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PREFACE

This book has a genesis: It started as internal training material for engineers working in
Canaan Microelectronics Corp. Ltd. It is also a monograph because it presents the outcome
of our research and teaching activities in the field of temperature independent circuit design
at both the Canaan Microelectronics Corp. Ltd. and the City University of Hong Kong. Many
unpublished works are included in this book. Numerous design examples are also presented
together with detailed discussions on design principles, performance analysis, and the potential
problems of each circuit topology. This book is intended to be course material for senior and
graduate level courses, training material for engineers, and also a reference text for readers
who are working in the field of temperature independent circuit design.

The book is divided into eight chapters. The first chapter offers an introduction of device
physics focusing on the temperature properties of individual devices, which introduces just
enough material for voltage reference circuit design and analysis. Details of general device
physics may be gathered from existing literature, such as the textbooks by Chenming C. Hu,
(Modern Semiconductor Devices for Integrated Circuits, Prentice Hall, 2010), and S.M. Sze,
(Physics of Semiconductor Devices, Wiley, 1969) that offer detailed discussions on the device
physics for bipolar transistors, MOS transistors, and other passive components manufactured in
the CMOS process. Besides the physics, towards the end of Chapter 1, we also discuss practical
issues in CMOS circuit design. The device matching problem is introduced. Computer simu-
lation for circuit design with process variations is discussed. Finally, the device noise models
that describe the noises associated with CMOS devices are presented. Chapter 2 presents the
performance characterization of voltage reference circuits. The presented characterization will
be used throughout the book in the analytical discussions and performance comparisons of
individual voltage reference circuits. A general voltage reference circuit framework of opamp
based B-multiplier bandgap voltage reference is presented in Chapter 3. The presented voltage
reference circuit is silicon proven, and has been applied to a power management IC of Canaan
Microelectronics Corp. Ltd.: the micrograph of the die is shown on the front page of this book.
Every building block within the voltage reference circuit is discussed analytically together with
layout details. Various error sources of the circuit are identified, and analyzed in Chapter 4.
Methods to remedy each problem together with their pros and cons are discussed in detail in
Chapter 4. The basic PTAT-CTAT temperature compensation technique discussed in Chapter 4
will be extended to voltage reference circuits using various temperature dependent devices
and topologies in Chapter 5. Analytical derivation to determine the component values of each
device within the voltage reference circuit, together with the important design considerations
of each circuit and topology will be discussed. Chapter 6 discusses the design of voltage



xii Preface

reference circuits with sub-1V supply, and voltage reference circuits with sub-1V reference
voltage. Notice that the design of the voltage reference circuit with a sub-1V reference voltage
is different from that of the voltage reference circuit with a sub-1V supply voltage. A voltage
reference circuit with a sub-1V supply voltage is also a voltage reference circuit with a sub-1V
reference voltage. The voltage reference circuit with sub-1V reference voltage being able to
operate with a sub-1V supply voltage is important in modern CMOS circuit design where the
supply voltage keeps reducing for power reduction and silicon size shrinkage. A number of
sub-1V voltage reference circuits will be discussed in this chapter.

High order curvature compensated voltage reference circuits are presented in Chapter 7,
which are important to applications that require a reference voltage with low temperature
sensitivity. A number of high accuracy voltage reference circuit topologies, including high
order curvature compensation, inverted temperature compensation, and piecewise temperature
compensation etc. are discussed. This book concludes in Chapter 8 with a discussion on
a type of special voltage reference circuit that does not require resistors. Such a voltage
reference circuit has the advantage of compact layout. The performance of a resistor free
voltage reference circuit can be further optimized with applications of piecewise temperature
compensation technique to lower the temperature sensitivity of the circuit. Post-fabrication
trimming circuits are discussed to reduce the reference voltage variation.

A detailed summary of the state of the art development with respect to the topic of each
chapter is presented in the “Summary” section of each chapter. Homework problems are
presented in the “Exercise” section in individual chapter. The homework includes both analytic
problems, and SPICE based computer simulation exercises. While the process parameters used
in this book and also in developing the exercises may not be the same as those in your institution,
it is our hope that the exercises will provide you with general guidelines, analysis, design and
layout experience for the design of the voltage reference circuits with the help of SPICE. The
experience will further address the performance evaluation of the voltage reference circuit
which will help you to achieve a thorough consideration of the voltage reference circuit before
the actual design.

The development of voltage reference circuits is still continuing and therefore a book, such
as this one, cannot be definitive or complete. It is hoped, however, that this book will fill
an important gap; students embarking upon mixed-signal circuit design should be able to
learn sufficient basics before tackling journal papers, researchers and engineers in the field
of temperature independent/dependent circuit design should be able to use it as reference to
assist their circuit design tasks, and current researchers in the field should be able to get a
broad perspective on what has been achieved. The subject area is introduced, some major
developments are recorded, and enough successes as well as challenges are noted here for
readers to look into other voltage independent/dependent circuit design problems and generate
solutions for their own problems.

Chi-Wah Kok and Wing-Shan Tam
February 2012
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NOMENCLATURE

Ag

Vb
MOSFET
NMOS
PMOS
CMOS

System-On-Chip

Automatic test equipment

Joule

Coulomb

Kelvin

degree Celsius

Thermal voltage, kT /q

Positive supply voltage

Negative supply voltage

Bipolar Junction Transistor

Base Current of Bipolar Transistor

Collector Current of Bipolar Transistor

Emitter Current of Bipolar Transistor
Saturation Current of Bipolar Transistor
Collector Current Density of Bipolar Transistor
Saturation Current Density of Bipolar Transistor
Base-Emitter Voltage of a BIT
Collector-Emitter Voltage of a BIT

Zero-bias base ohmic resistance

Emitter resistance

Collector resistance

Silicon Bandgap Voltage Extrapolated at 0 K
Emitter Area of Bipolar Transistor

BJT base width

Forward current gain

Forward-bias diode voltage

Metal Oxide Semiconductor Field Effect Transistor
N-Channel MOSFET

P-Channel MOSFET

Complementary Metal Oxide Semiconductor
MOSFET Gate Width

MOSFET Gate Length

Channel Width to Length Ratio (W /L) of a MOSFET
Drain to Source Current of a MOSFET



xvi Nomenclature

I D,sub
I D,lin
I D,sat
I D,leak

I leak

Vbs

R DS, sub
VDS,sub
Vs, lin
VDS,sat
Rps
Rps,iin
8m

R DS, sat

n
CTAT

PTAT
Verar
Icrar
Verar
IpraT
Vin
ViNmom)
ViNmin)

ViNnax)
VrEF

Vb Dmin)
VbDinom)
VREF(m)m), T
VREF(min), T

VREF(max), T

Vi

Drain to Source Current of a MOSFET biased in subthreshold mode
Drain to Source Current of a MOSFET biased in triode mode

Drain to Source Current of a MOSFET biased in saturation mode

Drain to Source Leakage Current or Off Current of a MOSFET in cutoff
mode

Unit Drain to Source Current Normalized by S

Subthreshold Slope

Subthreshold Slope of a n-channel MOSFET

Subthreshold Slope p-channel MOSFET

Depletion capacitance of a MOSFET

Gate oxide capacitance per unit area of a MOSFET

Thickness of gate oxide

Threshold voltage of a MOSFET

Gate source voltage of a MOSFET

Drain source voltage of a MOSFET

Drain source resistance of a MOSFET in subthreshold mode

Drain source voltage of a MOSFET in subthreshold mode

Drain source voltage of a MOSFET in linear mode

Drain source voltage of a MOSFET in saturation mode

Drain source resistance of a MOSFET

Drain source resistance of a MOSFET in linear mode

Transconductance of a MOSFET

Drain source resistance of a MOSFET in saturation mode

Mobility of the charge carrier

Complementary to Absolute Temperature

Proportional to Absolute Temperature

CTAT Voltage

CTAT Current

PTAT Voltage

PTAT Current

Input voltage to the voltage reference circuit

Nominal input voltage to the voltage reference circuit

Minimum input voltage for proper operation of the voltage reference
circuit

Maximum input voltage for proper operation of the voltage reference
circuit

Output voltage of the voltage reference circuit

Minimum operating supply voltage

Nominal supply voltage

Output voltage of the voltage reference circuit at specific temperature 7'
with respect to a range of input voltages

Output voltage of the voltage reference circuit at Vyynin) and temperature
T

Output voltage of the voltage reference circuit at Viyguqy) and temperature
T

Noise source



Nomenclature xvii

VREF CONV

Vbrop

Tnom

Vi (f)
Tmin
Tmax

VREF( 1nom), ViN(nom)
VREF(max), ViN(nom)

VREF(min), VIN(nom)

Iq

TC
PSRR
BW
Vos
SpSRR

Sk
SLR

Sre

Reference voltage generated by conventional Vzr — V7 temperature com-
pensation voltage reference circuit

Dropout voltage defined as the voltage difference between the input and
output voltage

Nominal temperature

Noise voltage at frequency f

Minimum temperature for proper operation of the voltage reference circuit
Maximum temperature for proper operation of the voltage reference
circuit

