First | would like to thank my family (Decio ColorapMaria Ap. Martini Colombo
and Allan Colombo) for all support they always gteeme. It was only through their
help that | had opportunity to study and investiy career.

I’'m very grateful to my supervisors Gilson WirthdaSergio Bampi for the great
opportunity to work with them. They always give wauable guidance and support.

| would like to thank for all members of the UFR@$croelectronics group (and
Informatics Institute), professors and technicahmbers. In specially, I'm would like to
express my gratitude for the friends of 100 labmmat- all helpful discussions were of
great value to me.

I'm grateful to the reviewers of this work: Profsltamiro Susin, Eric Fabris and
Robson Moreno. | also thank the professors of UNfBEthe first opportunity to work
with academic research: Paulo César Crepaldi aadi®Agusto Carpinteiro.

At the end, | would to thank the CNPq for the fioiah support that makes this work
possible.



TABLE OF CONTENTS

LIST OF SYMBOLS .....cuuuiiiiiiiiiuiiiiiiiiietiiiias eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseeeeeeeeeeeeeeeeeesnes 6
LIST OF ABREVIATIONS AND ACRONYMS ...ttt i 8
LIST OF FIGURES. . ... ..ot ettt e e e e eeeeeeeeeennnees 9
LIST OF TABLES ... ettt e e e 11
AB STRACT ... ttttttttttttttttttttreteeeeeeeaeeeeeares —eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseeeeeeeeneeesenenees 12
RESUMO ...ttt ettt ettt ettt et et e et et e e e e e e nnenenee e 13
I 1V I 0 15 16 L 1 N 15
2 BANDGAP VOLTAGE REFERENCES. ... s 18
2.1 Generation Of V13 and Vo.... oot 19
P O Ui o 11 AR o] | r= o 22
2.3 HISLONCAlI VIBW...cceeiiiiiitiee et emee e 24
3 BANDGAP VOLTAGE REFERENCES DESIGNED .........cccooes coiiiins 28
0 = ] Gt PR 28
3.1.1 Implementation DetailS.............uuuueeerireeiiiiiieeeeiiires e e e e e e e e e eeeee e e e 30
3.1.2  STArTUP-CIFCUIL ..ottt ettt e e e e e e e e e e eeeeeeaeaeeees 31
3.1.3  Layout Of BGRL ......ccoiiiiiiieiiienees s e s e e e e e e e e e e e e e eeeeeeeanennnnnn s s 33
3.1.4 Post-Layout Simulation reSults........ceeeeeeeereiieeee e 34
3.2 BGRZ ettt a e e 36
3.2.1 Implementation DetailS..........coooui e 37
T -1 o1 ] o I O | o 1| R 39
3.2.3  Layout Of BGRZ ...t ettt ean e e e e e e e e 40
3.2.4 Post-Layout Simulation RESUILS ........ceummmmeeieeeeeeiiiiiiieiiiiiien e eeeeeenn 43
R T = ] o SRR 45
3.3.1 Implementation DetailS..........cccoiiieeeeeeiiiiiiiiiie e 47
TR T S =g U | o I o | {01 U | PR 48
3.3.3 LayOut Of BGR3 ......oiiiiiiiiiiiee e ettt e e e e e e e e naaaaeaaeaeaees 48
3.3.4 Post-Layout Simulation RESUILS ........coummmmiieiiiiiiiiiiiei e 49
4 LOW-VOLTAGE LOW-POWER, NOISE AND VARABILITY ISSUES. ...... 53
4.1 Low-Voltage and LOW-POWET ......cccooiiiiiiiiiiiieeeeeee et 53

4.1.1 ReESIStIVE SUDAIVISION ... 55



4.1.2 Low-Bandgap Material..............eiiimmmmciiie e eeee e e 56

4.1.3 Virtual Low-Bandgap DEVICE...........coummeiieeeee et 56
4.2 Variability caused by Fabrication ProCess.......ccc.uvviiieiiiiiiiiiieee e, 57
G T @ 11 010 | N (o] ] TR 61
4.4 Trim range limited DY NOISE......cccooiiiiiiiiii e 65
ot R N ] o | (ol U | PSP 65
o I8 1 1 = Vg o = 66
4.4.3 Trim range for BGR1, BGR2 and BGR3 ... ieiiiiiiiiiiiiiiiiiiinien e 67
4.4.4 New trim range for BGR1, BGR2 and BGRS3 e 68
5 CONCLUSIONS ... e 70
REFERENGCES. .......oottiiiiiiiiiiit ittt ettt et et et e et e e e e e eeeeeeeeeennees 72
PUBLICATIONS BY THE AUTHOR OF THIS MASTER THESIS. ... ................ 77
ANNEX A EXAMPLES OF COMMERCIAL BGR’S CHIPS AND THEIR
PERFORMANCE PARAMETERS ......uuiiiiiiiiiiiiiiiiiiiis evereeeeeieeeeeeeeeeeeeeeeeeeeeeeeees 78
ANNEX B MAIN PARAMETERS OF IBM 0.18 puM 7RF TECNOLOGY .......... 79
APPENDIX A SUMMARY IN PORTUGUESE (RESUMO DA DISSERT ACAO)
......................................................................................................................... 82
APPENDIX B FIGURES ......coiiiiiiiiii s ettt 86



VRer
Vo
Ve
AVge

AVRer TEMP

Vise

V1H

2 < > &

=~

LIST OF SYMBOLS

Voltage Reference
Bandgap energy of silicon extrapolated for zertvide
Base-emitter voltage

The difference between the emitter-base voltagjetsvo
BJT's

Variation of the Verover the operation temperature range

Voltage that corresponds to 1 bit variation intda
Converter

Thermal voltage

Collector current density

Geometric and fabrication process parameter
Temperature coefficient

Temperature coefficient of the current source Bupg
the diodes

Boltzmann’s constant

Charge of electron

Absolute temperature

Room Temperature
Common-emitter current gain
Collector Current

Base Current

Saturation Current

Ratio of emitter areas
Temperature-independent constant
Temperature-independent constant
Temperature-independent constant

Arbitrary number defined by the temperature deleeice
of the current forced through the collector



Vs Gate-source voltage

Ipo Process constant

n’ Subthreshold slope factor

W Channel Width

L Channel Length

Vov Overdrive Voltage

Vos Offset Voltage

Vt Threshold Voltage

B Negative feedback factor

Bp Positive feedback factor

Vprar? Square proportional to the temperature voltage

[ supply Supply Current

VDD un Minimum supply voltage for one traditional BGR

AV Rer Variation in Vker

AVRer TOTAL Total Variation in \ker

AVRer Variation in \ker due to each error source

VREF_MONTE_CARLO Output voltage from Monte Carlo Analysis

AVRer TEMP MONTE_carlo  Variation in \ker over TEMP range from Monte Carlo
Analysis

V0s_MONTE_CARLO Offset voltage from Monte Carlo Analysis

VREF UPPER 30 behavior for the damaged output voltage

VREF DOWN 30 behavior for the damaged output voltage

AV Rer NoOISE Variation of output voltage due the noise

V PEAK-TO-PEAK 3o value of noise behavior

VRrus RMS noise

gm Transconductance

Ngits Number of bits needed to trim the circuit

VEs Initial full-scale tolerance expected

Viss Value of the least significant bit

V accuracy The target accuracy (after trimming)

Kc “Safety Factor” used to reduce the value pfgv

Ke Device-specific noise constant



LIST OF ABREVIATIONS AND ACRONYMS

BGR Bandgap voltage reference

BiCMOS Bipolar Junction Transistor and CMOS tecloggl
TC Temperature coefficient

DTMOST Dynamic-threshold voltage MOS transistor
PTAT Proportional to absolute Temperature

PTAT? Square PTAT

CTAT Complementary to Absolute Temperature
OA Operational amplifier

VLSI Very Large Scale Integration

CMOS Complementary Metal Oxide Semiconductor
BJT Bipolar junction transistor

IC Integrated Circuit

PSR Power Supply Rejection

PSRR Power Supply Rejection Ratio

BW Bandwidth

DRAM Dynamic Random Access Memory

PLL Phase Locked Loop

TSMC Taiwan Semiconductor Manufacturing Company
DAC Digital to Analog Converter

ADC Analog to Digital Converter

VLSB Least Significant Bit

VR Voltage Reference

PLL Phase Look Loop

TC Temperature Coefficient

SNR Signal-to-noise ratio

RMS Root-mean-square

TEMP Temperature



Figure 1.1:
Figure 2.2:
Figure 2.3:
Figure 2.4:
Figure 3.1:
Figure 3.2:
Figure 3.3:
Figure 3.4:
Figure 3.5:
Figure 3.6:
Figure 3.7:
Figure 3.8:
Figure 3.9:

Figure 3.10:
Figure 3.11:
Figure 3.12:
Figure 3.13:
Figure 3.14:
Figure 3.15:
Figure 3.16:
Figure 3.17:
Figure 3.18:
Figure 3.20:
Figure 3.21:
Figure 3.22:

Figure 3.23

LIST OF FIGURES

Voltage-Scale 3-bit DAC (Allen, 2004).. .........uueriiiniiaiieeeeeeeeeeeeeeiiiies 15

Generation oftM using two BJT s with different areas...........ccccc....... 22
Typical Curvature of first-ordegrd: over temperature range .................... 23
Integrated voltage reference proposed\tidlar, 1971) ..........oovvvvvvnnnnnnnn. 24
2] 1 PP 29
Vker as a function of temperature and different valu€x...................... 30
Start-up Circuit Of BGRL........ooceeeeiiiiiiii e 32
Start-up Time of BGR1 with and with@Dbtted Line) start circuit.......... 33
Layout Of BGRL.......coiiiiiii oottt e e e e e e e e e e 34
Vier as a function of temperature of BGR1.......ccceeeeiiiiiiiiiiiiiiieeeeeeee, 35
Line Regulation for BGRL (1.7 — 1.9V eeeeiiiiiiiiiiiiee e 35
PSR Of BGRL ...ttt e et e e e e e e eeeeesabee e 36
BGR2 using error-amplifier-base Curt@imror...............cccceeeeiinieneeeeeeneeene. 37

OTA with 2-stages and its bias CIrCUIt..............cccoevvvvvviiiiiiiiicne. 38
Start-up circuit used iN BGR2...ccccaviiiiiiiiiii e 40
Start-up time of BGR2 with and withédibt line) start-circuit................ 40
BGR2Z 1QYOUL ...t et 42
Layout of error-amplifier and its b@sCUIL.............ovviiiiiiiiiiieeeeeeeeeee 43
Vieras a function of temperature for BGR2 .......ceeiiiiiiiieeiiiiee, 44
Line Regulation for BGR2 (1.7 = 1.9.M).covvvviriiiiieieee e, 44
PSR Or BGR2.....oee e 45
Typical Curvature of second-order cengated BGR ............ccccceeeeeennnn. 46
Layout Of BGR3... ..ot 49
VWer as a function of temperature for BGR3.......coeeeeeeciiiiiiiiieeeeieeeee, 50
Line Regulation of BGR3 (1.7 — 1.9V )u.iiiiiiiiiiiiiieee e 51
TPSRAOIBGR3...cceeee e 51

Figure 4.1: \kgr as a function of Supply Voltage for BGR2 ..o 54
Figure 4.3: Cross Section of DTMOST (Annema, 1999)...........ccccoevvvvvveeevvvnnnnnnnnnn. 56
Figure 4.4: Monte Carlo Analysis ofg¥rfor BGRL .........ooiiiiiiiiiiiiiiee e, 59
Figure 4.5: Monte Carlo Analysis OV rer tempfOr BGRI ... 95
Figure 4.6: Output noise Spectrum of BGR2 - (Nd@igés in logarithm).................... 62
Figure B.3: M and M, in common centroid configuration — BGR1 ........cc............. 87
Figure B.4: 8x1 BJT s in common centroid configimat- BGR1, BGR2 and BGR3 87
Figure B.5: Matched Resistors in common centromfigaration of BGR1................ 88
Figure B.6: Bode Diagram of Operational Amplifieyed in BGR2 and BGRS........... 88
Figure B.7: \keras a function of supply voltage of BGR1 ........ccc.cooiiiiiiiiiiiiiiiinnnnns 89
Figure B.8: \keras a function of Supply Voltage for BGR3 ......cccovviiiiiiiiieeeeeen, 89

Figure B.9:

Monte Carlo Analysis ofgéfor opamp used in BGR2 and BGR3............ 90



Figure B.10: Monte Carlo Analysis OV rer tempfor BGR2.....ooeoiiiiiiiii, 90

Figure B.10: Monte Carlo Analysis forgr 0f BGR2..........cvvviiiiiiiiiieeieiieeeeevieeeee, 91
Figure B.11: Monte Carlo Analysis forR¥FOf BGR3........coviiiiiiiiiii e, 91
Figure B.12: Monte Carlo Analysis 8V rer tempfor BGR3......ooiiiiiiii, 92
Figure B.13: Output noise Spectrum for BGRL ..cccceeiiiiiiiiiiiiii e 92

Figure B.14: Output noise Spectrum for BGR3 (N@SES in [0g).........cccevvvvvvvvvernnnnnns 93



Table 2.1:
Table 2.2:
Table 2.3:
Table 2.4:
Table 2.5:
Table 3.1:
Table 3.2:
Table 3.4:
Table 3.5:
Table 3.7:
Table 3.8:
Table 4.3:
Table 4.4:
Table 4.5:
Table 4.7:
Table 4.8:
Table 4.9:
Table A.1:
Table B.1:

LIST OF TABLES

Parameters of equations 2.4 and 2.B(AROO4) ..........oevvvvvreiiiiiiiieeeeeeeenn, 20
Parameters of equations 2.7 and 2.8..........ccccceeiiiiiiiiieceeieeeeeeeeeee, 21
Parameters of equations 2.12 and 2.13...........oooviiiiiiiiiiiiiinnneeeeeeeeenn, 22
Parameters of equation 2.15......ccceeeeuiiiiiiiiiiii e 25
Summary of the BGR’s discussed in #0H@N..............oovvvviiiiiiieiieeeeeeenn. 26
Size of transistors and value of thestessof BGR1 ..............ccccceciiiivnnnnee. 31
Size of devices in Start-up Circuit @M1 ...........ccooeeeeeiiiiiiiiiieieiiiiiien 33
Simulated results for the error-amplifie...........ccccceeevviiiiiie, 38
Size of transistors and value of thestesof BGR2 ...........cccevivivieiiiiinnnne. 39
Parameters of equations 3.10 and 3.11.........cccovvvviviiiiiiiiiiiee e, a7

Sizes of transistors and values oféisestors in BGR3..............ccevviiiiinnns 48
Temperature dependence of error sog@gsa, 2002) ..........cvvvvvieeeeeennn. 58
Monte Carlo Analysis for BGR1, BGR2 BERS3 ..........ccccooevvviiiiieienieene. 60
Output noise al/rer noisefor BGR1, BGR2 and BGR3 ... 63
Parameters of equations 4.10 and 4.11..........cooovrrriiiiiiiiiiiieeeeeeeeeeen, 67
Number of bit for eaCh BGR .......ccooiiiiiiiiii e 68
Number of bit for each BGR considering dutput noise.............cccccoevveeee 69
Examples of Commercial BGR ChIPS. cowwwervvviiiiiiiiieieiiiiiiieeeeeiiiiiii 78

Model Parameters of IBM 0.18 Micron 7#@Ehnology............ccccevvvvvnnnnns 79



ABSTRACT

A Voltage Reference is a pivotal block in severated-signal and radio-frequency
applications, for instance, data converters, Pldrid power converters. The most used
CMOS implementation for voltage references is tl@dyap circuit due to its high-
predictability, and low dependence of the suppliyage and temperature of operation.