Output voltage of the voltage reference circuit at nominal input voltage
with respect to a temperature range [75nin, Tinax ]

The maximum output voltage of the voltage reference circuit at nominal
input voltage in the temperature range [T in, Tnax]

The maximum output voltage of the voltage reference circuit at nominal
input voltage in the temperature range [T in, Tinax]

The quiescent current of the voltage reference circuit

Temperature Coefficient

Power supply rejection ratio

System bandwidth of the voltage reference circuit

Offset voltage

Power-supply rejection ratio that the variation of the reference voltage
with a particular frequency in the input voltage

Sensitivity of parameter y with respect to a change in parameter x
Linear regulation measure of variation of reference voltage with respect
to a charge in input voltage to the voltage reference circuit

Temperature coefficient measure of variation of reference voltage with
respect to a change in operation temperature of the voltage reference
circuit

Table 1 Physical Constant

Parameter Description Typical Values
k Boltzmann’s Constant 1.38 x 102 J/K
q Electron’s Charge 1.62 x 107" Col
Vr Thermal Voltage kT/q =26 mV at 300 K
Bso Silicon Bandgap Voltage 1.206 V
Extrapolated at 0 K
VaE Base Emitter Voltage of NPN 0.73 mV at 300 K
Ve Base Emitter Voltage of PNP 0.76 mV at 300 K




1

Warm Up

The voltage reference circuits discussed in this book require you to work on electron devices
by connecting together transistors, resistors, and capacitors. Therefore you need to understand
the properties and limitations of each device in some detail. The easiest way to learn about
electron devices is to study their physical models, although they are usually very complex. For
example, the Gummel and Poon model of a bipolar transistor lists 45 parameters (Gummel
and Poon, 1970) and yet still is not accurate enough to simulate the saturation or junction
breakdown behaviors. The BSIM 3.3 model of a MOS transistor has more than 50 coefficients
(Liu, 2001) not counting noise and gate leakage parameters. Although all of these variables
are useful for the design of voltage reference circuits, only very few numbers and equations
have to be remembered for creative work, and the shapes of a few dependencies and some
qualitative relationships (not how much, but more or less, increasing or decreasing) of these
parameters are much more important.

The following sections will present, from the authors’ point of view, the most important
electron device parameters necessary for voltage reference circuit design. Detailed descriptions
of the operations of individual electron device can be found in textbooks on analog circuit
design or device modeling (Hu, 2010; Sze, 1969). In particular, a large part of this book
presents the design and analysis of a special kind of voltage reference circuit, the bandgap
voltage reference. It is useful to know which parameters of the practical model dominate the
behavior of each electron devices in the case of bandgap reference circuit design.

The well-known Gummel and Poon model for bipolar transistors, and BSIM 3.3 model
for MOSFETs used in SPICE, will form the basis for the design and analysis of bandgap
references. In particular HSPICE (HSPICE® Simulation and Analysis User Guide 2006), a
typical SPICE simulator, will be used to produce all the simulation results presented in this
book based on a 0.18 um mixed signal CMOS process SPICE model. However, instead of
going through SPICE, a minimum set of key parameters will be presented in the follow-
ing sections which allow us to analytically describe the relation between various electron
devices behaviors and their application to temperature insensitive circuit design. We shall
start our discussions with the active components first, which include the bipolar transistors,
MOSEFETs, and diode, and then the passive components, which are the resistors made by
different CMOS processes.

CMOS Voltage References: An Analytical and Practical Perspective, First Edition. Chi-Wah Kok and Wing-Shan Tam.
© 2013 John Wiley & Sons Singapore Pte. Ltd. Published 2013 by John Wiley & Sons Singapore Pte. Ltd.



2 CMOS Voltage References

1.1 Bipolar Junction Transistors

The bipolar junction transistor (BJT), is a vital component in the voltage reference circuit and
is commonly used for the generation of temperature dependent voltage, whereas the generation
of controllable temperature dependent voltage is the first step towards obtaining a temperature
insensitive reference voltage. The BJTs can be implemented in a standard CMOS process. The
simplified cross-view of a vertical NPN transistor and a vertical PNP transistor implemented
in CMOS process are shown in Figure 1.1(a) and (b), respectively; while Figure 1.1(c) and
(d) are the layouts of the transistors in Figure 1.1(a) and (b), respectively. In general, the
NPN transistor is preferred because of its higher collector-current efficiency and the highly
doped base region which can achieve a low series base resistance. The awkward effect of the
base resistance will be discussed in Section 4.3.2. Besides, there are other limitations on the
application of PNP transistor in voltage reference circuit. Consider the vertical PNP transistor
illustrated in Figure 1.1(b), where the emitter is formed by a P-type region, the base is formed
by a N-well, and the collector is formed by a P-type substrate. There are two limitations
imposed on such BJT implementation. First, the collector is formed by the substrate, which is
permanently tied to the lowest supply voltage. Second, the current gain of the transistor, g, is
very low when compared to its NPN counterpart, which is defined as

Ic
B=—, (1.1)

I

Emltter Base Collector Emltter Base (B) Collector

\\A.//\ / \/\/

PN I

Nwel © _ _ _ _ _ _ _ _ _ N-well :
p-Type
Substrate

(@) (b)

Figure 1.1 Integrated bipolar transistor in N-well CMOS processes: (a) a vertical NPN transistor
and (b) a vertical PNP transistor. Layout examples of (c) NPN transistor in (a) and (d) PNP
transistor in (b).
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with /¢ and I being the currents flowing into the collector and base of the BJT, respectively.
To effectively alleviate the base resistance as a source of error in voltage reference circuit
design, a high current gain (8 > 100) is desired. As a result, the vertical PNP transistor is
only applicable to voltage reference circuit design if we make it large to achieve a small base
resistance. The last but not least, problem associated with the vertical PNP BJT is that it cannot
be used in cascode structure because the collector is required to connect to the ground, and
thus cannot be connected to the emitter of another BJT. Despite the above limitations, both
the NPN and the PNP BJTs can be used in the voltage reference circuit.

The BJT applied in a voltage reference circuit is usually configured in a diode-connected
structure (i.e., the base terminal and the collector terminal are connected together), such
that the base-emitter voltage, Vg, 1s used to provide a fixed junction voltage. However, the
junction voltage is temperature sensitive, and thus cannot be used as reference voltage by
itself. The thermal analysis of the BJT, and in particular the Vg, has been widely discussed
in the literature (Massobrio and Antognetti, 1993; Tsividis, 1980). The theory and notation
of the NPN transistor are applicable to the PNP transistor with a few obvious modifications.
Therefore, all the symbols and notations of these two types of BJTs are used interchangeably
in our discussions.

If we neglect the Early effect, the collector current of a NPN transistor biased in the forward
active region is given by

Je(TYAp = J5(T)Ag exp (VViTE) |
Ic(T) = Is(T)exp (%) , (1.2)
T

where Ag is the base-emitter junction area, 7 is the absolute temperature in K, Io(7T) is
the temperature dependent collector current, Jg(7') is the saturation current density, which
relates to the temperature dependent saturation current Is(7) as Is(T) = Js(T)Ag. Finally,
the thermal voltage Vr is given by

Vr = —, (1.3)
q

with ¢ = 1.6 x 107'? Col being the electron charge, and k = 1.38 x 10723J/°C being the
Boltzmann constant. As an example, at 7 = 300 K, V;(300) = 0.0259 V. Without going into
further details of the semiconductor physics of BJT, we shall quote the base-emitter voltage
function of the BJT from (Johns and Martin 1997).

Vir(Ty = Voo (1= LY 4 vioury L — PR (TN L KT (L) 1.4
se(T) = GO( —Fr>+ BE( r)f—T n(f)-l-? n<Jc(Tr)>’ (1.4)

where Vi is the bandgap voltage of silicon at 0 K which equals 1.206 V, p is a process
dependent temperature constant and equals 1.93 in the process concerned, and 7 is a reference
temperature. Consider a temperature dependent collector current that can be modeled as

Ic(Ty=axT?, (1.5)



4 CMOS Voltage References

where a is a constant and 6 is the order of temperature dependency, & = 0 implies the collector
current is independent with temperature, and & = 1 implies the collect current varies linearly
with temperature, and so on. The collector current density at temperature 7" with respect to
the collector current density at the reference temperature 7, is given by

Jo(T T\’
@ _(IY" (1.6)
Je(T) T,
We can thus simplify Vpg(T) as
T T kT T
Vee(T) = Voo |l — = )| + Ve(T,) == —(p —0)—In| —— ] . (L.7)
Tr Tr q Tr

It can be observed that Vpg(T) is nonlinearly related to temperature. Furthermore, because
of the Vpg(T,) term in the above equation, Vpp(T) might vary with the biasing condition
(which depends on the collector current) as well as the transistor size (which depends on
the emitter area). Figure 1.2 shows the SPICE simulation of the temperature dependency of
the Vg of a NPN BJT with 25 pm? emitter area and biased with I = 6 pA. The Vg is
observed to be 0.73 V at T = 300 K, and it decreases with temperature almost linearly at a
rate of —1.73 mV /K at 300 K. Such a temperature characteristic is known as Complementary
to Absolute Temperature (CTAT), where the rate of change of Vpp against temperature is
negative. When biased with different collector currents, the Vpg(T) will vary as shown in the
SPICE simulation result in Figure 1.2. To simplify our discussions in subsequent chapters, we
shall assume that the BJTs are biased appropriately (with /- = 6 pA), such that the Vgg(T)
can be approximated as a linear temperature function with high accuracy (unless otherwise

0.9 . , . , . , . ,
0.8

—~~

>

< 07

w

m

>
0.6
054+ 7—

T T 1
-40 -20 0 20 40 60 80 100 120

Temperature (°C)

Figure 1.2 Vpg vs temperature of a NPN transistor with emitter
area 25 um? biased at I = 3,6, 12 pA.
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specified). In particular, the linear temperature dependency approximation of the Vpg for the
NPN transistor is given by

dVee(T
% = —1.73mV/K. (1.8)

Similarly, the Vg p(T) of a PNP transistor has a linear temperature dependency given by

IVes(T
% — —1.39 mV/K. (1.9)

These two linearly approximated temperature characteristics of the Vgg(T) and Vg (T) volt-
ages will be applied in all our discussions unless stated otherwise. In reality, the CTAT
characteristic of Vpg(T) is not a linear temperature function as depicted in Equation 1.4,
and 0Vpp(T)/0T is a high order temperature function that will cause curvature error as will
be discussed in later chapters. Nevertheless, the Vpg(T) is the PN junction voltage, which
is a process independent parameter, and is one of the robust parameters in modern CMOS
processes that can be used to construct a stable and precise reference voltage.

1.1.1 Differential Vg

As derived in Equation 1.4, Vpe(T) is a high order function of temperature 7. However, the
difference of the Vge(T) between two BJTs biased with different current densities can be well
represented by a low order function or even as a linear function of the temperature 7". Figure 1.3
illustrates a method to extract the differential Vpg, AVpg, ,, from two BJTs Q; and Q> with
emitter areas Ag, and Ag,, respectively (readers should note that Vpe(T') and Vpg will both
be used in this book and have exactly the same meaning). Assume Ag, : Ag, = 1: N and the

Figure 1.3 Extraction of
AVpg, , from NPN
transistors.
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current sources will provide I¢, = I¢,. As a result, the current density J¢, of QO is N times
larger than the current density Jc, of Q,. This yields AVpg, , as

AVgg,, = Ve, — Vae, (1.10)
=V ln( le, ) — VrIn (ﬁ) (1.11)
JsAE, JsAE,
— Vrln <AE2) (1.12)
A,
= Vr In(N), (1.13)

where Vpg, and Vpg, are the base-emitter voltage of BJTs O and Q», respectively. It can be
observed that AVpg, , is proportional to Vr, which is a linear function of T'. If we rewrite
Equation 1.13 with respect to Vr, we shall obtain

_ AV (1.14)
In(N) ’ ’

T

which implies the AVpg , extraction circuit is actually a Vr extraction circuit as well.
Note that

ovr VS k
aT T ¢
~ 0.09 mV/K at 300 K. (1.15)

It can be observed from Equation 1.15 that the thermal voltage is an intrinsic linear Proportional
to Absolute Temperature (PTAT) voltage. Figure 1.4 shows the SPICE simulation result of the

75 T T T T T T T T

7
65—-
60—-
55—-

50

Thermal Voltage, V_ (mV)

45 -

40

— T T T T T T T T T T T T T T 1
40 20 0 20 40 60 80 100 120
Temperature (°C)

Figure 1.4 Thermal property of Vr extracted from AVpg, , with
emitter area ratio N = 8 using the circuit shown in Figure 1.3.
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thermal property of Vr extracted from AVpg, , using the circuit shown in Figure 1.3 with
N = 8, which demonstrates the PTAT nature of V7.

The PTAT voltage V7 and the CTAT voltage Vg are commonly used as the thermal elements
to generate a temperature insensitive reference voltage. A zero Temperature Coefficient (T C)
reference voltage can be obtained by compensating the CTAT voltage Vpg with a weighted
PTAT voltage V7 (The temperature coefficient will be formally defined in Section 2.1.2).
The compensation obtained in the form of voltage sum can be easily implemented by the
resistor network. However, the resistance of the resistor implemented in the CMOS process is
process sensitive, thus imposing another adverse effect on the obtained reference voltage. The
derivation of the weighting factor and the methods to compensate the adverse effects from the
process variation problem will be discussed in Chapter 4.

1.2 Metal-Oxide Semiconductor Field-Effect Transistor

The metal-oxide semiconductor field-effect transistor, MOSFET, has proved extremely popular
compared to the BJT. This is because of the compact layout and simple structure of the
MOSFET. In this text, we shall mainly concentrate on the enhancement-mode MOSFET,
including both the N-channel MOSFET (NMOS) and P-channel MOSFET (PMOS), since
they are the most commonly available MOSFET devices in modern CMOS foundry services.
Other types of MOS transistors will be discussed over the course of voltage reference circuit
development in later chapters when such devices are applied. Showing in Figure 1.5 are the
symbols of the MOSFETSs that we shall use in this text. Physically, the MOSFET is a four-
terminal device with a source, drain, gate, and substrate terminals. The substrate terminals of
the NMOS and PMOS transistors are usually connected to GND and Vpp, respectively. We
shall use the simplified three-terminal symbols as shown in Figure 1.5 throughout the book.
The arrows beside the MOSFET symbols illustrate the direction of the current that is flowing
through the drain and source terminals. The silicon layout of an NMOS transistor is shown
in Figure 1.5(c). To understand the operation of the MOSFET device, let us consider the
physical structure of a NMOS transistor as shown in Figure 1.6, where the NMOS transistor
is fabricated directly on the P-type substrate, with N* regions forming the drain and source
terminals, and with electrons as charge carriers. With the source terminal being grounded, and
a positive voltage applied to the gate terminal, the positive voltage at the gate terminal attracts
the negative electrons in the P-type substrate to accumulate under the gate terminal and repel
the positive holes downwards, thus inverting the substrate surface from P-type to N-type. As
a result, this layer is also known as the “inversion” layer, which connects the drain and source
regions. This layer is also known as the N-channel in the NMOS transistor. The N-channel
is completely formed when the NMOS transistor gate-to-source voltage, Vs, is greater than
its threshold voltage V;; ,, where the value of the threshold voltage is determined at device
fabrication. Once the channel is created, there will be Ipg flows through the channel from the
drain to the source terminals, where mobile electrons are the majority charge carriers. As a
result, the NMOS transistor can be considered in three modes which depend on the channel
condition, and in turn depend on the voltages across different terminals of the transistors. The
details of different operation modes will be discussed in the next section. In contrast to the
NMOS transistor, the PMOS transistor is fabricated on N-type substrate (in N-well CMOS
process, the N-type substrate of a PMOS transistor is usually defined by the N-well), with P+
regions forming the drain and source terminals, and uses holes as the majority charge carriers.
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Figure 1.5 Symbols for (a) NMOS transistor and (b) PMOS transistor,
and layouts of (c) NMOS transistor and (d) PMOS transistor.

An example layout of the PMOS transistor is shown in Figure 1.5(d). The PMOS transistor
operates similarly as its NMOS transistor counterpart, except that Vg, Vpg, and the threshold
voltage V;;, , are negative. Moreover, the current flowing through the channel enters from the
source terminal and leaves through the drain terminal, and thus is known as Igp.

As discussed, the threshold voltage V;;, particularly V;;, for the NMOS transistor and
Vin,p for the PMOS ftransistor, is an important parameter which defines the minimum gate
voltage required to accumulate sufficient numbers of charge carriers to form the inversion
channel in the MOSFET. Showing in Figure 1.7 is the relationship of Ipg and Vs of a NMOS
transistor obtained from SPICE simulation with 2 um channel width and 1 um channel length
at Vpg = 0.1 V. It can be observed from Figure 1.7 that the positive gate voltage Vs of the
NMOS transistor must be larger than V;;, ,, before a conducting channel is induced. In this case,
the MOSFET is said to be biased at strong inversion. Similarly, a PMOS transistor requires a
gate voltage that is more negative than V;;, , to induce the conducting channel with holes as
charge carriers. For the process under attention in this book

Vinn = 0.48 V, (1.16)
Vinp = —047 V. (1.17)
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Figure 1.6 NMOS device structure biased in weak inversion and strong inversion.
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Table 1.1 Summary of channel conditions and operation modes of NMOS transistor.

Voltage Condition Channel Condition MOS Operation Mode
Vs =0 No Inversion Cutoff

0 < Vgs < Vi Weak Inversion Subthreshold
0'<Ves < Vinn Weak Inversion Triode, Linear

Vps < 4Vth.n

Vs = Vi Strong Inversion Triode, Linear

VDS < VGS - Vth,n

Vs = Vinn

Strong Inversion Saturation
VDS > VGS - ‘/th,n &

Note that subthreshold conduction is possible even though the current Ipg is very small. In
this case the MOSFET is biased at weak inversion with 0 < Vs < Vip .