This work studies the Bandgap Voltage Referenc&RB The most relevant and
the traditional topologies usually employed to iempent Bandgap Voltage References
are investigated, and the limitations of these iggctures are discussed. A survey is
also presented, discussing the most relevant issugperformance metrics for BGR,
including, high-accuracy, low-voltage and low-povegreration, as well as the output
noise of Bandgap References fabricated in submietentechnologies.

Moreover, a comprehensive investigation on the chpaf fabrication process
effects and noise on the reference voltage is ptedelt is shown that output noise can
limit the accuracy of the BGR and trim circuits.

To support and develop our work, three BGR’s wegghed using the IBM 0.18
Micron 7RF process with a supply voltage of 1.8TWe layouts of these circuits were
also designed to provide post-extracted layoutrmédion and electrical simulation
results. This work provides a comprehensive disonsen the structure and design
practices for Bandgap References.

Keyworkds: Analog Design, CMOS, Voltage References, BandgdprBeces.



Referéncias de Tensdo Bandgap em Tecnologias CMOS
Submicrométricas

RESUMO

Referéncias de tensdo sédo blocos fundamentais ensémne de aplicacdes de sinais
mistos e de radio frequéncia, como por exemplovesores de dados, PLL's e
conversores de poténcia. A implementacdo CMOS msasla para referéncias de
tensdo € o circuito Bandgap devido sua alta pr@ldloie, e baixa dependéncia em
relagéo a temperatura e tensdo de alimentacgéo.

Este trabalho estuda aplicacdo de Referéncia deddeBandgap. O principio, as
topologias tradicionalmente usadas para implemesgtr método e as limitacdes que
essas arquiteturas sofrem sao investigadas. Seb@na apresentada uma pesquisa das
guestdes recentes envolvendo alta preciséo, opecagé baixa tensao de alimentacao e
baixa poténcia, e ruido de saida para as refeeBeadgap fabricadas em tecnologias
submicrométricas.

Além disso, uma investigacao abrangente do impeatsado pelo o processo da
fabricacdo e do ruido no desempenho da referérmpesentada. Sera mostrado que o
ruido de saida pode limitar a precisdo dos cirsuB@andgap e seus circuitos de ajuste.

Para desenvolver nosso trabalho, trés Referéncasddap foram projetadas
utilizando o processo IBM 7RF 0.18 micra com umas@® de alimentacdo de 1.8V.
Também foram projetados os leiautes desses ciscpioa prover informacfes poés-
leiaute extraidos e resultados de simulacédo edétiiste trabalho prové uma discusséo
de algumas topologias e das praticas de projetorpfaréncias Bandgap.

Palavras Chave: Projeto Analégico, CMOS, Referéncia de Tenséo, MRafsa
Bandgap
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1 INTRODUCTION

A Voltage Reference (VR) is a circuit that providesble and accurate output
voltage. The term “Reference” is used to distingdr®m “source”, since a source has
less stability and accuracy. The stable voltageideal is used to bias others subcircuits
to generate predictable and repeatable resulter@&efes are therefore an essential
building block in the design of several applicaipfor example, voltage regulators,
analog to digital (ADC), digital to analog convegéDAC), AC-DC converters, phase-
locked Loop (PLL) and power converters. Figure bveh a typical example of one
voltage-scaling DAC. Depending on the value of tdiginput word, the switches are
configured in such way that a proper fraction & tloltage reference is connected to
the output (Allen, 2004).

™

]

=

=

b

]

L]

3

Figure 1.1: Voltage-Scale 3-bit DAC (Allen, 2004).

To illustrate the importance of a good voltage n&xfiee, consider the following
example. A 10-bit ADC has a voltage referencgagytuned to 3.072 V at 28C. Once
this reference is allowed to cause a maximum eafor: Y2 Vi sg (voltage that
corresponds to 1 least-significant-bit variationeiothe temperature range of 0 to 50
°C, which is the maximum allowable temperature ¢oigfiit (TC) for the VR?

Vref _ 3072

2 N 210

=0.003Vv

Vig =

AVeer _Vig/2 _ 00015
AT~ 25°  25°

=60V /°C
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Accordingly, the VR for this application should yaat maximum 6QV/°C,
otherwise the target DAC accuracy can not be metefArence voltage variation of
only 6QuVv/°C frequently can not be achieved by circuits withdéechniques of
temperature compensation.

A reference circuit is designed to be independentsapply voltage (VDD),
temperature range of operation and fabrication ggeceffects. Moreover, this circuit
should have high accuracy, low output noise andgirea long-term stability. The long-
term stability is the capacity of the referenceptesent the same output voltage and
performance over a long period of time. Finallycg today there is a large demand for
battery-powered products and embedded systemsedbat voltage references also are
required to present low-voltage and low-power opena(Ker, 2005).

In respect of the connected load, the voltage eefas usually are able to drive up
to 100 pA (Rincon-Mora, 2002), more often less than thisuga In case the load
demands a higher current, it is necessary to uselfer amplifier to isolate the
reference from the load, and in this way, the rpghformance is guaranteed even if
larger loads have to be driven.

In the past, many voltage references were desigmbd off-chip. However, external
circuits influence the signal integrity and incredise pin count of the system, what is a
large disadvantage in the current scenario requhigh integration and low cost, where
many times whole systems are fully integrated msigingle chip (Freitas, 2007). Thus,
voltage references should present the featuresdliabove and be compatible with
integrated CMOS technology.

As some desired characteristics impose design idasighat are conflicting with
other features, usually two important system trezasbe distinguished when designing
a voltage reference: i) targeting at low-power,iiprtargeting at high-performance
(Annema, 1999).

Bandgap references (BGR) are one of the most popufaementation for voltage
references. The origin of this technique was thekviny Hilbiber (Hilbiber, 1964) and
seven years later, Robert Widlar (Widlar, 1971)posed the first integrated circuit
implementation of the Bandgap concept.

This work presents a study of BGR design in CMOé&hnelogy. The Bandgap
principle, the traditional topologies usually emy#d to implement this idea and the
limitations of such architectures, especially ifmntabrication processes are used, are
addressed herein. The state of the art of the n@dsamderway in this area is also
presented. Constraints and performance metricsidimgy high-accuracy, low-voltage
and low-power operation are discussed, and noiseess related to the Bandgap
performance are also treated.

Special investigation on the impact of fabricatjpmocess effects on the Bandgap
performance is presented. In addition, it is shdhat the output noise can limit the
performance of the BGR and the trim circuits.

To support and to develop our work, three BGR’s ewdesigned using a
submicrometer technology. The layouts of theseuitBavere also designed to provide
post-extracted information. The fabrication procesbe used is the IBM 0.18 Micron
7RF (accessible through the MOSIS service). Thikrielogy was chosen because it is
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a standard CMOS fabrication process which has edgabilities for RF and mixed
signal applications, and, moreover, the designfditit was licensed by UFRGS
University through the MOSIS silicon brokerage s=#v It has 6 metal layers and
supports a nominal supply voltage of 1.8 volts. Taglence CAD tools, including the
SPECTRE simulator were used to design and simalbtércuits.

The text is organized as follows. Chapter 2 presstire BGR principle, an historical
view of this voltage reference method and somelwdefanitions related to it.

In the Chapter 3, the three Bandgap voltage referemnlesigned are described in
detail. The layout techniques applied to reduce ithpact of fabrication process
variations is also presented.

Chapter 4 presents some limitations inherent tdréditional topologies, mainly in
designs requiring low-voltage and low-power operati The state-of-art design
techniques presented in the literature to overctivase restrictions are also presented.
Moreover, variability caused by the fabrication gges and the output noise are
investigated.

The conclusions are presented in chapter 6. Apgefdiresents the summary of
this Master thesis in Portuguese. Appendix B argh@w figures and the deduction of
output voltage for the designed BGR3 circuit, resipely. In Annex A, examples of
commercial Bandgap reference voltages and theifopeance parameters are
presented. Annex B shows the model parameterseofeithnology used to design the
circuits.
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2 BANDGAP VOLTAGE REFERENCES

The Bandgap voltage reference is a technique tloatsathe generation of an output
voltage with little dependence upon temperature @owler supply. This reference was
named “Bandgap” because its output voltage is closd.166 volts, which is the
Bandgap energy per elementary electron chargdiaorsi extrapolated to zero Kelvin
(Veo) (Allen, 2004).

Before to start explaining how this reference vgori is important to define the
usual metrics used to characterize the performaheeltage references.

» Temperature drift: it is the variation of the nefece voltage over the operation
temperature range of the application. The typicetrit used for these variations is the
temperature coefficient (TC), and it is frequentlypressed in parts-per-million per
degree Celsius (ppfi€). The TC is calculated by means of equation Riiqon-Mora,
2002).

1 B aVREF
Ve OTemperature

TCprr = (2.1)

* Line regulation: it is the variation inR¢r caused by power supply variations. It is
usually expressed in percentage.

* Load regulation: it is the variation ing¥r caused by the effects of loading the
reference supply.

BGRs with different temperature coefficients canif@lemented. Very different
TC values are reported in the literature, as fetance 70 ppfiC (Tzanateas, 1979)
down to 3 ppnfC (Yao, 2005) over a wide temperature range. Theranany possible
implementations for the BGR concept, where each amigeves a different accuracy.
Often trade offs have to be met, as for instanoesenaccurate BGR’s often demand
larger silicon area. Thus, it is the applicationowttefines which BGR architecture
should be used in each design. For many applicatguch as an operational amplifier,
a simple low-precision reference is fully adequated

The small dependence ofgM- upon temperature is achieved through a balanced
adding of two voltages with opposite temperatureffocient, as described by equation
(2.2). If the constantal anda2 — both temperature-independent — are chosencim su
way that equation (2.3) is satisfiedgg¢ with zero TC at room temperature is achieved
at some given temperature T where the equatiob&l®v applies.

Vo =allV, +a2V (2.2)
REF 1 2
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O:alaaﬁ+a2.% (2.3)
oT oT

Considering that Yincreases with temperature, it is usually calledpBrtional to
Absolute Temperature (PTAT) voltage. Them décreases with temperature and is
frequently called Complementary to Absolute Tempeea (CTAT) voltage (Razavi,
2001). There are different ways to generaieald \4, and in the section 2.1 one of the
most widespread methods is presented.

2.1 Generation of V; and V,

The most prevalent technique in the literature avigle V; and \ is through the
built-in voltage of a diode or the base-emittertagé (\gg) of a bipolar junction
transistor (BJT). The widespread use of this tepinmmis due to:

» High-stability against fabrication process effecfévidlar, 1971) with a
predictability of about: 2 to 5% (Rincon-Mora, 2002).

* Well characterized temperature dependence.

Equation 2.4 describesgy voltage and equation 2.5 describes its temperauite
Table 2.1 presents all the parameters of equatibbdsand 2.5. Assuming room
temperature § = 300 K and typical values for other parameter§, dalculated by
equation 2.5 is about —1.5 mV/°C. Sincg:=Woltage decreases with temperature, it is a
CTAT voltage.

J
Vee =V [[]n(Ale-yj-'-VGO (2.4)
aVBE Vae =Voo k
— g = ——+(a - — 2.5
3T |v=r0 T (a-y) q (2.5)
The thermal voltage (), in table 2.1, is described by equation 2.6 (Ra2001).
k[T
VTH - (2.6)

q
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Table 2.1: Parameters of equations 2.4 and 2.21(AR004)

Parameter Description Typical  Unit
value
Vge Base-emitter voltage 0.7 \
Veo Bandgap energy of silicon extrapolated to zerosikel  1.166 \%
V1H Thermal voltage - \%
Jo Collector current density - Afm
A Geometric and fabrication process parameter
y Temperature coefficient 3.2 -
o Temperature coefficient of the current source 1 -
supplying the diodes
k Boltzmann’s constant 1.38x10  J/K
q Charge of electron 1.6x1td) C
T Absolute temperature - K
To Room temperature - K

Unfortunately typical BJTs with optimized devicerustture are not available in
standard CMOS processes and therefore these tassisust be built through parasitic
devices. In general, there are two parasitic BAaTEGMOS process: vertical and lateral
BJTs. The cross-section of (a) vertical PNP traasiand (b) lateral PNP transistor in
CMOS p-substrate process can be seen in figureThd.shaded area in the figure
represents the flow of charge carriers, henceldwrieal current lines.

p substrate
(a)
C E ] B

p+ \p+@p-@p-/’ n+ p+
n epilayer

p substrate
(b)

Figure 2.1: Cross-section of (a) vertical (b) laté?NP BJT in CMOS technology

As can be seen in figure 2.1 (a), the vertical BIJBuilt with a drain diffusion, n-
well and p-substrate, that act respectively as temibase and collector. Once the
substrate (collector) is always connected to thetmegative supply voltage, the use of
vertical devices is limited for certain applicatiomvhere the grounded collector is
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admissible. For circuits where it is necessary dotwl the voltage at the collector
terminal, lateral PNP BJT is recommended.

However, parasitic devices present some disadvesté#igcompared to standard
transistors. Due to the large base size, pardaifis present a large base resistance and
a high rate of recombination — which leads to alsneaue for the common-emitter
current gain [8r). Such effects lead to a more difficult matchimgla large possibility
of latchup. But, if good layout techniques are aapln the design, these disadvantages
can be significally reduced - what explains thegéause of parasitic BJTs in BGR
designs (Vermaas, 1998), (Cajueiro, 2002) and (§e@004). Equation 2.7 describes
beta gain and table 2.2 shows its parameters.

B, = :_c 2.7)
B
Table 2.2: Parameters of equations 2.7 and 2.8
Parameter Description Unit
Be Common-emitter current gain -
lc Collector Current A
Il Base Current A
Is Saturation current A
Jo Collector current density A/m
n Ratio of emitter areas -

Up to this point, the reasons why thggWoltage has been vastly used as CTAT
voltage have been discussed. But, how will the PvAltage needed to achieve the
compensation proposed by equation 2.3 be generated?

The PTAT voltage can be obtained through the Thewodage. Equation 2.8
describes the temperature dependence@fwltage, and its value is +0.087 mV/°C.

(Razavi, 2001).
—aVTH = Vi
oT T

One way to generate the thermal voltage is frondifference between the emitter-
base voltages\Vge) of two bipolar transistors. If these two devickfter only by their

emitter area and are operated at the sajmendl temperature, théVge is given by
equation 2.9 (Razavi, 2001).The parameters of i2@lso given by table 2.2.

(2.8)

I, 0
AV =Vge, Ve, =Viy fIn et =V, On| €L =52 | =v__ [In(n) (2.9)
‘]CZ lSl C2

Figure 2.2 shows one possible scheme to genemt®g: voltage. If the voltages

Vo1 and b, are forced to be equal, using for example casdaed&es AVge voltage
appears across the resistor R.
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VDD
®: ®
v01ﬂ—' — V.02
Q1 EEH
Q2
A nA

Figure 2.2: Generation oft\ using two BJT s with different areas

In summary, following the concept expressed by Bguna2.2, it is possible to
generate a PTAT voltage {(Wand a CTAT voltage (3 by means of ¥y and \&e
voltage using standard CMOS processes with paraBiTs. Section 2.2 presents the
achieved output voltage when ®nd \4 are summed to produce the reference.

2.2 Output voltage

Substituting e and 4y voltages in equation 2.2 and makiag equal to 1, the
output voltage obtained is described by equatid@0.ZThen, it is possible to desigri
in such way that the output voltage shows zero &atpre drift at room temperature.