In addition to the inversion condition of the channel, the operation of the MOSFET is also
classified into different operation regions with respect to the Vg and Vpg voltage conditions.
Table 1.1 and Table 1.2 summarize the operation modes and the corresponding channel
conditions of the NMOS transistor and PMOS transistor, respectively. As discussed, the
physical operation of the NMOS transistor and PMOS transistor are more or less the same with
the only difference being that the voltage and current polarity are reversed. To avoid confusion,
the use of notation in Table 1.1 and Table 1.2 is the same as the absolute values of the voltages
under concern for the case of the PMOS device. In the following sections, we shall discuss the
four operation modes of NMOS transistor in detail and in particular we shall emphasize its
physical operation and thermal properties which are applicable to bandgap voltage reference
circuit design. Since the PMOS transistor exhibits similar properties as that of the NMOS
transistor, the physical operation details for PMOS transistor will be skipped. However, to
complete our discussions, the relevant analytical relationship of the PMOS transistor will also
be presented. In particular, the subscript “sub”, “lin”, and “sat” will be appended to Vg and

Table 1.2 Summary of channel conditions and operation modes of PMOS transistor.

Voltage Condition Channel Condition MOS Operation Mode
Vs =0 No Inversion Cutoff
[Vesl < [Vin,pl Weak Inversion Subthreshold
Vas| < [Vin| Weak Inversion Triode, Linear
|VbDs| < 14Vin,pl
[VGsl = [Vin,pl . ) )
’ Strong Inversion Triode, Linear
Vpsl| < [Vas = Vin| s
>
Vas| = 1V, Strong Inversion Saturation

[Vps| = |Vgs — Vin,pl
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Ipg to indicate the operating mode of the MOSFET throughout this book, such that there will
be no confusion about which equations are being referred to in the analytical analysis of the
voltage reference circuit in later sections.

1.2.1 Cutoff Region

We start our discussions with the NMOS transistor working in the cutoff region, which is the
case when Vg = 0 with the source region tied to GND. Since there is no bias voltage applied to
the gate terminal, the inversion layer is not formed. This is physically equivalent to having two
back-to-back diodes connected in series between the drain and source regions. For the NMOS
transistor, a diode is formed by the P N junction between the N T drain region and the P-type
substrate, and another diode is formed by the PN junction between the P-type substrate and
the N* source region. These back-to-back diodes prevent current conduction from drain to
source when a voltage Vg is applied. Theoretically, the Ipg = 0 when Vg = 0. However, as
observed in Figure 1.7, Ipg # 0 when Vg = 0. This current is known as the leakage current
or the “off” current, which takes the major part of the static power consumption of the CMOS
circuits. However, the leakage current is very small, usually as small as 107! A as shown in
Figure 1.8, therefore we shall assume Ipg = 0 for the NMOS transistor when it is working in
the cutoff mode with Vg5 = 0.

1.2.2  Subthreshold Conduction

As observed in Figure 1.7, the drain current Ipg is very close to zero until Vgg > V.
To better understand the relationship between Ipg and Vg, a semilog plot of Figure 1.7 is

1E-4 3 r :
3 Subthreshold
1E—5—; Conduction

Region

1E-6 -

1E-7 -

1E-8

log(lps) (A)

1E-9

: : — :
0.0 0.5 1.0 1.5 20 25 3.0
Vi (V)

Figure 1.8 The semilog plot of (Ips) versus Vgs of a NMOS
transistor with W/L =2 um/1 pm.
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shown in Figure 1.8, where it is very clear that a low level Ipg conduction is achieved with
0 < Vs < Vin.n. This kind of current conduction is known as subthreshold conduction where
the inversion layer is not completely formed. As a result, the subthreshold conduction is
not the consequence of the charge carrier flowing from the drain to the source through the
inversion layer. The subthreshold conduction is mainly due to the existence of an electric field
between the drain and source regions. The electrons travel from the drain to the source by
direct tunneling under the effect of the electric field. The drain current of the NMOS transistor
in the subthreshold mode is given by

ID,sub - ID,leak eXp s (118)

where Ip jeqr 1s the drain-to-substrate leakage current, S = W /L is the channel width to length
ratio of the MOSFET, I jcqx 1s the unit drain-to-substrate current normalized by S, such that
ID,leak == SID,leak’ and

, (1.19)

is a non-ideal factor, also known as the subthreshold slope, which depends on the depletion
capacitance, Cp ,, and the gate oxide capacitance, C,, ,. Since Cp , is always smaller than
or equal to C,, ,,, as aresult 1 < ¢, < 2. The subthreshold current of the PMOS transistor has
the same form as that in Equation 1.18 and is given by

VsGsur SG.sub
ID,sub = ID,leak exp = = ID,leakS exp = s (120)
nVT pVT

where Vs qup 1n Equation 1.18 for the NMOS transistor is now changed to Vg g, for the
PMOS transistor and ¢, is same as that defined in Equation 1.19 with the subscript n replaced
by p for the PMOS transistor. It can be observed that the subthreshold drain current of
a MOSFET has a similar exponential current—voltage relationship as that of /o versus Vpg
relationship in BJT. As a result, this suggests that a controllable temperature dependent voltage
can be implemented by MOSFET in the subthreshold mode in a similar manner to that of the
BJT, and this will be demonstrated in later sections (Vittoz and Neyroud, 1979). Even though
the above sentence is correct from a macro view of the temperature insensitive circuit design,
there are important differences between the two. First, the subthreshold current is small. Even
worse, the drain-to-source resistance Rpg g, in the subthreshold mode is large, which will
induce large thermal noise in the circuit when compared to that of the BJT, as will be discussed
in Section 1.4. Second, MOSFET has intrinsic matching problems. As a result, a larger output
voltage variation may be observed from the CMOS constructed voltage reference circuit when
compared to the bipolar counterpart unless special considerations are made in the design.
This is especially true for the CMOS circuit with MOSFETsSs biased in subthreshold mode.
Third, the coefficient Ip ;,;, does not have the same temperature coefficient as that of the
BJT, and thus will affect the temperature coefficient of the resulting voltage reference circuit.
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Figure 1.9  Extraction of AVgg, ,
from two MOSFETSs with the same size
biased in subthreshold conduction
region with Ip; # Ip;.

Finally, the exponential current characteristic of the subthreshold current in MOSFET contains
a factor ¢, which further depends on the voltage-dependent depletion capacitance. Since it is
difficult, if not impossible, to obtain a stable and known voltage when designing the voltage
reference circuit using MOSFET in subthreshold mode (actually if a known and stable voltage
is available, then the voltage reference design problem does not even exist), therefore great
care has to be taken to use MOSFET in the subthreshold region to design voltage reference
circuits that achieve the same precision as that obtained by the voltage reference circuit
using BJTs.

1.2.2.1 Differential Vs sup

Similarly to the differential Vg derived in Section 1.1.1, the difference of the Vs between two
MOSFETsS of the same size biased in the subthreshold conduction mode with different current
densities is a low order function of temperature 7', which depends on V7, and the subthreshold
slope ¢. With reference to a pair of NMOS as shown in Figure 1.9,

AVGs sub, , = Vas, — Vas,» (1.21)
1
=¢,Vrln (i) . (1.22)
In,

This is a favorable property because all other higher order temperature characteristics of the
device will cancel each other out. The SPICE simulation result of the AVgs ., , voltage
extracted from the schematic in Figure 1.9 with the two MOSFETs of the same size, where
S1 =8 =2 um/1 um, biased in the subthreshold conduction region with Ip, = él D, =
50nA, is plotted in Figure 1.10. The result shows that AVgg up,, is PTAT and is almost
linearly proportional to temperature.
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Figure 1.10 Thermal property of AVgs, , extracted from MOSFET
biased in the subthreshold conduction mode connected as shown in
Figure 1.9 with I, = %ID2 = 50 nA.

1.2.3 Triode Region

Gradually increasing Vg, the transistor will leave the weak inversion region and enter the
strong inversion region, where more electrons (the majority charge carriers of the NMOS
transistor) will be attracted and accumulated near the surface of the substrate under the gate
terminal. The gate and substrate form a parallel-plate capacitor with the oxide layer acting as
the dielectric layer of the capacitor. The positive gate voltage causes negative charges in the
channel to accumulate on the top plate of the capacitor. The corresponding positive charges
on the bottom plate will develop a uniform electric field in the vertical direction. The electric
field induced by Vpg will control the amount of charge in the channel, and thus determine
the channel conductivity, which in turn controls the magnitude of the Ipg flowing through
the channel.

When Vs = Vi, @ N-channel is induced in the NMOS transistor. In this case, the mag-
nitude of Ipg is still negligibly small irrespective of the value of Vpg because the N-channel
has just enough charge carriers to make it conductive. When Vg increases to be greater than
Vin.n, more electrons are attracted to the channel, hence increasing the numbers of charge
carriers in the channel and thus increasing the conductance of the N-channel. As a result,
the channel contains sufficient numbers of charge carriers to achieve a conduction current Ipg
when a small Vjyg is applied. The conductance of the channel is proportional to the excess gate
voltage (Vgs — Vin.n), also known as the effective voltage. It follows that the magnitude of the
current /p will be linearly proportional to (Vgs — Vi) when Vpg > 0, such that the NMOS
transistor operates as a linear resistor with its resistance controlled by the effective voltage
(Vgs — Vin.n)- In this case, the NMOS transistor is said to be operating in the linear region,
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Figure 1.11 The Ipg versus Vpg of an NMOS transistor with
W/L =2pm/1l pmat Vgs =12V > V..

which is also known as the triode region. The Ipg of the NMOS transistor in the linear region
is related to Vg by

w
IDS,lin == Mncox,n f

) (Vas.iin — Vinn) Vos, (1.23)
where u, is the carrier mobility in the N-channel and C,, , is the gate oxide thickness of
the NMOS transistor. Figure 1.11 shows the SPICE simulation result of Ipg i, versus Vpg of
a NMOS transistor at Vgg = 1.2 V with W/L =2 um/1 pm. A linear relationship between
Ips.iin and Vpg can be observed from the figure, where the slope is known as the on-resistance
of the MOSFET in linear mode, and is given by

1
Mn Cox, n(%)(VGS,lin - Vth,n) .

Rps.iin = (1.24)

The PMOS transistor operates similarly to the NMOS transistor where the Ipg ;, relates to
VsG.1in 0of the PMOS transistor biased in the linear region and is given by

w
Ips.iin = UpCox.p (f) (VsG.iin — 1Vin,pl) Vsp. (1.25)

where ), 1s the carrier mobility of the P-channel and C,, , is the gate oxide thickness of the
PMOS transistor.
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Figure 1.12 Change in channel shape with increasing Vpg of a
NMOS transistor.

1.2.4  Saturation Region

If we further increase the Vpg, the NMOS transistor will enter the saturation region as shown
in Figure 1.11. Let us first consider the case of Vpg < (Vgs — Vin.n), the voltage difference
between the gate and the channel is not sufficient to form a uniform inversion layer between
the source and drain region, due to the increasing electric field between the drain and the
source regions. Figure 1.12 illustrates the channel tapering with increasing Vpg and it begins
to become “pinched-off”” when Vps = (Vgs — Vin.n). Further increasing Vpg will not increase
Ips, and Ipg is no longer linearly proportional to Vg as you can easily observe from Figure
1.11. In this case, the NMOS transistor is said to be operating in the saturation region. In the
saturation region, the Ips s, is independent of the drain-to-source voltage Vpg, but related to
Vis.sar 1 @ square-law relationship given by

1 w 2
IDS,sat = EMHCOX,}’! (f) (VGS,saz - Vth,n) . (126)

The MOSFET biased in saturation mode behaves as an ideal current source with the current
magnitude being controlled by the Vg 4, as shown in Figure 1.13. The PMOS transistor
operates similarly with /sp s, in the saturation mode given by

1 W

2
ISD,sat = E/’LPC())C,p (f) (VSG,sat - |Vth,p|) . (127)

It can be observed from both Equations 1.26 and 1.27 that the drain current of the MOSFET
in saturation mode depends only on Vs, and this is useful in the design of current source
and current mirrors. Without ambiguity, the rest of the book will use /p s,; for both NMOS
and PMOS, where the direction of current flow can be understood from the transistor type, or
otherwise the complete subscript will be used to indicate the direction of current flow.

1.2.4.1 Differential Vg o4

Similarly to the differential Vg s, of the MOSFETsS biased in the subthreshold mode derived
in Section 1.2.2, the differential Vs 44 extracted from two NMOS transistors biased in the
saturation region also demonstrates a low order temperature dependency. Figure 1.14 shows a
block diagram to extract the differential Vg from two NMOS transistors biased in saturation
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Figure 1.13 The Ipg versus Vps characteristic of the NMOS transistor
with W/L = 2 um/1 pum at different Vgg.

mode, which was first presented in (Yu and Geiger, 1994). Equation 1.26 can be rewritten in

terms of Vs sqr as
2IDS sat
Vossa = .| ——————— + Vi, 1.28
G TN e ConaW/L " (128

If we consider Vs, and Vs, of the two NMOS transistors in Figure 1.14 with S} = W, /L and
S> = W, /L, being fed with drain currents /1 and I,, respectively. As a result both transistors

Vasi l I
Vour
Vi, ¢
+ +
M; Vasi Vas2 l I R
_ 4
S1=W1/L] SZZWQ/Lz VGS2
~
(a) (b)

Figure 1.14 Extraction of V;;, , from differential
Vs with both NMOS transistor biased in the
saturation region.
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are biased in saturation region. It is possible to obtain V7 as a function of V;;, , by using two
voltage controlled current sources as shown in Figure 1.14(b), where I3 and I, are controlled
by Vis, and Vs, , respectively. The differential current is converted to voltage through resistor
R, such that Voyr = (I3 — I4)R. Define the ratio of the biasing current to the transistor width
to length ratio of the two transistors M and M, as

I
r = 1—52. (1.29)
12S1

Vi —rV.
Vipn = A— 172, (1.30)
1—r

As aresult, V;;, , can be obtained as

In other words, by constructing the voltage controlled current source /3 and I, with current
output proportional to ﬁ and 1~ of the control voltages, respectively, the output voltage
Vour in Figure 1.15 will equal the NMOS transistor threshold voltage scaled by R. As an
example, by selecting r = 2, §; = 55, and the proportional constants of the two voltage control
current sources for /3 and I as /R and 1/ R, respectively, the output voltage is Voyr = Vinn,
and thus forms a threshold voltage extraction circuit.

0.55 T T T T T T T T T

0.50

th,n (V)

<" 0.45-

0.40

I T I T I T I T I T I

T T 1
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Temperature (°C)

Figure 1.15 The V,;, , versus temperature of a NMOS transistor with
W/L =2 pum/1 pm.
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1.2.5 Thermal Properties

The successful application of any electron device to the temperature insensitive voltage ref-
erence circuit will depend on the designer’s understanding of the thermal properties of that
device. Thermal models of semiconductors exist in a variety of forms and complexities. It was
shown that even the simplest thermal models of semiconductor devices can give satisfactory
results if properly used. We have already reviewed the PTAT and CTAT properties of AVpg
and Vg of BJTs, respectively. The previous section has also shown that the thermal property
of Ips.sup 1s similar to its countepart in the BJT. In this section, we shall review the thermal
properties of the threshold voltage V;,(T'), the carrier mobility in channel region u(7'), and
the transconductance g,,(7") of the MOSFETs.

1.2.5.1 The Threshold Voltage (V1 , and Vy, ;)

The threshold voltages of the NMOS and PMOS transistors have similar thermal properties. It
has been shown that the threshold voltage exhibits a linear property with respect to temperature

variation. An effective and yet simple model for the temperature dependency of the threshold
voltage of the MOSFET is given by (Liu 2001)

Vth,n(T) = Vlh,n(Tr) - ,Bth,n(T - Tr), (131)
\Vinp (T = |Vin,p(T)| = Ben. p(T — T}), (1.32)
where B, = |%| and B, = |%| are the first order temperature coefficients of the

threshold voltages of the NMOS and PMOS transistors, respectively. Figure 1.15 shows the
relationship between the threshold voltage and temperature of a NMOS transistor obtained
from the SPICE simulation of a NMOS transistor of size W/L =2 pum/1 um. It can be
observed that V;;, , is a CTAT term, where BBL; = —0.779 mV/°C at T = 300 K for the
fabrication process under concern. In this case, we can derive B;, , = 0.779 mV /°C, which is
a positive coefficient. Similarly, the thermal coefficient of the V;; , of the PMOS transistor is

given by B, , = 0.802 mV /°C for the process under consideration in this book.

1.2.5.2 The Carrier Mobility (., and p )

The thermal property of the carrier mobility of the NMOS and PMOS transistors can be
expressed by a simple equation with respect to the carrier mobility of NMOS and PMOS
transistors at the reference temperature 7,, which is given by (Liu, 2001)

T _ﬁu.n
T\ ~Pur
/’Lp(T) = Mp(Tr) (T) . (1.34)

It is clear that the carrier mobility has a temperature coefficient with an exponential order f,,
temperature coefficient, and great care should be taken to apply it in the voltage reference
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Figure 1.16 The carrier mobility u, versus temperature of a NMOS
transistor with W/L =2 um/1 pm.

circuit. In Figure 1.16 the carrier mobility u,,(7') obtained by the SPICE simulation of a NMOS
transistor of size W/L =2 um/1 um at different temperatures is shown, which reveals that
1, (T) has a CTAT property and exponential in nature.

1.2.5.3 The Transconductance (g,,)

Because of the temperature dependencies of the threshold voltage and carrier mobility, other
MOSFET properties that depend on these physical parameters of the MOSFET will also be
thermal dependent. One such parameter is the transconductance. The transconductance g,
governs the intrinsic gain A of a device with the help of the output impedance r, (Hu, 2010)
such that

A = gur,. (1.35)

This relationship will be used to analyze the performance of both the MOSFET devices and
other circuit modules, such as the opamp, in later chapters.