Veer =V +a1IV,,, (2.10)

After choosing a proper value farl, one can prove that the value gfg¥at room
temperature is given by 2.11, whergy s the thermal voltage at room temperature and
the parameterg andy are given by table 2.1. Details of this deductoa presented in
(Allen, 2004). Consideringol= 300 K and typical values for other constantgzAhas a
value around 1.262 V, what is few milivolts highlean Vo - explaining the reason for
the name “Bandgap voltage reference”.

VREF|T:TO =Vgo +Vio(y—a) (2.11)

Althought the negative TC of g¢ is cancelled by the positive TC ofpyYnear the
room temperature; the obtaineggy still has temperature dependence of the orde®of 2
to 100 ppm/°C. One of the major reasons for thisab®r is better explained through
equations 2.12 and 2.13, which describe the teryeralependence ofg¥ voltage
(Tsividis, 1980). Equation 2.13 is the Taylor serexpansion of equation 2.12. Table
2.3 explains all parameters of these equations.

Vee =V *+Viy Eﬂn(gj—[@— N)-x| ¥, OnT (2.12)
Ve =@, +aT +a,T°+...+aT" (2.13)

Table 2.3: Parameters of equations 2.12 and 2.13
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Parameter Description Unit
Vge Base-emitter voltage \Y
Vo Bandgap energy of silicon extrapolated to zeroviel Vv
V1H Thermal voltage \Y

C Temperature-independent constant — comes frorsatiueation -
current.

D Temperature-independent constant — comes froraditector -
current.

N Temperature-independent constant — comes fromageanobility -

for minority carriers in the base
X Arbitrary number defined by the temperature deleace of the -
current forced through the collector, i.e., x T PTAT current.
T Absolute Temperature K
&, &, .. & Constants of theTaylor series expansion -

As can be verified through equation 2.12, thgg Woltage is not exactly
complementary to the absolute temperature; it hasralinearity described by the
multiplication of the temperature by the logarithoh temperature. Equation 2.13
provides another way to see this non-linearity digiothe Taylor expansion of 2.12.

When the sum of M and y (Linear term) is evaluated, only the linear pdVge
voltage is offset. The term T*In(T) is not competesh what explains the remaining
temperature-dependence of the output voltage effenthe sum. Figure 2.3 represents
graphically the topics discussed in the last tw@ageaphs.

of Ve Verar=(Vrn)_
U) ‘‘‘‘‘ ”——
m ~ ”’
et e -
or -
> o IR
- ~
= Viet= VB + VPTAT >~ _
e : \\\
: ~
1
1
- 1
1
1 L 1 i 1 F
T Temperature
0

Figure 2.3: Typical Curvature of first-orderM- over temperature range
From figure 2.3, it is possible to add some obgema:

* The maximum value of M is at room temperature, that is, the point whaee t
derivation of the output voltage in relation to memature assumes the value described
by equation 2.11. At room temperature, the tergp I¥ exactly equal to the\.
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» For temperatures belows,Tthe non-linear term of 3£ is small and therefore, it is
the Vry term that dominates the behavior ge¥increases with temperature.

« For temperatures above, Tthe non-linear term of 3¢ increases faster, in such a
way that it dominates the behavior gg¢ decreases with temperature.

In this section, the output voltage generated thinothe Bandgap concept and the
performance achieved were discussed. For manycapphs the achieved performance
of 20 to 100 ppm/°C is fully enough, and becausthisfreason, BGR circuits became
maybe the most widespread technique to provideagelteferences. Section 2.3 shows
a historical view about this technique.

2.3 Historical View

In the 60°s, one of the most used voltage refesenecas the Zener diode. The
extensive use of this technique was due to its goedormance, such as 10 to 50
ppmFPC over moderate temperature ranges. However, tite alue of the breakdown
voltage, the noise performance, the poor long-tstability and its variability due the
fabrication process of this device, lead to a dedoc alternative solutions for voltage
references.

The Bandgap principle was proposed by Hilbeber 41.96ut was only in Widlar
(1971) that the first integrated regulator using@andgap Voltage Reference was
presented. Figure 2.4 presents the simple forrhisfréference.

v"'

Vrer

&— GROUND

Figure 2.4: Integrated voltage reference propose@\hdlar, 1971)

The proposed Bandgap reference using bipolar téohypovorks as explained in
sections 2.1 and 2.2, generating an output voltdge.205 V. In this circuit, Q1 is
operated with a current density 10 times largent@® and consequently, the/ge
voltage appears across R3. Using transistors viggh-¢pain, the voltage across R2 will
also be proportional to th&Vge voltage. Thus, using transistor Q3, the outputage
is forced to be equal tog¥s plus a constant multiplied by th&Vge voltage, as
suggested by equation 2.10. More specifically, abogput voltage is given by 2.14,
where the aspect ratio of resistors R2 and R3dgiine the temperature compensation.
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R2
Veer =Vee 03t R_3 Vo, On(10) (2.14)

The good performance and the viability offered lny BGR technique resulted in a
large use of this method and the emergence ofrdiffeimplementations, each one
suitable for a different application.

In Tzanateas (1979) one of first implementationsCMOS Bandgap reference is
proposed. Using a standard process with MOS tramsisoperating in the weak
inversion region and one parasitic BJT, a BGR #tdiieved 70 ppC of temperature
performance was designed. The MOS transistors tpgra weak inversion were used
to build the thermal voltage, instead of usingAivge of two BJTs. Please note that the
behavior of MOS transistors operating in weak isi@r (subthreshold) is similar to the
behavior of BJT's, where the current has an expga@iaelationship with the control
voltage. The drain current of the MOSFET in sulghodd operation is roughly
described by equation 2.15 (Allen, 2004). Table &xplains the parameters of this

equation.
V,
I DV—V Opo @xp{,ij (2.15)
L TH
Table 2.4: Parameters of equation 2.15
Parameter Description Unit
Vs Gate-source voltage \%

Ibo Process Constant. It also depends &f (Gource- A
Bulk voltage) and VY (threshold voltage)

n’ Subthreshold slope factor -
W Channel Width pm
L Channel Length pm

Due to the need of more precise voltage referencethe years 1980°s works
emerged that investigated techniques to reduc@&dhdinearity of Bandgap reference
and thus, achieve greater temperature-performance.

In Tsividis (1980) a carefully investigation abdbe temperature effects ig-Vge
characteristics with application to BGR’s was pné=é. It was shown that the main
cause of disagreement between the theoreticalieguat Vge(T) (base-emitter voltage
in function of temperature) and the measured datdie to the wrong assumption that
the silicon Bandgap voltage varies linearly withe themperature. This wrong
supposition led to errors in predicting the outpaltage of BGRs. The temperature-
dependence of a¢ was discussed in detail, and some suggestions pooua the
accuracy achieved by the Bandgap references wesemed. The equation foMT)
presented in that work is equation 2.13, preseintedction 2.2.

As already discussed in section 2.2, Tsividis fidithe need to thermally cancel
not only the first term, but also the high-ordamnts of equation 2.13 to allow a better
temperature performance. This work was the baskifiraccuracy Bandgap designs.
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One of the suggestions of Tsividis was implemerigd PALMER, 1981). This
work proposed a Curvature-Corrected Bandgap referémat implements the thermal
compensation of the nonlinearity ogi/by means of the inclusion of another non-linear
with opposite temperature coefficient. For onepativoltage of 5 V, it was possible to
achieve only +0.02% of variation over temperatamge from -55 to 12%.

Nicollini (1991) proposed a switched-capacitor yullifferential Bandgap reference
suitable for applications that require good PSR#R, ifistance, telephony and audio
processing systems. Making use of standard CMOSepsy a fully differential
approach and without the need of any trimming irssngroduction, it was possible to
achieve a typical performance of 15.2 pp@hand about 90 dB up to 500 kHz of power
supply rejection.

Nowadays, the traditional high-accuracy BGR’s isemmugh anymore to satisfy the
requirement of the current electronic applicatidbae the increasing demand for low-
power portable equipments, low-voltage and low-powyeration becomes essential for
any analog block. In Malcovati (2001), a Curvat@@mpensated BiCMOS Bandgap
with 1-V Supply voltage was proposed. This cirdas an output voltage of 0.54 V, 7.5
ppmFPC of temperature performance and only®2 of power consumption at room
temperature. One disadvantage of this techniquihasneed of a 0.am BICMOS
process to permit low-voltage operation of the apenal amplifier used in this design
— what increases the cost of fabrication.

Another method to reduce the supply voltage wasgmiein Kim (2008). With a
hybrid design, discrete Ge (Germanium) diodes -se®andgap voltage is only 0.6 V -
and a silicon chip connected through one printedudi board, it was possible to
achieve an output voltage reference of 310 mV wi802 ppnfIC TC at 1V of supply
voltage. Nevertheless the use of discrete diodestisompatible with the need for fully
integration demanded by recent applications.

In summary, more than forty years have passed shed3andgap technique was
first proposed, and today it is a commercial rafeecused in the design of a large
number of applications. Moreover, this techniqustil the subject of many research
works, where the current focus is to adapt the B&#hod to design in submicrometer
technologies. We finish this section with table 8fwing a comparison of the BGRs
discussed. In Colombo (2008) is also presentedda womparison between different
Bandgap Circuits. Annex A presents a table witleva €xamples of commercial BGR
chips and its performance parameters.

Table 2.5: Summary of the BGR’s discussed in #isien
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Work Temp. VDD Power Process
Performance ) Consumption
(PpmFC) (HW)

WIDLAR, 1971 ~ 30 5 - Bipolar
TZANATEAS, 1979 70 3.5 10 CMOS
PALMER, 1981 ~3 10 2000 Bipolar
NICOLLINI, 1991 15.2 +5 4800 CMOS
MALCOVATI, 2001 7.5 1 92 BiCMOS
KIM, 2008 302 1 - Hybrid
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3 BANDGAP VOLTAGE REFERENCES DESIGNED

After understanding the Bandgap idea and its osigthis chapter supports and
develops our study presenting three BGR’s desigrseag IBM 0.18 Micron 7RF
technology. The IBM technology is a standard CMQ&cess that presents a vertical
BJT s and its parameters are shown in Annex B

The types of the implemented BGRs were chosen Bectueir topologies are the
basis for the more complex Bandgap architectures, #hen, comprehending its
principles it is possible to understand the issugslving any BGR. Furthermore, to
have a more comprehensive study of the impact fenand the variability, we have
opted to choose three circuits with different parfance.

All Voltage References were designed to operatihentemperature range of -55 to
125°C, and with a supply voltage variation of 1.7 t® 1. The order which these
circuits are here presented is related to theileaeld performance.

3.1 BGR1

Every BGR presents a balanced sum of two voltag#s opposite temperature
coefficient to achieve a good temperature perfogaaAs already explained, the most
common voltages used in this addition are thge ®¥nd V\y produced by means of
parasitic BJT's. The first Bandgap Reference (BGRiplements this concept through
the architecture depicted in figure 3.1.
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Figure 3.1: BGR1

This circuit is a well-know BGR topology (Gray, 200that achieves good
performance with a very simple structure. The exfee uses a “bootstrapped” current
mirror to reduce the power supply dependency. Témsistors M and M, force nodes
A and B to be of equal voltage, and once thaaf@a is n times bigger than,@ PTAT
voltage appears across. Equation 3.1 describes the current flowing thioigy

AVie - Vin Eﬂn(n)
R R

The bulk of the NMOS and PMOS devices are respelgtivzonnected to VSS and
VDD. Transistors M and M, have the same dimensions and the output curgemtis

given by equation (3.2).
(w/ L)SJ
lour = a 3.2

o) =2

Thus, the output voltage is described by equat®B)( Observe that 3.3 has the
same form of equation 2.10, whex& (adjust factor) is given by (3.4). Remember now
that the TC of ¥e voltage and the ¥, are respectively, roughly -1.5 n\@ and
exactly +0.087 mV/°C. Accordingly, the adequateueafor al is about 17, for the
voltage reference to achieve the temperature cosapenm. The exact value afl
depends on several variables, but mainly on the oént, the type of the BJT (typical,
vertical or lateral), the TC of the resistors amel toom temperatureyT

B W/L),
Ve =Vpes + ((W/L j[—ﬁ—[ﬂn(n)m/ (3.3)

( W/L), j[—ﬁ—[ﬂ (n) (3.4)

(WL

| = (3.1)
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In general, the curve of Rér is designed to flatten to a zero-derivative atrib@m
temperature, but this is not a requirement. Howes@nsidering that this assumption is
true, there will be different values afL for each specific o Figure 3.2 shows each
curve (for differentnl values) for three different room temperaturegeNbat the point
where each curve flattens to zero is labeledoas T

Vrer V)

1.290

T, = 127 °C

1.280
/ \ ayﬂ iy
" 1.270 ar

1.260 s — e
] L OV asr _ 0

12501 or Ty =27 °C
1.2401 or
I | 1 1 | I b | 1 L )
/ 50 (40 20 0 20 40 60 80 100 120 T ( ( )
OV ozr
= — 0
or

Figure 3.2: \kgr as a function of temperature and different valu€xo

Section 3.1.1 presents details about the implertienfasuch as transistors size and
design decisions focusing on good performance.i@estl.2 shows the startup circuit.
The layout of this circuit is presented in sectibh.3 and we finish with the post-layout
simulation results in section 3.1.4.

3.1.1Implementation Details
Here a series of decisions taken into account irdesign are presented:

(@ The channel length modulation negatively impacts dltput performance,
and hence should be reduced. Thus large transistomel lengths were used
in the design.

(b)  The overdrive voltage (M) was assumed to be between 150 and 200 mV,
and consequently, the weak inversion operation aasded and more
voltage headroom was provided.

(c) Current | described by equation 3.1 was definededbasn the tradeoff
between minimization of resistors area, minimizatd consumed power and
the matching between the bipolar transistors. kEigdrl, in Appendix C,
shows that th@r of the vertical BJT is very small and depends o lhias
collector current — which is not good for matchirtpwever, it is reported in
Vermaas (1998) that the best choice for matchirig [sas the bipolar device
in such way that th@g is large and constant. Hence, in our design, tiéer
current was chosen to achieve a large and conshre for3.

(d) The room temperature was defined to be in the raiddlthe temperature
range (38C). This helps to reduce the output variation otlex whole
temperature range.
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(e) To reduce the mismatching due the fabrication me®@nd the flicker noise
generated by MOSFET's, these devices were designkdve a large area.
Chapter 4 discusses the variability and the ouipige of BGR’s.

) To allow a good layout matching between the bipdtansistors, @ was
designed to be 8 times larger thapn Qalues larger that 8 are not adequate,
as the separation of the devices increases and emmes are introduced.
Moreover, a large area will be spend with a liitherement in the In(n)
function — equation 3.1

(9) To allow a good layout matching between the ressstthey were designed
to have the same size, then enabling a commonoe@nfiguration.

(h) The type of resistors was chosen based on theis, Ti@sistivity and the
matching properties. The temperature dependentbeofesistor influences
the reference performance. More specifically, iswghown in Falconi (2005)
that appropriate choice of the resistor materia s@nifically reduces the
non-linearity of the output reference and then,j@aas a better temperature
performance. For the task of choosing the resis@terial, analog simulation
is fundamental. Figure C.2, in Appendix C, showsilarstration of the
output curvature for different resistors with diffat TC’s. In our case,”P
Poly silicon resistor presents the best tradeofivben resistivity, matching
properties and non-linearity reduction. This regigiresents a TC equal to

160 ppm?C (IBM, 2005).

Following all decisions listed above, the trangistim the circuit were sized. Table
3.1 shows the final size of transistors, the valluthe resistors and the aspect area ratio

of the BJT's. The dimensions used in the layouats® shown.