To be specific, and as an example, the transconductance of a MOSFET defines the amount
of drain current that changes with a slight change of voltage on its gate. This allows the
computation of g, at a stable operating point where Vpyg is held constant and the device is
assumed to be operating in saturation region. This is because among all operating modes of
the MOSFET, the saturation mode is commonly applied to form the current source, and thus
the transconductance has the greatest effect on the MOSFET operating in saturation mode.
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Figure 1.17 The g,,, versus temperature of a NMOS transistor with
W/L =2 um/1 pum.

The g, of a NMOS transistor biased in the saturation region is given by

aIDS,m /4 2IDS,sa
8m,n — = == Mncox,n_(VGS,sat - Vth,n) - —[7 (136)
8VGS,sat L VGS,sat - Vth,n
and that for a PMOS transistor is given by
8IDS sat w 2IDS sat
gnp = = MUpCox p—UVsG sat| = [Vin,pl) = : . (1.37)
P OVsGsa 0 T L T T Vs el — Vil

It is clear that the thermal property of g,, is the combined result of the thermal properties
of V;, and u, which is further scaled by C,, % Since both V;;, and p have CTAT property,
therefore, it is expected that the thermal property of g,, will also be CTAT. It can be observed
from the SPICE simulation result of the g, , from a NMOS transistor with size § = W/L =
2 um/1 pwm plotted in Figure 1.17 that g, ,, has a high order temperature coefficient. Moreover,
it should be noted that this high order temperature coefficient is further subject to the geometric
variation problem of the transistor. As a result, the application of transconductance to the
design of a temperature insensitive voltage reference circuit is far more difficult than that of
carrier mobility.

1.2.5.4 The Gate Source Voltage (Vgs)

Similarly to g,,, the temperature dependency of Vg is also affected by the thermal property
of the threshold voltage and the carrier mobility. However, unlike the transconductance, the
thermal property of Vgg is more complicated than it looks. Consider the (Ips.sub, VGs.sub)
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relationship of the subthreshold current in Equation 1.18. We can observe that Vg g, 18

. . IS sub - . .
linearly proportional to V; when 1;’;—1’; is constant. As a result, it is easy to mistake Vs s, fOr

a PTAT voltage. However, it has been demonstrated in (Giustolisi et al., 2003) that Vg 5,6(T)
is a CTAT voltage with

VGS,sub(T) = VGS,sub(Tr) - ,Bgs,sub(T - Tr)a (138)

where Bg, sup 1 the first order temperature coefficient of the MOSFET biased in subthreshold
mode, and is a positive number.

If the Ips and Vg keep increasing, the transistor will enter saturation mode. The temperature
dependency of Vs s0:(T) depends on p and V;;, as derived in Equation 1.28, and is shown
to be a PTAT voltage. This dual temperature dependency of Vs can be clearly observed in
Figure 1.18, which plots the SPICE simulation of 4/Ips versus Vg of a NMOS transistor
with size W/L =2 pm/1 pum at various temperatures. It is clear from the curves plotted in
the figure that the temperature dependency of (Ips, Vis) exhibits a strong CTAT property at
low Vis. The temperature coefficient reduces as Vg increases until a point of mutual biasing
where the temperature coefficient of (Ipg, Vis) 1s zero. Then the temperature dependency of
(Ips, Vigs) will become PTAT as Vg keeps increasing and enters saturation mode. Note that the
zero temperature coefficient of (Ips, Vis) at the mutual biasing point is the result of the mutual
compensation of the thermal property of the carrier mobility u,, and the thermal property of
the threshold voltage V;;, ,. However, it should also be noted that it is difficult and complicated
to bias the MOSFET in this mutual biasing point in order to obtain a temperature independent
(Ips, Vis). As a result, great care should be taken with circuits that require a temperature
insensitive Ipg 54, Similar precautions should also be put in place when designing temperature
sensitive circuits using Vs sup-
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1.2.6 Channel Length Modulation Effect

As the MOSFET device geometry keeps shrinking, the depletion width of the source and drain
regions will become a significant portion of the channel. Since the current that flows through
the device is controlled by both the electric field from the gate and the electric field from the
drain to the source, this will induce the channel length modulation effect. The channel length
modulation effect of a MOSFET describes the increase in depletion width at the drain with
an increasing drain voltage. As a result, the effective channel length becomes shorter, which
leads to an increased drain current. An example is shown in Figure 1.19, where it is clear that
the Ips does not flatten with increasing Vpg while a small increase is still observed at high
Vps region. The channel length modulation effect of a NMOS transistor biased in saturation
mode can be modeled by the Shichman—-Hodges model (Shichman and Hodges, 1968), which
modifies Equation 1.26 to

1 w 2
ID,sat = iuncox,n (I) (VGS,sat - Vth,n) (1 + )"VDS)v (139)

where A is the channel length modulation parameter. A similar model as that described by
Equation 1.39 applies to the PMOS transistor.

1.3 Diode

All PN junctions in an integrated circuit can be used to form diodes. But only a few of
them can actually be used by themselves without unpleasant side-effects. In modern CMOS
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Figure 1.19 The Ipg versus Vpg characteristics of a MOSFET with
increasing drain voltage at various Vgs.
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Figure 1.20 Diode connected (a) BJTs and (b) MOSFETs.

processes, there are two useful diode structures: diode connected BJT and diode connected
MOSFET as shown in Figure 1.20.

Among all three types of in BJTs (base-emitter, base-collector, and collector-substrate), the
base-emitter junction makes a good diode, but it has a fairly high series resistance associated
with it. The surrounding collector of the PNP can be connected to the most negative supply
voltage, whereas that of the NPN can be connected to the most positive supply voltage, to
keep the base-collector and the collector-substrate junctions permanently reverse-biased. But
a much better diode can be obtained if the collector and base are connected together, creating
a diode-connected BJT as shown in Figure 1.20(a). Note that the transistor is actively biased
and has gain. However, if B is large, the base current will only have a small effect on the diode
current. In fact, this connection gives you an almost ideal diode.

Besides the diode connected BJT, PN junctions can be obtained from MOSFET, which
are the free-floating junctions between the N-channel source-drain and the P-substrate or the
P-channel source-drain and the N-well. The term “diode connected” MOSFET is used to
describe a MOSFET with its gate and drain connected together to form a diode-like structure
as shown in Figure 1.20(b). The forward diode voltage obtained from the SPICE simulation
of a diode connected NPN BJT at different temperatures is shown in Figure 1.2, which is
shown to exhibit a CTAT property. Similarly, the SPICE simulation of the diode connected
MOSFET with W/L =2 pum/1 pm biased in subthreshold mode with Ipg ,, = 400 nA
at different temperatures is shown in Figure 1.21, which is shown to have CTAT thermal
characteristics similar to those of the diode connected BJT. Since the MOSFET has a more
compact layout when compared to that of BJT, it seems that the MOSFET is a better choice
for diode implementation. On the other hand, while the voltage-current property of both diode
connected transistors are affected by the biasing current, the biasing current has a greater effect
on the diode connected MOSFET than that of diode connected BJT. This is because the diode
connected MOSFET is required to be biased at subthreshold mode to obtain a close to linear
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Figure 1.21 Forward voltage of a diode connected NMOS transistor
versus temperature biased with 400 nA with W and L being 2 um
and 1 pm.

CTAT property. As a result, the robustness of the diode connected BJT under varying biasing
conditions will become a good reason for choosing it for implementation.

1.4 Resistor

A resistor is not only an intrinsic voltage-to-current and current-to-voltage converter, by
properly adjusting its value, different weighting can be placed on the converted current and
voltage. As a result, it has been popularly deployed in voltage reference circuits. However,
most CMOS fabrication processes do not provide a standard structure for the sole purpose
of implementing resistors. Instead every free-floating layer in an integrated circuit can, when
properly patterned, be used as a resistor. Among various parameters that characterize the
integrated resistor, the parameters that are important to voltage reference circuit design are the
sheet resistance, Rgj..r, in €2/00, which describes the resistance of a resistor in a unit square,
and the temperature and voltage sensitivities (Razavi, 2001), such that

R(T) = Rypeer (1 + Teri (T — T,) + Tepa (T — T,)?
e Tery (T =T --2) . (1.40)

and

R(V) = Rsheet (1 + VCRl(T - Tr) + VCRz(T - Tr)z
e Vero(T =T ). (14D
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where Tcr, and Vg, are the £-th order temperature coefficient and voltage coefficient of
the resistor, respectively. As an example, Tcg; = 8.52 X 1074, Tery, = 3.01 x 1077, Vepy =
2.67 x 107* and Vegy = —2.97 x 107> in the P+ implanted poly-resistance, which is also
known as the high resistance poly-resistor. Note that the T¢g, and Vg, decay quietly as the
order increases. As a result, the second-order R(7) and R(V') models are usually accurate
enough for most of the voltage reference circuit design problems.

It should not be surprising to learn that the resistor value has a large variation on Ryj..; due
to geometric variation and large temperature coefficients (T¢g and T¢g,). In order to fine
tune the values of the resistors to achieve stable resistance for accurate circuit implementation,
most circuits employ pairs of resistors, such that it is the ratio between the resistance of the
resistor pair that is important, not the absolute resistances of the resistors. In this case, it
is the matching of the resistor values that is the most important factor to lower the variation of
the circuit performance. Luckily, the integrated resistors naturally match well. Whatever error
may have occurred in making one applies to any other fabricated in close proximity. When you
make a relatively large device, say ten times the minimum width of the device in the process
under consideration, a mismatch of 0.5% or less can usually be achieved. Besides the width,
there is another factor known as the “end-effect” that accounts for the enlargement of both ends
of the resistor to accompany the contacts. Because of the end-effect, you cannot expect resistors
of different lengths to match well. To achieve optimum matching, one should only use identical
resistors. There are a number of resistor layout techniques to achieve well matched resistor
pairs, which include inter-digitization and cross-couple layout techniques (Hastings 2001).
An example of the resistor network layout using the inter-digitization technique for resistor
pair Ry and R; is shown in Figure 1.22. Instead of drawing two single resistors separately,
the inter-digitization technique achieves a better matching result by dividing each resistor
into many unit resistors. These unit resistors are inter-digitized to pursue an accurate resistor
ratio Ry/R;.
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1.4.1 Dummy Element

The amount of dopant diffusion between the inner and outer cells of any device is affected
by the relative dopant concentrations between these two regions. It is clear that there will be
different dopant diffusion between the unit resistor at the edges of the inter-digitized and the
common-centroid layout. Hence this leads to mismatch and is known as the end-effect problem.
This problem can be alleviated by placing dummy elements on the edge of the resistor layout to
compensate the doping concentration difference by ensuring the unit resistors of the matched
resistors have the same adjacent structures. Normally, these dummy elements are tied to either
the ground or Vpp rather than left floating in order to avoid unpleasant electrical characteristics.

1.4.2 Guard Ring

To reduce the impact of substrate noise on the resistors, the resistor network can be surrounded
by a guard ring as shown in Figure 1.22. The guard rings are usually connected to the ground
or Vpp instead of leaving them floating in order to avoid unpleasant electrical characteristics
that may affect the circuit.

1.4.3 Sheet Resistance

While the benefits of multiple matched sections inter-digitized layout will be discussed in the
next section, we shall first list the sheet resistance and the first order temperature coefficients of
various types of integrated resistors for the 0.18 pm mixed signal CMOS process considered
throughout this book in Table 1.3.

It can be observed from Table 1.3 that the sheet resistance of the metal resistor is too low,
which means it is not good for using in a voltage reference circuit because it will occupy
too large a silicon area for any useful resistance. Furthermore, the temperature coefficients
of the metal resistor and N-well resistor are too high to be applied in the voltage reference
circuit. Not only do diffused resistors have high temperature dependency as noted from
Table 1.3, they have high voltage dependency as well. Therefore, neither type of diffused
resistor is good enough to be used in voltage reference circuit. In conclusion, the non-silicide

Table 1.3 Sheet resistance and temperature coefficients (7¢g) of different resistors.

Resistor Type Sheet Resistance (2/0) Tcr (ppm/°C)
Non-Silicide N+ Diffused 56.1 1510
Non-Silicide P+ Diffused 114 1410
Non-Silicide N+ Poly 290 —1350
Non-Silicide P+ Poly 319 —163
N-well 890 2730
High Resistance Poly 1030 —852

Metal 0.078 3600
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P+ poly-resistor is the most suitable resistor type to be used for temperature and voltage
variation robust circuits.

1.5 Device Matching

Device mismatch errors are the differences between two or more device parameters that are
desired to be identical. Matching accuracy, to some extent, dominates the performance of the
voltage reference circuits. For example, the matching characteristic of the current mirror plays
a key role in the B-multiplier circuit which is widely applied in voltage reference circuits. As
a result, applying layout techniques to handle mismatch errors has become more important to
high performance voltage reference circuit design, because even a small amount of mismatch
may easily damage the performance of a precise voltage reference circuit.

In order to design a voltage reference circuit with consideration of the device mismatch
problem, some statistical description for parametric variation can be used to (a) estimate the
characteristics or statistical distribution for the parameter of interest, and (b) understand or
minimize the impact on circuit performance associated with those variations.

1.5.1 Application of Statistics to Circuit Design

The most basic approach to establish a statistical model for parametric variation is to charac-
terize the distribution of the parameter of interest & over some sample of devices or structures.
The details of the physical sources of this variation are not considered; rather the combined set
of underlying deterministic (but not understood) as well as random contributions are simply
lumped together in a combined “random” statistical description. As a result, the simplest
approach (although not very accurate as it is highly likely that different parameters are cor-
related) to make use of the statistical model for circuit design with device parameter random
variation is to treat each variation independent, such that the statistical information can be
applied to determine a particular device matching technique that can achieve a reference
voltage within a given voltage variation margin due to the variation of parameter caused by
device mismatch.

Previous studies have shown that the parameters of all devices fabricated by the CMOS
process deviate from the nominal values randomly, and this random variation of device param-
eters can be modeled by a Gaussian random variable. As a result, the standard statistical tools
that quantify the variation of parameters, such as the 30 tolerance where o is the standard
variance of the parameter under consideration, can be applied. Traditionally, a 30 mismatch
of 2% over process and temperature variations is commonly acceptable for a voltage reference
circuit. The following section will provide an analytical analysis of the application of putting
multiple devices together to alleviate the device matching error due to random variations.

1.5.1.1 Random Variation

Consider the random variation of a device which is composed of unit cells. As a result, the
parameter of the unit cell is the integral of the parameter value over the area of the unit cell.
Since the area of the unit cell is usually small, the systematic error of the unit cell is negligible
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Figure 1.23 Resistors obtained by parallel connections of
unit resistors (the size of the resistors drawn in this figure is
proportional to the size of the resistors implemented
on silicon).

and the parameter of the unit cell can be approximated by the parameter at a particular point
in the unit cell plus random variations. Tradeoff can be made between area and matching
accuracy. To simplify our discussions, let’s consider the case of reducing the resistor value
variations by putting together M unit resistors in parallel connection as shown in Figure 1.23
(where M =4 in this example). The resistance of each unit resistor R can be written as
R = Ry(1 + €), where Ry is the nominal resistance and ¢ is the relative error, which follows
the Gaussian distribution (e : (0, o)) (Pelgrom et al., 1989). The total resistance of the four
unit resistors connected in parallel is given by

R = Ro(1 +€1)//Ro(1 + €)//Ro(1 + €3)//Ro(1 + €4)
1

1 n 1 n 1 n 1

14+ ¢ l+e 14¢ 14+ ¢4
1

Ro

l—e+1—e+1—e3+1—¢4

= Ry

%

RO €] + €+ €3+ €4
1 ( + , ) (1.42)
where we assume the variation ¢, << 1withk =1, ..., 4. Since ¢, are iid Gaussian variables,

therefore SF<Fates - A/(0, @) = N(0, §). As aresult, by connecting four unit resistors in
parallel, the accuracy of the resistor has been doubled. The increased accuracy has been traded
for the silicon area, because the effective resistance of the parallel connected unit resistors
equals Ry/M. As a result, M set of this parallel unit resistor connections are required to be
connected in series to obtain the desired resistance Ry. These serial-parallel connections can
be used to obtain the desired effective resistance while improving the accuracy. Actually this
structure is similar to doubling both W and L of the resistor, but gives more freedom in layout.
This characteristic is also useful for reducing gradient error as will be discussed in next section.
The same area matching accuracy tradeoff can be achieved for almost all devices fabricated by
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the CMOS process, and is commonly used by circuit designer to overcome design difficulties
due to random variation in order to create high performance voltage reference circuits.

1.5.2  Systematic Variation

The systematic variations are process dependent and usually modeled as spatial gradients
in device parameters. The magnitude mismatch error due to systematic variation can be
compatible to that of random variations (Felt 1994). If the random mismatch is reduced by
increasing the area, the systematic mismatch will dominate. Further reduction of the random
variation will not achieve a significant reduction in the overall mismatch error, it will only
make the systematic variation more significant. Since mismatch due to systematic variation
can cause performance degradation, it should be carefully handled and minimized. Special
layout techniques can be used to reduce the magnitude of these errors. Figure 1.24 shows the
application of a centro-symmetric layout to reduce the systematic variation of a resistor that is
being implemented with a serial-parallel connection of four resistors. This centro-symmetric
layout can suppress the linear gradient error since it is symmetrical in both horizontal and
vertical directions.

In Figure 1.22 another example of a matched layout of two resistors is shown. This layout
technique is known as the inter-digit layout method. In this example, the layout is symmetrical
along one direction only. As a result, it can suppress linear gradient error that aligns with
the symmetrical direction of the unit resistors layout. The best layout of a match resistor pair
should apply both centro-symmetric and inter-digit layout technique at the same time, such
that inter-digit layout is applied to each R of the resistor implemented with centro-symmetric
layout in Figure 1.24.