Table 3.1: Size of transistors and value of thesteisof BGR1

Device Design Layout Units
Dimensions Dimensions
Mi W 9752 1219 Hm
- = 8x J A
L 5 5
M3’4 w = 7_0 4% E ,U_m
L 7 7
M W 354
5 W _ 354 40 885 Hm
L 3 3 um
Ry, 2 3 3x1 KQ
Q 8x A2 8x A2 -
Q A2 A2 -

3.1.2 Startup-Circuit

One point that should be carefully analyzed inBI&R design is the operation point
stability. The BGRL1 circuit presents two possibl@nps of operation: the first one
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showing the biasing current equal to zero, andsé&o®nd one showing the current equal
to the value described by equation 3.1. Therefbre,necessary to use a start-up circuit
to force the correct operation point. Figure 3.8veh the start-up circuit inserted in the
BGR circuit — this circuit is very similar to th@e present in Brito (2007).

VDD

mM10
GATE M1
M11

M12

M13 GATE M3

GROUND

!
BULK
Figure 3.3: Start-up Circuit of BGR1

The Start-up circuit works as follows. Suppose ¢heuit with the biasing current
equal to zero even if the VDD voltage is applietthe-wrong operation point. Thus, it is
possible that the gate of transistof M at a high voltage that causes & V1 less than
V1 (Threshold Voltage), making current conduction asgible. Without current, the
BJT s are not in forward operation and probablydhee of M has low value in such
way that \&s wsis less than Y. In such a situation, deviceiiof the start-up circuit is
cut-off and M, enters in conduction, since its gate is connettiedDD — Devices Mo
and M are always in conduction. Thus, the gate qfiddconnected to ground, forcing
Vsg m1to be greater thanVand putting the BGR circuit to its corrected opiag
point.

With the reference in operation, the gateiMabove threshold, which makegdMo
enter in conduction. Accordingly, the gate of.Né connected to ground, which leads to
its cut-off — disconnecting the start-up circuibrfr the Bandgap Reference. This
disconnection is important to avoid that the stgrteircuit affects the performance of
the voltage reference.

Two observations about the size of start-up deviaes done here. Since the
transistors Mp and M; are always conducting, they were design with la@nnel
lengths to increase the resistance — what leades® power consumption of this
auxiliary circuit. Devices Nb and M, were designed with the minimum channel length
to provide a low-resistance path to the ground ra#te the start-up procedure faster.
Table 3.2 shows the devices sizes and start-updifrttes auxiliary circuit.
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Table 3.2: Size of devices in Start-up circuit G3B1

Devices Design Layout | Units
Dimensions| Dimensions

MO 1L W _1 | W_1 | gm
L 15 L 15

M12,13] W _ 040 | W _ 040 | um
L 018 | L 018 | um

Figure 3.4 shows the importance of this auxiliargut in case of operation at the
wrong point. Two BGR’s circuits were simulated, ovith and another one without the
startup circuit in a forced wrong operation poihhe circuit with start-up enters in
stable conduction after about 243 while the other circuit remains in cut-off. Ircfait
is well known that fabricated circuits will hardigmain in the wrong operation point,
due the noise and the existing fabrication misnegchlowever, the time of the start-up
procedure can be large for many applications aed,tthe auxiliary circuit provides a
faster operation.

—VT{"OUT_com"} —VT("/OUT_sem")
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Figure 3.4: Start-up Time of BGR1 with and with@Dbtted Line) start circuit

3.1.3Layout of BGR1

Figure 3.5 shows the layout of the BGR1. The tat®d area is less than 123 x 89
um?. The layout of the PNP vertical BJT is providedthg foundry and it can not be
changed. Good layout techniques such as commornoakrbnfiguration and dummy
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devices were used to allow a good matching betwbenMOSFET's, BJT's and
resistors. Appendix B shows more details aboutfi@ied layout techniques.

Figure 3.5: Layout of BGR1

3.1.4 Post-Layout Simulation results

After concluding the layout, the extraction of tbiecuit parasitics was performed.
Afterwards, the circuits were simulated to verihettemperature performance, line
regulation, power consumption and the power supejgction. Table 3.3 shows the

results obtained.

Table 3.3: Post-Layout Simulation Results of BGR1

Parameter Value Unit

Vger @ 27°C 1.152 V

AVRer_TEMP 3 mV
(26 ppm/°C)

Temp. Range -551t0 125 °C
Line Regulation 7 mV
(VDD: 1.7 — 1.9) (35 mV/V)

VDD 1.8 \Y
| supply 147 .4 A
PSR @ 1 kHz 29 dB
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Figures 3.6-3.8 show respectively, thegas a function of temperature, the line
regulation performance and the power supply reeacti

1.1515

1.151 N

1.15 7 AN

1.1495 7

1.148 / \

1.1485

1.148
-75.0 -50.0 -25.0 0 25.0 50.0 75.0 100 120

temp (C)

Figure 3.6: \ker as a function of temperature of BGR1
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Figure 3.7: Line Regulation for BGR1 (1.7 — 1.9V)



36

=IdB20((1 { VF{"/OUT_com™)))
30.0

27.57

25.04

22.5q

Y0 (dB)

20.0-

17.5

15.0+

12.5 ‘ ; ; ; ; ; ; ‘
100 101 102 108 104 10° 108 107 108 10°
freq (Hz)

Figure 3.8: PSR of BGR1

The obtained TC of 25 ppm/°C is in close agreenterthe first order Bandgap
voltage references; in Annema (1999) it is repotted output voltage variation in the
temperature range of - 40 to 120 °C is around 4 mV.

As can be seen in table 3.3 the worst performaacanpeter is the line regulation,
with a value equal to 7 mV for a variation of thgply voltage equal to + 100mV. This
data shows that the current mirror and the vol@geyping composed by M1-M5 are
not effective at different supply voltages. Onesmafor the large output variation is the
channel length modulation. The values of channegjtte used in the current source
transistors are already big, and then increasiegethvalues will not contribute in a
significant way to reduce the channel length mattuta One way to reduce the supply
voltage dependence would be the insertion of casdmbices in the current mirror,
increasing the output resistance. However, the dopply voltage of 1.8 V makes
device cascoding impossible. One alternative todathe insertion of cascode devices
is to use triple-well NMOS devices (IBM, 2005). dhgh these devices, it is possible to
reduce the bulk-effects and provide a better ugheivoltage headroom. This solution
frequently requires extra-fabrication steps, whaahuld lead to increased cost.

Besides the high-VDD dependence, this architecicteeves a poor power supply
rejection rate of 29 dB at low-frequency. The nexology to be studied, BGR2, is less
sensitive to VDD and presents a better PSR.

3.2 BGR2

The second implemented Bandgap Voltage Referenc@RZ3 was proposed
initially in Gregorian (1981). This popular topolpo@gchieves the same temperature
coefficient as BGR1, however, using an error-anghbased current mirror it is
possible to obtain a better line regulation perfance. Figure 3.9 shows the BGR2
architecture.
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lvi;s

Figure 3.9: BGR2 using error-amplifier-base curmairror

Using an error-amplifier with a high voltage gain A is possible to get equal
voltages at the nodes A and B, since the negatigdlfack is provided. The negative
feedback is guaranteed because the negative fdedaetor By is greater than the
positive feed factofp.

The resistors Rand R are designed to be matched, what leadsgg ¥ Vps; for
the matched devices Mand M. As a consequence, the BJT s are supplied by equal
currents given by equation 3.5

|2 OVee _ Vi [n(n)
R, R,

If we consider that the Offset voltage Jy of the amplifier is zero, Ner IS
described by equation (3.6). Observe again thaal3® has the form of equation 2.10,
where the adjust factonl) is given by (3.7). Therefore, the resistor aspatio and
the bipolar areas should be designed to acladveughly equal to 17.

3.

_ R,
Veer = Ve, On(n) 0V, 3.6
+(le n(n) (3.6)
al= (—RZJ (n(n) (3.7)

Section 3.2.1 shows details about the implememtatiech as, transistors size and
design decisions focusing in good performance.i@e&.2.2 shows the startup circuit.
The layout of this circuit is presented in sect®b®.3 and we finish with the post-layout
simulation results in section 3.2.4.

3.2.1Implementation Details

Alls decisions taken into account in the desiglBB&R1 were also considered in the
design of BGR2. Moreover, other issues were ingagtd, for instance, the architecture
of the error-amplifiers.
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In the literature, several types of topologies ased to implement the “error
amplifier”. In Kourdounas (2007) and Xing (2007) éational Transconductance
Amplifier (OTA) with 2-stages were used. In LeurZpQ4) and Tom (2004) a simple
differential pair is used to implement this function addition, Mok (2004) defends the
use of the simplest architecture due to its reduétst and the easy matching that this
topology achieves. In summary, the architecturacehdepends on the constrains of the
system for which the reference is intended, suclaraa occupied, accuracy, low-
voltage and low-power operation. However, regaslitgfsthe architecture used, it must
provide high gain. The errors in the PTAT voltageeration are inversely proportional
to the gain. Frequently, open loop gains highentB@ dB are used in this design.
Another issue that must be carefully analyzed esstability of the error-amplifier, and
in this case, it is often necessary to use compiensi@ avoid instability.

In our case, considering that the gain can be estlafter fabrication, we decided to
design an amplifier with more than 70 dB of gaiml @ahphase margin greater tharf.45
A Compensated OTA with two stages was chosen tdeimgnt the error amplifier.
Figure 3.10 illustrates the op-amp circuit and supply independent current source
used to bias it. Figure C.3, in appendix C, shdwesBode diagram of the OP-AMP. To
ensure that the bias circuit does not become ilestédansistor M is designed with a
width 3 times larger than that of y(Sedra, 1997).

VDD

MP1

Vop
M M
(!,)P |L—1‘—3|% (VIV)P Vbias
fout

L
I rer
Vi'o"—o| e ’V_Dl.lt
W W Cc
(—E)N — K(I)N H
- M, M., MNOZT—‘—H:MM CMN2
= Rs

Figure 3.10: OTA with 2-stages and its bias circuit

Table 3.4 shows the simulation results for the @dmepland table 3.5 shows the final
size of transistors, the value of the resistors thedaspect area ratio of the BJT's. The
dimensions used in the layout are also shown.

Table 3.4: Simulated results for the error-amplifie

Value| Unit
Open-loop gain 74 dB
Phase Margin 50 °
Bandwidth 13 MHz




Table 3.5: Size of transistors and value of thesteisof BGR2

Device Design Layout Units
Dimensions Dimensions
OP-AMP
Mp2 W _1125 225 Hm
L 15
Mp1 W _1742 20x 871 Hm
L 2 2 HUm
Mpo, p3 W:llﬁ 8x 1;45 HM
L 15 15 Hm
Mno,N1 W_16 4x [% Hm
L 4 15 Hm
Mn2 W _374 374 4m
L 4 4 Lm
Cc 500f 500f F
Independent-Supply Voltage Current Source
M3’4 W = 3_0 4x 7 5 ﬂ
L 2 2 HUm
Mo | W_5 5 m
L 5 5 Lm
Mz | W _15 15 4m
L 5 5 Lm
Rs 7.4 6x1.2332 KQ
Other Devices
Q1 8x A2 8x A2 _
Q2 A2 A2 -
Ro3 7.5 4x1.875 KQ
R1 1.1 2x0.550 KQ
M 12 w = 3_8 4 X 9 5 ﬂ
L 2 2 HUm

3.2.2 Start-up Circuit
The BGR2 also requires a start-up circuit to aubiel wrong operation point. This

auxiliary circuit is the same used in BGR2 anddbenections are shown in figure 3.11.

39



40

The analysis is similar to that presented for BGRWM the start-up procedure was
simulated, as shown in figure 3.12, The referentb the start-up circuit entered in
operation after 5 miliseconds, while the circuitheut start-up started conduction after
15 milisenconds. The large time of start-up indisathat the size of M transistor
should be increased to permit a greater drivingecur

VDD
M10
GATE M1
M11
M12
M13 Vieee
F
GROUND
T
BULK

Figure 3.11: Start-up circuit used in BGR2
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Figure 3.12: Start-up time of BGR2 with and with¢divt line) start-circuit

3.2.3Layout of BGR2

Figure 3.13 shows the layout of BGR2. The layous wane manually and the total
area used is less than 63 x 150 which is almost the same size of BGR1. Good
layout techniques were also applied in this dediggure 3.14 shows the layout of the
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operational amplifier and its current source inadeOne can see that the bias circuit
has approximately the same size of the error-arepldue to the large size of the
resistors. The compensation capacitor is implenteréth Metal-Insulator-Metal
(MIM) material.
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Figure 3.13: BGR2 layout
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Figure 3.14: Layout of error-amplifier and its b@scuit

3.2.4 Post-Layout Simulation Results

In a similar way as for BGR1, post layout simulati@after parasitics extraction, as
run to verify the temperature performance, the hegulation and the PSR. Table 3.6
shows post-layout simulation results. Figures 315 show respectively, thexM-as a
function of temperature, the line regulation perfance and the power supply rejection.

Table 3.6: Post-Layout Simulation Results of BGR2

Parameter Value Unit

Vger @ 27°C 1.166 \Y;

AVRer Temp 3.12 mv

(24 ppm/°C)

Temp. Range -551t0 125 °C
Line Regulation 170 0y
(vDD: 1.7 -1.9) (0.85 mV/V)

VDD 1.8 \%
I supply 262 WA
PSR @ 1 kHz 60 dB

As can be seen on table 3.6, BGR2 presents the sanperature performance as
BGR1. However, it presents an improvement of 4Cesinn terms of line regulation.
With almost the same area used, and 1.7 times pwwver consumption, it was possible
to achieve an improvement of more than 15 dB inpthwer supply rejection. However,
the temperature drift of 24 ppMC may be not enough to achieve the performance
requirements of many applications, for instance, Hmgh-resolution data-converters.
Hence, Bandgap architectures that correct the twevaf the output voltage should be
used. Section 3.3 shows the design of a secona-BfaR.
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Figure 3.15: Weras a function of temperature for BGR2
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Figure 3.16: Line Regulation for BGR2 (1.7 — 1.9 V)
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Figure 3.17: PSR for BGR2
3.3 BGR3

As already introduced in section 2.2, one of thenn@ntributors for the output
voltage curvature is the non-linear dependency gf Wltage — described by equation
2.12. Thus, to correct this temperature curvataceachieve an improved accuracy over
the whole operation range, the non-linear termshef CTAT voltage should be also
temperature offseted. In fact, compensating therseterm of equation 2.13 is enough
to achieve the high-accuracy output voltage regquibg the most of applications. The
non-linear terms of order higher than the secorel imaportant only for very high-
accuracy application and/or for very large tempegatanges (Falconi, 2005).

The first BGR’s to use techniques to provide a {ugler correction were proposed
in Palmer (1981) and Meijer (1982). The first omgplements the thermal compensation
of the nonlinearity of ¥g by means of the inclusion of another non-lineamtavith
opposite temperature coefficient; and achievesrgpéeature performance better than 3
ppmFC. In the second work, a compensated BGR withowbduiction of extra non-
linear terms was presented. By the control of thiector current it was possible to
generate a M voltage that is totally linear with temperatureydaaccordingly, a
temperature coefficient of 0.5 ppt@/is obtained.

Several methods are found in the literature togiesecond-order BGR"s (Rincon-
mora, 2002). One of the most diffused techniquet isise the ratio of resistors of
different materials to generate a squared PTATageltPTAT). The widespread use of
this technique is due to this simplicity and lowstof implementation. Through only
one extra-resistor it is possible to achieve seaoddr compensation. This parabolic
term is added to equation 2.2 to compensate thdimearity of the \4¢ voltage, what
leads to a temperature coefficient of 1 to 20 g@nEquation 3.8 describes the output
voltage in this case and figure 3.18 shows tempegatependency graphically.
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Figure 3.18: Typical Curvature of second-order cengated BGR

Through figure 3.18 it is possible to see thaibat temperatures the termp¥r” is
small and can not compensate the non-linearityggfwltage — what leads to an output
curvature similar to the one presented by the-érder BGR’s. In the middle of the
temperature range, this term already compensaté®fpdne non-linearity of the base-
emitter voltage and consequently reduces the teatyrer dependency of the output
voltage. At higher temperatures, due to the expialerelationship with temperature,
Vprat® assumes large values and dominates the behavioe oéference voltage.

Figure 3.19 presents the designed BGR3 topologl ubas the ratio of resistors
made of polysilicon and P diffusion to generate ‘hear? voltage. This architecture
was used in several works, such as (Leung, 2008ung, 2004) and (Mok, 2005). The
current | and the output voltage of this refereaegiven respectively by 3.8 and 3.9.

VDD

MP1 dPE

R1
Q1(n) r,l—gl_"\l'c-zm

R1, R2 e R3 = Poly
R4 = Pdiff

Figure 3.19: BGR3 topology
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AV
| rer = RL (3.8)
Vigs: =V, (1) B%wm fin(n) B% +Veeon (3.9)

To evaluate the second-order temperature compensafi Vrer iS necessary to
write the temperature dependency of the ratiiREn an explicit form. If one considers
the temperature coefficient of the resistor, gibbgrequation 3.10, it is possible to prove
that the output voltage is described by equatidd.3Appendix C shows the derivation
of this equation. Table 3.7 explains the parametéthese equations and the values of
TCryitr and TGyl for the IBM process technology used in this work.

TC = % G%R (3.10)
Veer = (5 +Mj n(n) ¥,
R R(T,) (3.11)
+ % [ﬂTCPdiff -TC poly)[ﬂn(n) (AT WTH + VBEQZ
Table 3.7: Parameters of equations 3.10 and 3.11
Parameter Description Typical value Unit
TC Temperature Coefficient - ppmFC
TChruitt TC of P S/D Diffusion Resistor 160 ppmFC
TCpoly TC of P Poly-Silicon Resistor 1340  ppmfC
AT Temperature range - °C
R(To) Value of Resistor at room temperature - Q

As a final comment, one can see from table 3.7 endation 3.11 that the PTAT
voltage is produced by the second term. Moreoves, ratio between R, ideally
doesn’t contribute to the temperature compensdigcause these resistors are of the
same material.

3.3.1Implementation Details

All design practices taken into account in the giesif BGR2 were also considered
in the design of BGR3, and even the error-amplifeeithe same. Bellow there are
important discussions:

(@) The choice of the resistors used in the designdefiend on the availability
in the fabrication process. Thus, this architectgrenore dependent on the
technology than BGR2 due to the need of resistdrsse ratio generates a
PTAT? relationship with temperature.
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(b)

(©)

(d)

(€)

In the IBM fabrication process, there are more tRaresistors that satisfy
condition (a). Therefore, other factors, such aseBhResistance and
Tolerance/Matching behavior should be taken intmant.

Like for the BGR2, Ris used to improve the current mirror matching and
the value of this resistor issF@ 27C) = R(T@ 27C) + R(T@ 27C). It

is true that a perfect matching of &1d (R + Ry) is not achieved at different
temperatures. However, such an arrangement icmuffito compensate the
mismatch of the source-drain voltage of transisddl and MP2 (Leung,
2003).

There are several works, such as (Brokaw, 198&Wwid, 1989) and (Coady,
2007) that discuss practical aspects on how to thedvalue of the resistor
ratio to achieve a good temperature performanceener, in high-accuracy
designs, analog simulation and good process Cclesization are
fundamental steps to find the optimal value fossthdevices.

The high-accuracy of the BGR3 topology dependsngtso on device
matching and chapter 4 will focus on this issue.

We finish this section presenting in Table 3.8 #iwes of the transistors and the

values of the resistors of BGR3. The sizes of tstois used in the op-amp were
omitted, since they are already presented in tasle

Table 3.8: Sizes of transistors and values ofdélsestors in BGR3

Device Design Layout Units
Dimensions Dimensions
Mi | W _38 (%) 4
L 2 m
Q1 8x A2 8x A2 -
Q2 A2 A2 -
R4 1.38 3x%0.460 KQ
R3 7.110 6x1.18505 KQ
R2 5.728 5x1.457 KQ
R1 11 2x0.550 KQ

3.3.2 Start-up circuit
The Start-up circuit is the same as for BGR2 amwipes the same start-time, equal

to 5 ms.

3.3.3Layout of BGR3

Figure 3.20 shows the layout of BGR3. The layous wane manually and the total
area used is less than 60 x 1667, which is almost the same size of BGR1 and BGR2.
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Figure 3.20: Layout of BGR3

3.3.4Post-Layout Simulation Results

In a similar way as done for BGR1 and BGR2, afigraeting the Spice net list with
all parasitics from the layout, BGR3 was simulatederify its performance. Table 3.9
presents the post-layout simulation results for BGRigures 3.21 — 3.23 show the
temperature performance, line regulation and P&Rilations. Please note that output
voltages variations for two different temperatuesges are reported. This is done
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because the BGR3 was optimized to achieve thetbegierature performance in the
range of 0 — 100C.

Table 3.9: Post-Layout Simulation Results of BGR3

Parameter Value Unit
Vser @ 27°C 1.144 V
AVrer tempin (a) 51 Y
(0.5 ppm/°C)
AVrer tempin (D) 143 \YJ
(3 ppm/°C)
(a) Temp. Range 0to 100 °C
(b) Temp. Range -55to0 125 °C
Line Regulation 186 0y
(vDD: 1.7 - 1.9) (0.93 mV/V)
VDD 1.8 V
PSR @ 1 kHz 60 dB
1.14368
1.14365 7
I/I
1.14363 / ™~
/ I
1.1436 /
= 7
=
1.14358 /
7
1.14355 f
/
1.14353 /
1.1435
-75.0 -50.0 -25.0 0 25.0 50.0 75.0 100 125
temp (C)

Figure 3.21: Weras a function of temperature for BGR3
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Figure 3.22: Line Regulation of BGR3 (1.7 — 1.9V)
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Figure 3.23: PSR for BGR3

As verified by simulations, this topology providassignificant improvement in
temperature performance, achieved mainly throughiteertion of extra resistors. The
drawback is the increasedM dependency on fabrication process because twa tyjpe
resistors whose ratio has positive TC must be abiglin the fabrication process.
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Moreover, the possible large mismatch between th&seresistors will lead a larger
trim range. This will be discussed in detalil in ptea 4.

All BGR’s designed in this work are largely useagaveral applications found in the
literature, and are also the base architecturenfost BGR’s recently proposed.
However, the operation of these traditional topmsguffers a large negative impact if
recent sub-micrometers fabrication processes, Veith supply voltage, are used to
implement the references. Chapter 4 focuses onsthig.
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4 LOW-VOLTAGE LOW-POWER, NOISE AND
VARABILITY ISSUES

This chapter discusses some limitations of theittcahl topologies, mainly in
designs requiring low-voltage and low-power operatwhich is a realistic requirement
in many current applications.

Moreover, it will be also discussed that the hightaacy target at high-order
BGR’s (for example BGR3) generally can not be aghidue to two hindrances: (a)
fabrication process parameter variability and (bg toutput noise generated by
integrated devices and the noise that comes frensupply voltage or load.

The chapter is organized as follow. Section 4.1llysesa the limitations of the
designed BGRS in the low-voltage and low-power aden The state-of-the-art
techniques used to overcome these restrictionalacediscussed. Section 4.2 presents
the major error sources (due to the fabricatiorcgse) that degrade the performance of
BGR circuits, and an estimation of its effects e reference voltage is provided.
Section 4.3 investigates the noise issue and thelaied output noise of BGR1, BGR2
and BGR3 used as cases of study. Finally, the priopatment of the combined effect
of variability and noise is discussed in sectiof, 4nd its impact on the design of the
BGR’s and the trim circuit is analyzed.

4.1 Low-Voltage and Low-power

Nowadays, there is a wide demand for high-perfogaaand low-power systems.
The mass production of portable applications cbates to this wide demand. The
portability of these products imposes limits ontéyt weigh and size, leading to a
severe constraint on power dissipation. Besideshipkeer speed, density and size of
recent CMOS systems also help to increase thefoe@dwer consumption reduction.

The design of low-power low-voltage systems rels efficient design of low
power and low voltage references. Thus, it is funelatal to design BGR’s with these
features. To be more specific, BGR’s supplied WibD below 1 V and a power
consumption of a few tens of nW to a few mW is alistic requirement (Fayomi,
2006).

Typical BGR’s have an output voltage of about Jolisv This value is because the
Vreris composed by the sum ogyplus Vry multiplied by one constant as describe by
equation 2.11 in chapter 2. Besideg¥ these BGRs need voltage headroom at least of
100-300 mV for proper operation. Therefore, the B&fRuit requires a supply voltage
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of at least about 1.5 V, as described by 4.1 (Armer@99), which may not conform to
low-power and low-voltage operation requirements.

VDD, 2V4o +V;o(y—a) +VoltageHeadroom= 1.5V (4.1)

It is also worthwhile to remember that the nomimsalpply voltage has been
decreasing with each new fabrication process. T4ldlallustrates the relation between
the channel size and the nominal supply voltageT8MC fabrication processes
(MOSIS).

Table 4.1: Value of Nominal Supply Voltage for @ifént Technology Processes
L (um) 0.35 0.25 0.18 0.13 0.09 0.065 0.045

VDD (V) | 3.3 2.5 1.8 12 | 1.0t01]0.9t01.2/0.9t0 1.0

As can be seen, once the VDD voltage of the Qrh3process is less than VIR,
it is not possible to design a BGR in this techgglaising the traditional topologies,
such as BGR1, BGR2 or BGR3. To verify the minimurdD/ necessary for the
designed references, the output voltage as a amatf VDD (0-1.8V) at room
temperature was simulated. Figure 4.1 shows thigeclor BGR2, and figures C.7 and
C.8, in Appendix C, show for BGR1 and BGRS3.

It is possible to see that if VDD is below 1.5 Wetcurrent source transistors operate
in the linear region and, with supply voltage belb® V the output voltage decreases
drastically.

— VS("fCOM")
1.25

1.0q

.75

Viv)
@

.25

0.0 25 5 75 1.0 1.25 1.5 1.75 2.0
VDD ()

Figure 4.1: \ker as a function of Supply Voltage for BGR2

To overcome the limitation of VDlan, many techniques have been proposed in the
literature, and these methods can be classifieiddibsin three sets (Anemma, 1999):

(a) Resistive Subdivision
(b) Low-Bandgap material
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(c) Virtual Low-Bandgap Device

Sections 4.1.1 — 4.1.3 describe examples of BGRiglaying these techniques to
achieve low-voltage and low-power operation.

4.1.1 Resistive Subdivision

Once the output voltage of a BGR is the silicon dgap voltage plus a constant
multiplied by the thermal voltage, if one multidi®&rer by a constant less than 1 — as
described by equation 4.2 — ag¢ voltage less than 1.2 V is obtained and the requir
supply voltage can be reduced. In equation 4.2stemitw is less than unit

VREF |T=TO =W (VGO +VT0(V_ 0’)) (4-2)

The first work to propose this idea was (Banba,8)98nd the BGR architecture is
show in figure 4.2. In this circuit, transistors, PR and P3 are equal and carry the same
current. Resistors R1 and R2 are equal. Hencerttsri2b and I1b are also equal, since
Va = Vb is provided by the operational amplifier.

P3 13
St
Vb Vref
l I2b
R2 R4

Figure 4.2: Bandgap with Sub-1V operation propdse(Banba, 1998).

The currents 12a, 12b and 12 are given by equatbBs— 4.5 respectively (Banba,
1998). The output voltage is described by equafidh As can be seen, the output
voltage has the form of a traditional referencetage but with an additional
multiplicative constant, that can be chosen to tmdesired value.

V., [In(N)
[la=l2a=—"H—~~ .
R3 Y
11b = | 2 = YeEL (4.4)
Rl
12=12a+12b (4.5)
R4 R2
VREF :E(VBH'*'%WTH Eﬂn(N)j (4-6)

Therefore, with the proposed topology it is possitd have a BGR operating at
VDD less than VDIjn. In Lin, (2005) a low-voltage BGR using the techre
explained above is implemented. With a supply gdtaof 0.88 V and a power
dissipation of 25uW, an output voltage of 612 mV with 20 pp@/of temperature
performance is produced. One disadvantage of thistacture is the vast resistors area
used, which leads to a higher cost. More recenflgan (2007) suggests some
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improvements, such as resistor area reduction atigtrbmatching capacity, for the
circuit illustrated in figure 4.2.

4.1.2 Low-Bandgap Material

Other method to reduce the supply voltage requingsnis also intuitive: if a lower-
Bandgap material is used, the output voltage welldss than VDR .

One example of low-Bandgap material is the Ge (Garaom) with o equal to
about 660 mV. In Kim, (2008) two Hybrid Bandgapemeinces using integrated devices
and discrete Ge diodes were proposed. The firstprasents the same topology of
BGR2 and generates a voltage reference of 670 ntkl &B mV (287 ppniC) of
variation in the temperature range. The secondiitiimplemented uses a resistive
subdivision - such as discussed in section 4.1lielwproduces a M:requal to 310 mV
with a thermal variation of 4.6 mV (302 ppi@). Both circuits can operate with supply
voltage as low as 1V.

One drawback of these circuits is the limited terapge range of operation. It was
demonstrated that the lower limit of the Ge dioddtage is about three times the
thermal voltage, and below this value, the tempeeaiperformance of the output
voltage is degraded. Due to this issue, the higteesperature operation used in this
work is 56 C. Besides this limitation, other feature of thicgit that does not comply
with the current trend of ultra-integration is thee of discrete diodes. The discrete
diodes can be replaced by integrated devices,Hmitoption is expensive, and is not
available in standard CMOS process.

4.1.3Virtual Low-Bandgap Device

In Annema (1999) a low-power and low-voltage BGRngsdynamic-threshold
MOS transistors (DTMOST’s) is presented. The DTMOSTbasically a MOS
transistor with an interconnected well and gate;Rhtype version of this device can be
seen in figure 4.3. The operation of this devicsimilar to weak-inversion MOST and
has similarities with bipolar operation. In fadtraugh the cross-section it is possible to
see one lateral PNP device. Once the gate andaveetled, every change ing¥causes
a change in the threshold voltage. The details abparation will not be explained
here, but for our understanding about the BGR megpit is enough to assume that the
apparent Bandgap voltage generated by this desieefunction of some parameters,
such as ¥sand well doping, and a typical value of 0.6 V t&nfound.

Gate/Well

Source

P Substrate

Figure 4.3: Cross Section of DTMOST (Annema, 1999)

The topology used in this work is the same of BGMth the only exception of
bipolar transistors being replaced by DTMOST's. saguently due to the virtual
reduced \o, an output voltage of 0.65 V can be produced wittDd of 0.85 volts.
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4.2 Variability caused by Fabrication Process

Mismatch and Tolerance are results of several nanglmcesses which occur during
every fabrication phase of the devices. This vdigbis a limiting factor of
performance for any analog circuit, and speciatlymultiplexed analog systems, data
converters and references. Once the dimensionhefdevices are decreasing, the
impact of variability becomes critical in the retéechnologies.

The most important sources of error are: resistoteyance and mismatch, resistor’s
temperature coefficient, transistor’'s tolerance antmatch, and package shifts.
Package shift refers to the changes ggAinduced by package induced stress on the die
surface. This problem occurs mainly due the diffieeein the thermal coefficient of
expansion of the silicon die and the plastic méldiétt, 2003). All these errors lead to a
reference voltage different from the nominal valtesulting in a non-accurate output
voltage with degraded temperature performance & @2a05).

To illustrate the impact of fabrication processtioa output voltage, an estimation of
variability effects on the output voltage of BGR2presented in table 4.2 (Sengupta,
2005). In this work, the process induced errors iavestigated through analytical
equations and simulation in a 0.8 CMOS process using the BSIM3V3 models.

Table 4.2: Variation in Wgr caused by each error source (Sengupta, 2005)

Process Variation AVger | Unit
Mismatch in BJT area (11% 16 mV
Absolute variation in area -3 mV

of both BJTs (11%)
Variation in R1 (10%) 45| mV
Mismatch in R3 (1%) -5 mV
Mismatch in R1 (1%) 01| mvVv
Offset voltage (1 mV) -7 mV
Current Mirror Mismatch (1%) -6 mV

Through table 4.2 it is possible to verify how eactor source generates variation in
output voltage. Now, a reasonable assumption assume that these induced process-
errors — listed in table 4.2 - are uncorrelatedthis case, the resulting error in the
reference voltageAVrer Total) IS given by equation 4.7, that is, the root suuased
(RSS) of these individual random errors (Gupta,5300here Nu is the number of
errors source anflVrer ;is the variation of ¥er due to each error source.

Nu
AVREF _TOTAL = 1 z AVRZEF _i (4 7)

Applying equation 4.7 to the data presented inetabhP, it is found that the total
variation of \keris about 50 mV. As can be seen, the impact o/én@bility in output
voltage severely degrades the accuracy of BGR'ghé) these errors also harm the
temperature drift of ¥eg— which is not shown in table 4.2.
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Besides verifying how much each error source ingpact the output voltage, it is
also important to analyze the temperature depemrdehthe generated errors and the
possibility to correct them through trim techniqués Gupta (2002) this data is
presented and it is here reproduced in table 43ak be seen, the errors caused by the
resistor temperature coefficient can not be trimmedvhat evidences again the
importance of choosing an adequate resistor matehien designing BGR's.

Table 4.3: Temperature dependence of error so(@gsta, 2002)

Error Source Trimmable Temp. Dependence of the errors caused by
Resistor Mismatch Yes PTAT
Resistor Tolerant Yes CTAT
Resistor TC No Non-Linear
Transistor Mismatch Yes PTAT
Current Mirror Mismatch Yes PTAT

Note that the error caused by mechanical stresgyndue to packaging-induced
inaccuracy) is not presented in table 4.3. Fredyean error of about7 mV (Gupta,
2005) in output voltage can be generated by tlosgss. This type of error is not easily
corrected in the design phase, since its impadfg# is difficult to model and predict.
Nevertheless, work (Fruett, 2003) discusses how Mmechanical-Stress-induced
Inaccuracy can be minimized.

Another method to estimate the variability causgdfdbrication is through the
Monte Carlo Simulation. All design BGR’s were siated over fabrication process and
Mismatch variations using the Monte Carlo modelvded by foundry (IBM, 2005).
Figure 4.4 and 4.5 show the variations @k¥and forAVgee tempfor 1000 samples in
respect of BGR1. Figures B.10-B.12, in AppendixdBpw the same histogram for
BGR2 and BGRS3 respectively. Table 4.4 summarizegdbults for BGR1, BGR2 and
BGRS3.
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Table 4.4: Monte Carlo Analysis for BGR1, BGR2 &8@ER3

Monte Carlo Analysis

Parameters BGRI1 BGR2 BGRB  Units
VREF_MONTE_CARLO Mean 1.15241 1.16903| 1.1523 \
o 5.053 11.253] 12.420 mV
(Sigma)
Mean - & 1.13725| 1.13527| 1.11504| V
(VRer_pown
Mean +3 1.16757| 1.20279| 1.18956] V
(VRerF_urPER
Full-Scale 30.32 67.52 74.52 mV
AV REF TEMP_ MONTE CARLO Mean 4.063| 4842 6804 mv
o 1.184 2.575 5.101 mV
V 0s_MONTE_CARLO Mean - 80 Y
o - 1.3 mV
Nominal Values
VRer - 1.152 1.166 1.144 \
AV rer TeMP - 3 312 | 0143] mv

Table 4.4 shows the impact of fabrication procemsations on the output voltage
(VREF_MONTE_CARLd, the temperature performanCAV(REF_TEMp_MONTE_CARL() and the
Offset voltage (MWs monte carid respectively, as well as their nominal valuegy
AVrer temp It is shown the 8 behavior for the degraded output voltageesNupper
VREF_D_OWN and the expected full scale okaéthat is \ker upper- VREF DOWN. B

Thus comparing the nominal values with the resoit®donte Carlo Analysis, one
can see that the fabrication process significamtpgrades the accuracy and the
temperature performance of the voltage refererfiger fabrication, it is possible that
the reference achieves a temperature performanseioan 100 ppriiC.

As can be seen through the expected full scalergf &fter fabrication, the impact
of fabrication process on BGR1 is less than on B@R2BGR3. This happens because
the offset voltage of BGR2 is amplified to the autpwhich leads to larger errors. In
fact, the offset voltage is the major factor offpenance degradation for BGR2 and
BGR3 architecture, and consequently it should lbe@ced. Figure B.9, in appendix B,
shows the Monte Carlo analysis of the offset vatagoreover, the number of devices
of BGRL1 is less than BGR2, and the transistors wWesggned with a very large area.

Comparing the impact on BGR2 and BGR3, it is pdesib see that the impact is
larger in the compensated Bandgap. This effectsis expected since BGR3 uses an
extra resistor of different material, which addether error source. Note that the full-
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scale errors found by Monte Carlo Analysis for BG&2 in agreement with those
calculated by equation 4.7. The valueMfrer toraL (variation of reference voltage
after fabrication process) calculated by equatignigtabout 50 mV; while the full scale
variation of \ker simulated by Monte Carlo Analysis (table 4.4)boat 67 mV.

It is important to note that frequently the resufsMonte Carlo Simulation is an
overestimated analysis, what means that the fabdoarcuit probably will have better
performance than presented in table 4.4 . One ebeaofpthis is that all techniques
applied into BGR’s layouts to achieve a better mat; such as, Centroid Common,
dummy devices and guard rings, are not taken imimount in the Monte Carlo
simulation.

Besides layout techniques, other techniques amudrgly used to mitigate the
impact of fabrication process variations. For exiEmp

(@) Pelgrom Model (Pelgrom, 1999): Mismatch model usedalculate the area
of devices focusing on the desired accuracy.

(b)  Trimming techniques (Rincon-Mora, 2002): There aeweral methods to
trim the circuit, for example, Fusible links, Laseimmable resistor, resistor
trimming (several resistors connected in paralléfgnsistor trimming
(several transistors connected in parallel) andrso

(c) Good layout foorplanning such as: BGR far way fraoisely circuits (ie.
Oscillators and PLL"s) and thermal sources (reguat If is also recommend
to center the Bandgap circuit in the center of the to mitigate the
temperature variations across the die (Rincon-M2082).

As discussed in this section, the performance oRBGSs directly dependent of
good matching, what requires application of soméhefmethods listed above. As the
impact of fabrication process tend to be more sevar nanometer process, new
topologies or techniques should be developed tmpéigh-accuracy performance.

4.3 Output Noise

Other hindrance that limits the performance of Bgpd References is the noise.
The output noise results from two components: k&) intrinsic noise generated by
integrated devices and (b) the noise that comen fhe supply voltage, ground lines,
substrate and load. A noisely voltage reference licait, for example, the signal to
noise ratio of biomedical applications or the fathle signal swing of ADC converters
(Mok, 2004).

As already discussed, the demand for battery-pavi€ls requires low-voltage and
low-power circuit design. Low-power designs lead rtoisier circuits and lower
accuracy. The noise does not scale down with dsicrgasupply voltages, and the
signal-to-noise ratio (SNR) tends to get worse. démand for high accuracy and low-
power are major concerns in the development ofrioige circuits.

In the past, external components were employedinkiance capacitors and filter
networks, as common solutions to reduce the outmise of voltage references.
Nowadays, the need to place the voltage referemcdhe same substrate as the
application requires design of circuits with insically low noise. But which is the best
way to measure the output noise of BGR or othelognarcuit?
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As the noise process is random, it is not posdiblpredict the amplitude of the
noise voltage in a particular time. In fact, sowyyges of noise, such as, thermal and shot
noises, have Gaussian probability density functi@mexas, 1999). Hence, the best way
to specify the noise of a circuit is through oftistéacal measures, as for instance, root-
mean-square (RMS) or mean-square values.

Equation 5.2 is a coherent way to estimate the maxi impact of the noise in the
output voltage (Holman, 1994). Whererys is the RMS noise integrated in an
appropriate bandwidth (BWQVgrer noiseis the variation of output voltage due the
noise and Yeak-to-peak Corresponds to thecs3value of noise behavior. Equation 4.8
assumes that the output noise igevhas a Gaussian distribution, and thus the use of 3
value means that in 99.7% of the time &\rer noisevalue contains the instantaneous
value of the output noise voltage.

A\/REF _NOIsE = VPEAK -TO-PEAK = 3 [VRMS (48)

To estimate the output noise generated by the rated) devices in the designed
BGR’s, the noise spectrum simulation was perfornfedobtain the Wus, the noise
was integrated in a bandwidth of 500 kHz that &s ¢brner frequency of the designed
circuits — as can be seen in figure 4.6 that shb@soise spectrum of BGR2. The RMS
noise and its impact on the reference voltagecutatled by means of equation 4.8 — for
the designed BGR’s are presented in table 4.5n®tse Spectrum of BGR1 and BGR3
are presented in figures C.13 and C.14 of Appe@dix
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Figure 4.6: Output noise Spectrum of BGR2 - (Nd@igés in logarithm)



63

Table 4.5: Output noise aly/rer noisefor BGR1, BGR2 and BGR3
BGR1| BGR2 | BGR3| Unit
RMS Output Noise 90 261 262 | pv

Impact on \ker 270 783 786 | pv

(AVRer noisB

To reduce the noise inR¥r it is necessary to study the noise sources. Tareréve
common noise sources in electronic circuits: SHeicker (1/f), Thermal, Burst
(Popcorn) and Avalanche noise. However, the maatributions of the noise in BGR
are flicker and thermal noise of MOSFET's, as wslthe thermal noise of the resistors.
The Bipolar devices usually do not contribute iry amgnificant way to output noise
because their shot, thermal noise and 1/f noisé@geently much smaller than those of
MOSFET’s (Holman, 1994).

The 1/f drain noise current of MOSFET's is given dyuation 4.9 (Lee, 1998);
where K is a device-specific constant, f is frequency, gndis the transconductance.
As can be seen, for a given gm, the noise decreabes transistors dimensions
increases. Physically, this fact can be explaintliy reason that large transistors
presents large capacitances that smoothes thedhians in the channel charge leading
to less noise.

2

IO 4.9
f WILITE, (49)

The contribution of each noise source in the outmise was identified through the
Noise Analysis of Spectre Simulator (Spectre, 2G08the designed BGRs. Table 4.6
shows the noise contribution for BGR1 and BGR2. mbise contribution of BGR3 is
almost the same of BGR2.

Table 4.6: Noise contribution of each noise sofioc8GR1 and BGR2

BGR1 BGR2

Device| Type of noise | ContributionDevice| Type of noise | Contribution
M, Channel Therma1l 35% Mo Flicker 22%
M, | Channel Thermal  13% M1 Flicker 21.2%
R, Thermal 11.3% Mo | Channel Therma1| 10.5%
M3z | Channel Therma1| 8% Mps | Channel Thermal  10.5%
M4 | Channel Thermal 8% Mpo Flicker 10.2%
M4 Flicker 5.4% Mbs Flicker 10.2%
M3 Flicker 5% Mo | Channel Therma1| 5%
M, Flicker 5% My | Channel Thermadl 5%

Others - 9.3% Others - 4.3%
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For BGR1, devices Mand M are the current source; and; Mnd M, are the
cascode devices. One can see that the channelaheaise is the major noise source
with about 65% of the total output noise. Since transistors in this circuit were
designed with a very large area, the flicker noetribution was reduced.

For BGR2, devices N and M1, and Myp and Mb3 are respectively the load and
input of the differential pair of the Op-Amp. It [gossible to verify that the error-
amplifier is the major noise generator in the dirgoroducing about 95% of the noise in
the voltage reference. This high-contribution hayspbecause the input-referred noise
of the Op-Amp is amplified by the closed-loop gadher conclusion is that almost the
total noise generated by the Op-Amp comes fromirtpat stage — what it is in close
agreement with results reported in Laker (1994).

Thus based on above observations it is possiblsuggest some good design
practices for BGR2 topology. The noise performarwa be optimized if the
recommendations below are taken into account imésgyn of the differential pair. The
drawbacks of these advices are area overhead arghsed power consumption:

(@) To design the devices with large area to reducdlitieer noise since this
noise source contribution is inversely proportiaioathe transistor area.

(b) To increase transconductance (gm) of the devicesedoce the channel
thermal noise (Allen, 2004).

(c) To minimize the transconductance ratio of the lbgdhe input transistors
(gmLoap/gminpuT) to reduce the noise gain to the output node (ARD04).

Besides evaluating the intrinsic noise generatednbggrated devices, it is also
important to evaluate the vulnerability of the aitcto the noise injected through the
input supply. For this proposal, the power sup@jection (PSR) is evaluated. This
parameter is calculated by dividing the ac noig@ai present on per by the ac noise
signal present on VDD. It is desired that PSR hallas high as possible, as for instance,
60 dB or higher. The PSR was simulated for theghesl circuits and is presented in
chapter 3. Its value at 10 kHz is equal to 29,dd 47 dB for BGR1, BGR2 and BGR3,
respectively. In fact, these topologies are noicieifit against the noise coming from
supply voltage. One way to improve this performarseusing folded-cascode
operational amplifier in BGR2 and BGR3. For BGRisarting cascode devices would
increase the PSR since the output resistance isaged. It is evident that cascode
devices require higher voltage headroom and cangreblem in low-voltage designs.

As discussed in this section, the output noiselioaihthe accuracy of BGR’s and its
impact on the voltage reference tends to be criticthe high-accuracy and low-voltage
design using new technologies. Therefore, low-nBIG&R s architectures have been the
concern of many works.

In Sudha (1997) a low noise BICMOS Bandgap withhkigder temperature
compensation is presented. As discussed, bipolarceke present less noise than
MOSFET’s and accordingly, low-noise performanceachieve in these design.
Nevertheless the use of BICMOS process increagesoi$t of fabrication.

More recently, in Jiang (2005) a pure CMOS lowseoBGR was proposed. The
architecture proposed in that work uses a chopéiliging technique directly applied
in the design of the op-amp to allow a low 1/f eoerformance. The RMS output
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noise found in their circuit was only ¥/, which is almost 4 times less than the noise
measured in the designed BGR2.

4.4 Trim range limited by Noise

As discussed in section 4.2, the tolerance variatiand mismatches among
electrical parameters, both generated by impedestin the fabrication process, are
one of most relevant factors that degrade the acguof the reference voltage. Hence,
many of the recommendations presented in the Jvhltyakection should be applied to
mitigate the process-induced errors. However, wihenexpected variation in output
voltage is higher than the acceptable for the appbn, a trim circuit is usually inserted
in the design to minimize this fabrication effe¢t®eung, 2004), (Malcovati, 2001),
(Hsiao, 2006). Unfortunately, inserting a trim citcusually leads to longer test time,
and also increases die area, leading to a higleupt cost. Therefore, it is fundamental
not to over estimate the trim range. Reduced teange achieves shorter test times and
saves die area. To achieve this goal, reliablenigoles to predict the maximum
precision achieved are demanded.

As also investigated, the output noise also degralde accuracy of the reference
voltage. And once high-accuracy and low-power desiging new technologies is
desired, the performance degradation due the miB&R s tends to be more critical.
For instance, device low-frequency noise increasa$e inverse of the device area, and
hence becomes of ever increasing interest as ddwigansions are scaled down.

In previous works (Brito, 2007) and (Hsiao, 2008)n circuits to mitigate the
process variation effects were proposed but witlsoasidering the impact of the output
noise on the voltage reference accuracy. Nevedbebace parameter variations and
noise can limit the accuracy the reference voltagggn can achieve, both should be
taken into account in the design of a BGR andrits tircuit. If noise performance is
not properly taken into account, the precision tltain be achieved may be
misevaluated. The noise may impose a limit on tleeipion that may be achieved. If
this limited is not taken into account, the trinmcait may expend area and test time,
targeting at a precision that never will be achieve

This section studies how the output noise and bgitya due to process variations
can impact the design and applicability of trimcaits. We propose that the RMS
output noise should be incorporated in the methaglo(Rincon-mora, 2002) to specify
the trim range. To develop our investigation thee¢hdesigned BGR’s were used as
case studies, and the data presented in sectidrasd.4.3 are utililized.

4.4.1 Trim circuits

Trim circuit is typically a set of switches thataals making one adjustment in the
circuit and modify the output voltage, then redgcthe errors caused by fabrication
process. For example, by increasing or decreasiag”TAT current it is possible to
adjust the output voltage of the fabricated cirdoitthe nominal value that leads to
optimum temperature performance. There are mangstygf trim circuits, such as
Fusible links, Laser-Trimmable resistor, resistimming (several resistors connected
in parallel), transistor trimming (several trangist connected in parallel) and so on.
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Figures 4.7 and 4.8 shows examples of trim circprssented in Brito (2007) and
Malcovati (2001) respectively.
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Figure 4.7: Trim circuit presented in Brito (2007)
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Figure 4.8: Trim circuit presented in Malcovati ()

Trim circuit of Brito (2007) is composed by manwarnsistors of different sizes
connected to the supply voltage (for simplicityuig 4.7 shows only 2 devices).
Through the connection of PADS, it is possible ¢mreect them in parallel with M
modifying the PTAT current and accordingly the autpsoltage. The trimming
technique in figure 4.8 works in a different wayheTkey resistors of the Bandgap
proposed in this work were implemented by one fisegistor in series with an array of
resistors whose value is a multiple of a given gdRy. With 8 terminals of the network
connected to external pins it is possible to inseethe value of Ry 30% with steps of
1%. Accordingly, it is possible to modify the valokresistors to achieve one value that
generates the optimum temperature performance.

4.4.2Trim range

To calculate the number of bits necessary to thendircuit to achieved the desired
accuracy, equations 4.10 and 4.11 are used (Rimmoa; 2002). The parameters of
these equations are explained in table 4.7.

In( Ves 4 1}
N > VL (4.10)
BITS = In(2) .
VACCURACY
Vigs——— (4.11)

Ke



67

Due the fabrication process effects it is expethed there is a limit for the accuracy
of output voltage that can be achieved by trimntichniques. As already discussed,
the errors such as resistor temperature coefficamat mechanical stress can not be
trimmed, and accordingly a remaining error stilllide present in the output voltage.
Moreover, there is a tradeoff between the numbebits, area overhead and time
testing. Thus reliable techniques to predict th&imam precision achieved by one trim
circuit are demanded (Colombo, 2007-a).

In the Bandgap presented in Malcovati (2001), m@akise of three trimmable
resistors where each one has the resistive netsfwwn in figure 4.8 was possible to
adjust the circuit to achieve a temperature vanmataf only 3004V over the range of 0
to 8CC. The drawback was 8 external pins for each w@sisthat results to 24
additional pins required for resistor trimming.

Table 4.7: Parameters of equations 4.10 and 4.11

Parameter Description Unit

Ngits Number of bits needed to trim the circuit and -
achieve the desired accuracy.

VEs The value of initial full-scale tolerance expected V
It corresponds to the accuracy ofg¥ after circuit
fabrication, for the untrimmed reference.

Viss The value of the least significant bit, thatilgt V
variation step of ¥grduring the trimming
procedure.
V Accuracy The target accuracy (after trimming) mV
Ke “Safety Factor” used to reduce the value ofgv -
VRer Reference Voltage \

4.4.3Trim range for BGR1, BGR2 and BGR3

In section 4.2 it was shown that the fabricatiomcess effects damages the
temperature performance of the designed BGR’s t@ rt@an 100 ppmiC. Therefore,
trim circuit should be inserted in these designsnibgate the process-induced errors.
The calculated number of bit to mitigate the predespact over ¥gr for each circuit is
presented in table 4.8.
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Table 4.8: Number of bit for each BGR
Parameter] BGR1BGR2| BGR3| Units
VEs 30.32| 67.52| 7452 mV
Viss 3.25 | 1.6025 0.1965| mV
Kc 2 2 2 -

V accuracy 6.5 | 3.205| 0.393 mV
AVger voo | 3.5 | 0.085] 0.093 mV
AVger temp| 3 3.12 0.3* | mV

NgiTs 4 6 9 -

The value of full-scale (M) is estimated based oro dehavior of Monte Carlo
Analysis presented in table 4.4. The values pfg\and the Nrs are estimated using
equations 4.10 and 4.11. For simplicity, the vatieKc was chosen to be 2. Larger
values of kg results in lesser value of 8, what can lead to a bigger trim range.

The target accuracy @¢curacy) Was determined by equation 4.12. This equation
represents an estimation of the theorical maximoouracy that the output voltage can
achieve. Frequently, the maximum accuracy is estichbased on the summing of error
sources of the circuit (Rincon-Mora, 2002). In aase, the maximum accuracy is
stipulated by means of the errors caused by teryeraperation and supply voltage
variations. The value &V ger vppis given by the line regulation error divided byotw

VACCURACY = AVREF _TEMP + AVREF _VDD (4 12)

As expected, due to the larger full-scale and #w target accuracy, BGR3 requires
more bits than the other references. The valub\Mefer tempis assumed to be 3Q0/,
although the value obtained by simulation wer@\bland 143uV for a temperature
range of 0 to 10, and -55 to 125C respectively. This assumption makes sense
because the nominal valuesf¥rer tempare only theorical simulation results that not
correspond to the behavior of fabricated circuitsa real chip there are a lot of errors
that can not be corrected and consequently degthdescuracy.

However, considering that there are trimming tegbes proposed in literature, such
as described by Malcovati (2001), that allows tli&RBdesign to achieve a temperature
variation of output voltage of only 3Q0/, the value of Mccuracy is estimated as 300
KUV (AVrer temd + 93V (AVrer vop) = 3931V, what represents a realist value.

Therefore, considering the traditional method taleate the trim range necessary to
mitigate the performance degradation due the faboie process, phrs equal to 4, 6
and 9 were found for the BGR1, BGR2 and BGR3 raspay.

4.4.4New trim range for BGR1, BGR2 and BGR3

As discussed in the begging of this section, omeedutput noise also limits the
accuracy achieved by one BGR, it is necessary donsder the maximum accuracy
that can be achieved. Thus, we propose that equdtk® should be changed by 4.13,
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whereAVgrer noiselS given by equation 4.8, and was estimated foh é&6R in table
4.5.

VACCURACY = AVREF _TEMP + AVREF _VDD + AVREF _NoOIsE (4 13)

Therefore, the trim range for each BGR is againmedged and the results are
presented in table 4.9. As can be seen, the nuafiliets for BGR3 was estimated to be
7 bits, what means a reduction of up to 2 bits caneqh to the results in the last section.
For BGR1 and BGR2, there is no change in the nurabbits necessary to achieve the
desired accuracy. This happens because the accwagsadation in first-order
bandgaps due to the output noise is not as signifi@as those errors caused by
temperature variation and/or line regulation.

To be clearer, table 4.9 shows that the use Dbitsmming for BGR3 will not help
to improve the accuracy, and therefore, area astditeing will be wasted. In this case,
the design has then to be properly adjusted: tieeby accepting a lower precision and
reducing the trim range to avoid unnecessary aveghead and test time; or (ii) apply
low-noise techniques, for instance, exchanging tperational amplifier by one
chopper-stabilized amplifier to try achieve morewacy.

Table 4.9: Number of bit for each BGR considering dutput noise
Parameter| BGR1 BGRRZBGR3 | Units

VEs 30.32| 67.52 7454 mV
VisB 3.3158| 1.994| 0.589§ mV
Kc 2 2 2 -

V accuracy 6.77 | 3.988| 1.179 mV
AV Rer vop 3.5 0.085| 0.093 mV
AVrer vewe| 3 | 312 | 03| mv
AVrer nose| 0.27 | 0.783| 0.786 mV

Nerrs 4 6 7 =

Therefore, the conclusion of this section is thia¢ toutput noise should be
incorporated in the methodology to evaluate the trange in high-accuracy BGR’s
(Colombo, 2007-a) and (Colombo, 2007-b). The adegaequations were provided to
help the designer to properly evaluate the maxinagguracy achieved. The proposed
methodology presents two benefits. The first ondoisavoid application failure or
performance worse than design specification, dubg¢assumption made in the design
phase that the insertion of a trim circuit will alyg be able to mitigate the performance
degradation due the fabrication process. The sebendfit results from reduced trim
range, which avoids unnecessary area overheadeghateas test time, what leads to
reduced fabrication cost.
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5 CONCLUSIONS

More than forty years have passed since the Bantigdqmique was proposed and
today it is a commercial standard used in integrat@&cuits design for many
applications. This work covers in detail the issumslving the design of Bandgap
Voltage References. It discussed the principleperation, traditional topologies used
to implement the concept and a historical view aloe development of this technique.

The study and discussions were supported by thasescof studies: BGR1, BGR2
and BGRS3. The first two architectures are firstesreeferences, while the third achieves
second-order compensation through resistor ratio ifferent materials. These circuits
were designed (Schematic and Layout view) in a iB8IBM CMOS technology.
Besides the information such as power dissipatiod ailicon area, post-layout
simulations were run to verify the performance paters such as temperature
coefficient, line regulation and power supply réjec rate.

Due to the large demand for portable equipments, dbsigned circuits were
investigated with respect to low-voltage and lowvpo requirements. These topologies
did not perform well with supply voltage less thabout 1.5 V, and then, other
architecture should be used. The three main metipoglsented in the literature to
overcome this restriction were discussed.

The impact of fabrication process effects on thefgpmance of the Bandgap
reference was investigated. Besides the identidicadf the main error sources due to
the variability, the possible variation of the auitpvoltage after fabrication was
estimated by means of simulations. It was showh War of real circuits can have a
variation of more than 50 mV compared with the nuahivalue. This variation leads to
a temperature performance worse than 100 fpntor the mitigation of these effects,
some design and layout techniques were presentée text.

The noise in integrated Bandgap references wassausieed in this work. The noise
generated by integrated devices was estimated bypsma Noise Spectrum Simulations
and the main noise sources were identified. Throtigh PSR simulations, the
vulnerability of the references circuits to thesecoming from supply voltage also was
analyzed.

Finally, special investigation about the impact \@riability and noise in the
performance of Bandgap references was presentedslshown that the noise can limit
the accuracy achieved by one circuit and then,ghrameter should be incorporated in
the methodology to define the trim range.
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As future works the author intends to finish thdpckontaining the designed
Bandgap references, for example, adding noise girote guard rings and PADs. Then,
the future chip will be sent to fabrication andlreeasurements will support this work.
Moreover, the author intends to continue the ingasbn about the impact of noise and
variability in the performance of submicrometer lagaCMOS circuits. Blocks such as
data converters, sample and hold, voltage refeseand operational amplifier will be
studied.
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ANNEX A EXAMPLES OF COMMERCIAL BGR’S CHIPS
AND THEIR PERFORMANCE PARAMETERS

Table A.1: Examples of Commercial BGR chips

Parameters Devices
ADR380 LM4121 REF3212
Output Voltage (V) 2.048 1.250/Adjustable 1.25
Initial Accuracy ¢ mV) 5 2.5 2.5
Typical TC (ppm/°C) 5 14 4
Worse TC (ppm/°C) 25 50 7
Temp. Range (°C) -40 to -40 to +85 0to +125
+85
Line Regulation (ppm/V 25 70 65
(92 dB) (83 dB) (84 dB)
Load Regulation 70 70 60
(ppm/mA)
Voltage Noise|iV) p-p 5 20 17
(0.1 Hz to 10 Hz)
Supply Voltage 2.4 1o 1§ 1.8to0 14 1.8t055
Max Quiescent Current 120 250 120
(HA)
Number of Pins 3 5 6
Manufacturer Analog National Texas
Devices Semiconductor Instruments
(2000) (2004) (2006)
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ANNEX B MAIN PARAMETERS OF IBM 0.18 uM 7RF
TECNOLOGY

Table B.1: Model Parameters of IBM 0.18 Micron 7#®®Ehnology

NMOS PMOS Unit Description
Minimum 0.18 pm Minimum Channel Length
Channel L
VDD 1.8 Vv Power supply
Cox 7.81135E-7 F/ cm Oxide Capacitance/unit area
Lo 273.85 121.47  cV.S Carrier Mobility
B 106.96 47.44 HA B=1/2.po. Cox
V1o 0.3 -0.42 \ Threshold voltage
Tox 4.5 nm Thickness of the oxide
CGBO 1E-12 F/um gate-bulk overlap
capacitance/channel length
CGDO 4.24E-10 4.88E-10 F/um gate-drain overlap
capacitance/channel length
CGSO 4.24E-10  4.88E-10 F/um gate-source overlap
capacitance/channel length
NcH 2.3549E17 4.1589E17 cm® Channel Doping Concentration

IpsaT

600 260 mA

Maximum Current

lorr

<80 at 25°C pA/um

Gate leakage
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Below there is a list all the typical SPICE paraanetfor the NMOS and PMOS
devices in this fabrication process for a specifio presented in June of 2007 —
(MOSIS.)).

T74P SPI CE BSI M3 VERSI ON 3.1 PARANMETERS
SPI CE 3f5 Level 8, Star-HSPICE Level 49, UTMOST Level 8

* DATE: Jun 27/07

* LOT: T74P WAF: 2001

* Tenper at ur e_par anmet er s=Def aul t

. MODEL CMOSN NMOS ( LEVEL = 49
+VERSION = 3.1 TNOM = 27 TOX = 4.5E-9

+XJ = 1E-7 NCH = 2. 3549E17 VTHO = 0.2966698
+K1 = 0.482494 K2 = -0.0118737 K3 = 1E-3

+K3B = 5.0195709 4] = 1E-7 NLX = 2.443731E-7
+DVTOW =0 DVTIW =0 DVT2W = 0

+DVTO = 0.6100514 DVT1 = 0.2724406 DVT2 = -0.1878828
+U0 = 273. 8484866 UA = -1.525788E-9 UB = 2.786859E-18
+UC = 4.943779E-11  VSAT = 9. 768529E4 A0 = 0.9881723
+AGS = 0.1424763 BO = 6. 152611E-7 Bl = 5E-6

+KETA = -3.304026E-4 Al = 5.748842E-4 A2 = 0.8367628
+RDSW = 150 PRWG = 0.2308827 PRWB = -0.1982018
+WR =1 W NT = 5. 351515E-9 LINT = 2.047149E-8
+DWG = 6. 185345E-9 DB = 1.497881E- 8 VOFF = -0.0821831
+NFACTOR = 2. 2623633 aT =0 CDSC = 2.4E-4
+CDSCD =0 cbsCcB =0 ETA0 = 4.046676E-3
+ETAB = -8.738959E-4 DSuUB = 6.503103E-3 PCLM = 0. 1698941
+PDI BLC1 = 0. 1699085 PDI BLC2 = 0.01 PDI BLCB = -0.1
+DROUT = 0.718344 PSCBE1 = 6.626429E9 PSCBE2= 5. 0049E- 10
+PVAG = 3.150808E- 3 DELTA = 0.01 RSH = 6.3
+MOBMOD =1 PRT =0 UTE =-1.5

+KT1 =-0.11 KT1L =0 KT2 = 0. 022
+UAL = 4.31E-9 uBl = -7.61E-18 UC1 = -5.6E-11
+AT = 3.3E4 WL =0 WN =1

+WV =0 VWAN =1 WAL =0

+LL =0 LLN =1 LW =0

+LWN =1 LWL =0 CAPMOD = 2

+XPART = 0.5 CGDO = 4.24E-10 CGSO = 4.24E-10
+CGBO = 1E-12 al = 8. 15989E- 4 PB = 0. 8275674
+M) = 0.5396637 CISW = 1. 810068E- 10 PBSW =0.8
+MISW = 0.2976049 CIsW = 3.3E-10 PBSWG = 0.8

+MISWG = 0.2976049 CF =0 PVTHO= - 8. 56735E-3
+PRDSW = 1. 000265 PK2 = 8. 303493E-3 WKETA= -4.059848E-3
+LKETA = 7.331573E-3 PUO = -5.6063179 PUA = -4.59486E-11
+PUB = 8. 833639E- 25 PVSAT = 264.8251904 PETAO= 4. 288957E-5
+PKETA = -0.0330423)

*

. MODEL CMOSP PMOS ( LEVEL = 49
+VERSION = 3.1 TNOM = 27 TOX = 4.5E-9
+XJ = 1E-7 NCH = 4. 1589E17 VTHO = -0.4202777
+K1 = 0.6047591 K2 = 6.28672E-5 K3 = 0.0894478
+K3B = 19. 8158346 4] = 1E-6 NLX = 3.630182E-8
+DVTOW =0 DVTIW =0 DVvT2W =0

+DVTO = 0.6580732 DVT1 = 0.5053159 DVT2 =-0.3



+U0

+UC
+AGS
+KETA
+RDSW
+W\R
+DWG
+NFACTOR
+CDSCD
+ETAB
+PDl BLC1
+DROUT
+PVAG
+MOBMOD
+KT1
+UAL
+AT
+WV
+LL
+LWN
+XPART
+CGBO
+MJ
+MISW
+MJI SWG
+PRDSW
+LKETA
+PUB
+PKETA

*

121. 4745117
-1E- 10

0

0. 0239822
803. 0213469
1

- 2. 848501E- 8
1. 4885005

0
-2.286341E- 3
0. 0708272

0. 4412591

7. 05729E- 3

1

-0.11
4.31E-9

3. 3E4

0

0

1

0.5

1E- 12

0. 4256548

0. 1001

0. 1001

-5

-0. 0129391

0
-3.992172E- 3)

UA
VSAT
BO

Al
PRWG
W NT
DV\B
aT
CDSCB
DSUB
PDI BLC2
PSCBE1
DELTA
PRT
KT1L
uB1

LLN
LW

CIsw
CISVG

PK2
PUO
PVSAT

L 1 e 1 1 1 1 1 1 A I VA 1 O |
gro0oorrPRLPA,ORPPLRO!' OO

o

1. 651983E-9
1. 862502E5
1. 301942E-6
0. 0619585
-0. 1160769
0
-1.216193E-8
0

0

3. 993284E- 3
0. 0235091
1. 64623E9
0.01

7.61E-18

. 88E-10
. 165977E- 3
. 220056E- 10
22E-10

. 320893E-5
7611588

uB
A0
B1
A2
PRVB
LI NT
VOFF =
CDSC
ETAO =
PCLM
PDI BLCB
PSCBE2
RSH

UTE

KT2

uci

WLN

VWAL

LW
CAPMOD
CGSO
PB
PBSW
PBSWG
PVTHO=
VWKETA
PUA =
PETAO

81

2. 065745E- 21
0. 7274068
5E-6

0. 4356847
-0.4734383
2.903067E- 8
-0.1297937
= 2.4E- 4
1.131083E-11
0. 1076345
-1E-3
5E-10

6

-1.5

0. 022
-5.6E-11

NOOPR

4. 88E-10
0. 8214639
0. 8008

0. 8008

1. 02743E-4

= 0.0307312
1. 189658E- 10
= 1E-4
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APPENDIX A SUMMARY IN PORTUGUESE (RESUMO
DA DISSERTACAO)

REFERENCIAS DE TENSAO BANDGAP EM
TECNOLOGIAS CMOS SUBMICROMETRICAS
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1 INTRODUCAO

Um circuito referéncia de tensdo prové uma tens&@vel e precisa que € usada
para a polarizacdo de outros circuitos do sistersroaico. Referéncias sé&o
conseguentemente circuitos essenciais no projettiveesos blocos analogicos, como
por exemplo, reguladores de tensdo, conversordadiss e conversores de poténcia.

A referéncia produz uma saida que € independentéermisio de alimentacao,
temperatura de operacdo e dos efeitos causadosppmiesso de fabricacdo. Além
disso, esse circuito deve ter alta precisédo, baikto de saida e boa estabilidade em
termos de tempo de uso. Por fim é portante aanesceue devido a atual larga
demanda por produtos embarcados alimentados peridyabs circuitos referéncia de
tensdo devem operar sob baixa tensao de alimergag@msumindo pouca poténcia.

O circuito Bandgap € a forma mais popular de sdementar referéncias de tensao.
A origem dessa técnica foi o trabalho publicado lgitbiber em 1964. Este trabalho
apresenta um estudo detalhado das referénciassi@ot®andgap. Serdo estudados o
principio de operacdo, as topologias tradicionatmersadas para implementar esse
meétodo e suas limitagbes principalmente quando sigrocessos de fabricacdo séo
utilizados. Além disso, sera apresentada uma \gsfial das principias tendéncias de
pesquisa nessa area. Também serdo investigada®aguesmo alta precisdo, baixa
tensdo de operacao e baixo consumo de poténcidcede saida.

Uma investigacdo especial sobre o impacto do psocede fabricacdo na
performance do circuito Bandgap também serd apwed@nPara desenvolver nosso
trabalho, trés circuitos de referéncia Bandgapniopaojetados (esquematico e leiaute)
usando a tecnologia IBM 0.18 Micron 7RF.

2 REFERENCIAS DE TENSAO BANDGAP

O circuito de referéncia de tensdo Bandgap protha tensdo de saidagM) com
baixa dependéncia com a temperatura e tensdordengdicdo. O nome “Bandgap” &
porque o valor da tensédo de referéncia € aproximexte 1.166 V, que € a banda de
energia proibida do silicio extrapolado para zeetvi.

Por meio de um circuito Bandgap € possivel gerar,gxemplo, uma tensédo de
referéncia com coeficiente térmico da ordem deB4ldq, 2007) ou até 3 ppiC (Yao,
2005). Existem muitos circuitos que implementanéenica Bandgap, e geralmente,
cada um deles alcanca uma determinada performapoecisao. Portanto, € o tipo da
aplicacdo que ir4 definir qual circuito Bandgapelser usado no projeto.

A pequena dependéncia deg¥ com relacdo a faixa de temperatura de operacéo é
obtida através da soma de duas tensdes com cogdiide temperatura opostos, como
descrito pela equacédo 2.2. Normalmente a tensacagoenta com a temperatura é
chamada de tensao proporcional a temperatura adgBIUAT), e a tensdo que diminui
com a temperatura € chamada de complementarmeoporpional a temperatura
absoluta (CTAT) (Razavi, 2001).
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A técnica mais difundida para gerar as tensdes @ugficientes térmicos opostos
faz uso da tenséo do diodo ou base-emissor doabigeéu grande uso é devido a alta
estabilidade contra o processo de fabricacdo éemmaconhecida dependéncia com a
temperatura.

Através dos bipolares, € possivel criar uma terpé® € proporcional a tenséo
térmica. Uma soma balanceada da tensdo térmicaactensdo base-emissor de um
transistor bipolar gera a tensdo de saida do toréaizindgap. No entanto, devido néo-
linearidades presentes nessa soma, é possivel dqemrs@o de saida apresente um
coeficiente térmico da ordem de 20 até 100 pEm/

3 TRES CIRCUITOS DE REFERENCIA BANDGAP

O capitulo 3 apresenta os trés circuitos de reteaéte tensdo Bandgap projetados
em tecnologia CMOS IBM 0.18m. S&o apresentadas as simulagfes da tenséo de said
em funcdo da temperatura de operacdo e tensédo imdentdcdo. Também sao
apresentados as simulacdes de PSRRef supply rejection rate).

O primeiro circuito usa uma fonte de corrente adistorescascode para gerar a
tensdo proporcional com a temperatura. Entdo, & dmianceada dessa tensdo com a
tensdo base-emissor de um transistor bipolar eérfparasita gera a tensdo de
referéncia. Esse circuito atinge uma performancenitd de 26 ppniC e uma
dependéncia com relagdo a alimentacdo de 35 mV/V.

O segundo circuito usa um amplificador operaciopaka gerar a tensao
proporcional com a temperatura, e consequenteraeteiesao de saida. A performance
térmica alcancada € igual ao primeiro circuitoentanto a dependéncia com relacéo a
alimentacéo é reduzida de 40 vezes.

O terceiro circuito usa técnicas de compensacaoaddinearidades para alcancar
uma dependéncia com relacdo a temperatura de F@pmssa topologia difere do
BGR2 por apenas um resistor extra. A tensdao n&adligerada no circuito para se
alcancar essa compensacao das ndo-linearidadeseéatis é gerada através da razéo de
dois resistores fabricados com diferentes materiais

4 QUESTOES SOBRE BAIXA TENSAO DE
ALIMENTACAO/POTENCIA CONSUMIDA, RUIDO E
VARIABILIDADE

Este capitulo trata de trés assuntos pertinentggajeto de referéncias de tensao:
(a) necessidade de operagdo com baixa tensaondentdicdo e baixo consumo, (b)
variabilidade causada pelo processo de fabrica¢épreido de saida.

Inicialmente é mostrado que as topologias tradasgao limitadas a serem usadas
com uma tensado de alimentacédo de pelo menos 106g¥e pode nado ser viavel que
requerem baixo consumo e baixa alimentacdo. Er@i&arestrados os trés principais
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métodos difundidos na literatura para superar eds#aculo e projetar circuitos
Bandgap com tensdes de alimentacédo até menords\ue

O impacto do processo de fabricacdo na performdosecircuitos de referéncia
Bandgap também é investigado. S&o mostradas dimessprincipais fontes de erros, e
entdo os trés circuitos projetados sdo usados aavo de estudo para se estimar a
degradacéo de performance.

Depois da variabilidade, € discutido outro fatoe dgambém limita a precisdo da
tensdo de saida: o ruido. Como no caso dos ettésbricacdo, cada fonte de ruido é
identificada e os trés circuitos sdo simulados garahecar qual € o impacto total do
ruido na tensao de referéncia. Por fim, o ruidovarmbilidade sdo juntos levados em
conta no projeto de circuitos de referéncia e seguasitos de ajuste.

5 CONCLUSOES

Mais de 40 anos se passaram desde que a técnidgdpafoi proposta, e hoje, este
tipo de circuito € usado em muitos circuitos cornaésc Sua comprovada performance
em relacdo a temperatura de operacéo faz com tgienésodo seja o mais difundido
em se tratando de referéncia de tenséo.

Trés circuitos Bandgap foram projetados e estudadogletalhes. As referéncias
apresentadas sao as topologias bases para o pdejetaiitas referéncias complexas
propostas na literatura. Portanto a partir do conmento mostrado aqui € possivel
entender o funcionamento basico de qualquer referéie tensdo Bandgap.

Como o desempenho do circuito Bandgap depende rigbNidade causada pelo
processo de fabricacdo e do ruido de saida, egeagigs foram investigadas. Por meio
de simulacdes Monte Carlo, e simulacdo do espédotraido foram possiveis estimar o
impacto do ruido e do processo de fabricacdo nenai@snho da referéncia Bandgap.
Além disso, especial investigacao foi realizadaspeito do impacto final do ruido e da
variabilidade no projeto de circuitos de ajuste.

Por fim, os circuitos projetados também foram emtiod em termos dos requisitos
de baixa tenséo de alimentacéo e baixo consumo.wmalentificada a limitacao de
essas topogias operarem com uma alimentacdo athaisproximadamente 1.5 volts,
foram sugeridos outras técnicas que superarantessgao.
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APPENDIX B FIGURES

This appendix presents some figures not showneiriekt.
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Figure B.1F as a function of Emitter Current
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Total non linear error, [mV]
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Figure B.2: Non-Linear output error in a functidnt@emperature coefficient of the
resistor (FALCONI, 2005)

Figure B.3: M and M, in common centroid configuration — BGR1

Figure B.4: 8x1 BJT s in common centroid configimat- BGR1, BGR2 and BGR3
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Figure B.5: Matched Resistors in common centromfigaration of BGR1
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Figure B.6: Bode Diagram of Operational Amplifieyed in BGR2 and BGR3
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Figure B.7: \kgras a function of supply voltage of BGR1
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Figure B.9: Monte Carlo Analysis ofoé¢for opamp used in BGR2 and BGR3
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Figure B.10: Monte Carlo Analysis 8V rer tempfor BGR2
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Figure B.11: Monte Carlo Analysis forg¥r of BGR3
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Figure B.13: Output noise Spectrum for BGR1
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Figure B.14: Output noise Spectrum for BGR3 (N@ises in log)
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APPENDIX C DERIVATION OF Vger FOR BGR3

Equations C.1 and C.2 represent the output voldg@GR3 and the temperature
coefficient of one resistor respectively.

Veer =V, (N(N) B2+ Vi, () 2+, (C.1)
R R
c=1fR (C.2)
R oT

Using equation C.2, the temperature dependencyhefratio R/R; is showed
bellow.

R.(T) _ Ri(To) + TCoyy [AT[R(T,) _ R,(T,) [[L+TCpyy [AT)

= (C.3)
R(T) R(T,)+TC,, TR(T,) R(T,)L+TC,,, AT)
Multiplying C.3 by(l— Ky AT = K2 mTz), equation C.4 is found.
R(T) _ Ru(T) D1+AT(TCPdm ~TC,,, )+ AT?(-TC2, ~TC,, [TChy )
R~ R(T,) L-7cs, @7°) .
_AT3(TCE,, OC,h )
L-1C,, BT?)

If one despises the high-order terms and considegngerature rangeA{) at
maximum of 100C, equation C.4 is simplified in C5.

R4(T) _ R4(To) [|_1+ (TCPdiff _TCpon)[AT]
R.(T) R (To)

Then, if C.5 is substituted in C.1, equation C.prvided — Output voltage of
BGR3.

(C.5)

Vies =[&+MJ n(n) Vs,
R R(Ty)

, R(T)
R (T,)

(C.6)
[ﬂTCPdiff -TC pon)D]n(n) [AT Vqy, + Vgeo,