In summary, by dividing the device fabricated by the CMOS process into serial-parallel
connections of unit cells, and employing special layout schemes, both the random and gradient

Figure 1.24 Resistor implemented with
centro-symmetric layout structure by serial-parallel
connection (with 2 resistors in parallel and 2 set of

these parallel resistors in series, where the size of the
resistors drawn in this figure is proportional to the size
of the resistors implemented on silicon).



Warm Up 31

errors can be minimized, thus the accuracy of the device and hence the performance of the
voltage reference circuit can be substantially improved.

1.6 Simulation Models for Circuit Design

The statistical models that characterize the device parameter variations can be incorporated
into a circuit simulator which will enable us to obtain accurate circuit performance analysis
under various parametric variation assumptions without going through tedious hand calcula-
tions. With the help of circuit simulator, a typical design process is shown in Figure 1.25.
The simulation result of a typical design with parametric variation is checked against the
performance limit under various process variations. The design is robust to process variation if
it passes the performance limit test. Otherwise the design parameter is altered according to the
failed performance parameter, such as to shift the performance of the typical design, until the
designed circuit passes the performance analysis under parametric variations. It may take a few
iterations of the above design process to achieve a robust design. This design path has become
the de facto standard for robust circuit design to combat process variation problems. To enable
parametric circuit simulation, the parameter of various devices are measured on a golden wafer.
Note that the device models in the circuit simulator are simply analytically parameterized mod-
els. As an example, the SPICE parameters of the BJT are the model parameters of the physical
model developed by Gummel and Poon (Gummel and Poon, 1970). Such model parameters
can be extracted from the measurement data of the golden wafer, even though both the mea-
surements under parametric/environmental variations and parametric extraction are very time

Change Design

Parameters / Topology > Typical Design
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Process Variation
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Robust Design

Figure 1.25 Robust design flow with process variation simulations.
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consuming. The good news is such measurements and parameter extractions are required to
be made only once. After the initial device parameter characterizations, also known as process
characterization, a small set of important parameters will be selected for monitoring process
variations, such a set of parameters will be measured on each fabricated wafer in a process
monitor layout, which will be useful for yield analysis, adjustment of the statistical varia-
tions of the device models, and process parameter tuning. All the above are currently known
as “process control” in modern CMOS foundries. The process control will test the parameters
monitoring again under predefined process limits; such as the Pass/Fail limits to determine
if the fabrication process is under control or if something has gone wrong. As an example,
typical parameters that are monitored for an MOS transistor during fabrication are

oxide thickness
effective channel length
effective channel width
threshold voltage
mobility

substrate doping

sheet resistance.

Nk W=

The first six items in the typical parameter list have a direct effect on the thermal properties of
the MOSFET while the last has an effect on the variation of the generated reference voltage
on a voltage reference circuit. The following section will present a typical simulator based
performance limit analysis.

1.6.1 Process Variation and Typical Design

When a circuit is designed without considering parametric variations, such a design is known
as a “typical” design. It is highly probable that the performance parameter 6 of the typical
design will drift away due to the variation of process parameter I'. In Figure 1.26(a) a typical

Performance 6 Performance 6
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b Corner “fast”
/ —\ /
4q Typical Ay \  Typical
/ Corner “slow”
/

Corner “slow”
Fail e Fail
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(a) (®)

Figure 1.26 The variation of the device parameter 6 resulting from process variation of
process parameter I'. (a) shows the process corner without the circuit performance information.
(b) shows the process corner with consideration of circuit performance.
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case of the drift of performance parameter € caused by variation of process parameter I" is
shown. In the figure, the range indicated by Ay is the acceptable circuit performance range
for the performance parameter 6 under a given quality control requirement. The variation of
process parameter I under a predefined process control will achieve 30 within LCL (Lower
control limit) and UCL (Upper control limit), otherwise the yield of the fabricated device will
be tremendously affected. The induced performance 6 due to LCL and UCL are known as
the “fast” and “slow” corners respectively. The drift of performance 6 of the typical design is
therefore limited to being within the “fast” and “slow” corners. In the case of Figure 1.26(a),
it is clear that the UCL will induce a performance 6 that lies outside Ag. As a result, the
circuits that are fabricated with a device having process parameter I in the slow corner will
fail the given quality control requirement. In fact all the fabricated circuits that fall into the
fail bin as indicated in Figure 1.26(a) will be unable to pass the quality control. This will
have a tremendous effect on the production yield of the fabricated circuit. As a result, the
process variation must be considered in the design phase to ensure that the designed circuit
will function properly for all the possible process variations (corners).

The process parameter variations at different production levels (i.e., die, wafer, lot, and
run) can have a strong impact on the voltage reference circuit performance: output voltage
accuracy and temperature coefficient, possibly compromising the production of a precise
voltage reference circuit due to a too low yield. To achieve an acceptable yield, the circuit
has to be designed with respect to the (LCL,UCL) process variation for assessing expected
performance figures. What we are aiming to do is to design a circuit that is robust to the
variation of parameter I', such that the performance parameter 6 induced by both fast and slow
corners is within the acceptable range Ay. As a result, the yield of the fabricated circuit should
be better than 3o theoretically. Ideally, this should be achieved by circuit techniques. However,
in the case of wide parametric distribution for the parameter I', or when design complexity is
under consideration, trimming methods can be applied to achieve a post-fabrication adjustment
to improve the yield of the circuit. In this case, any fabricated circuits that do not pass the
predefined quality control will be trimmed (on a particular selected devices within the circuit)
to adjust the performance of the fabricated circuit with respect to the parameter I', such that
the performance of the trimmed circuit will be well within the acceptable range Ay. In other
words, the trimming method helps to adjust the (LCL, UCL) spread such that the adjusted
spread is well within that induced by Ay.

Trivially, the overall yield of the voltage reference circuit is affected by both the parameter
process variation and local variation (i.e., mismatch). As a result, both effects must be consid-
ered during the design phase. In many cases, it is assumed that within-die parameter variations
are much lower than die-to-die parameter variations. As a result, the effect of within-die fluctu-
ations are often neglected by voltage reference circuit designers. However, it should be pointed
out that the effects of within-die fluctuations increase as the channel length decreases. Since
the process parameter variations and mismatches are unavoidable and process dependent, most
robust voltage reference circuit designs rely on post-fabrication device trimming to alleviate
the problem. In this case, the parametric variation simulation results will help the designer to
determine the initial accuracy of the untrimmed voltage reference circuit and determine the
number of trimming bits (i.e., trimming fuses) that are required to achieve a given accuracy
specification. Section 4.8 will provide a detailed discussion on the application of trimming
to improve the yield of voltage reference circuits, while in the following we shall discuss the
“process corner” that determines the variation extremes of the device parameters.
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Table 1.4 Definition of process corner models in SPICE simulator.

Corner MOSFET Corner BIT Corner R/C

tm typical mean tm typical mean tm typical mean

wp fast NMOS, hs high speed, wp worst power
fast PMOS high B

ws slow NMOS, b low speed, ws worst speed
slow PMOS low B

wol fast NMOS, hb low speed,
slow PMOS high B

wz slow NMOS,
fast PMOS

1.6.2 Process Corners

There are a large number of definitions of process corners in the literature and commercial
simulators. Two of the most typical process corners models (Pourchon et al., 2007) are the

1. worst case corner
2. statistical corner.

The popular simulators, such as SPICE and BSIM, make use of the worst case corner
model which defines the process corners for various devices as listed in Table 1.4. These
process corners are assumed to be independent, and circuits simulated with worst case corner
can have devices that are a mix of any of these conditions. As a result, there are a total of
5 x4 x 3 x 3 =180 corner combinations for typical CMOS circuits that are implemented
with MOSFETs, BJTs, resistors, and capacitors. Furthermore, the within-die fluctuations are
neglected in the worst case corner simulation. No matter the mixture of the device variations,
all devices will have a guarantee device performance bounded by these 180 corners. In order
to simplify the corner analysis, and to capture the largest range of parameter variation, only
slow/fast corners of a specially made corner lot are characterized together with the typical
case. The classical slow/fast corner lot of CMOS process is defined with varying N-well and
P-well doping levels, such that higher than normal doping levels are applied in the case of the
fast corner, and vice versa lower than normal doping levels are applied to the case of slow
corner. Let us consider the case of the threshold voltage of the MOSFET alone. The process
corners wo, ws, wp, and wz will define a box with the four corners drawn as gray circles
as shown in Figure 1.27. All MOSFETs fabricated by this process will have the threshold
voltage bounded inside the box defined by the worst case process corner (also known as the
fast/slow corner). As a result, the application of process corner parameter in simulation allows
accurate simulation results of the voltage reference circuit under extreme conditions, and thus
will obtain the performance variation extremes to be induced by the process variations on
the fabricated voltage reference circuit. In other words, the simulation results obtained by
SPICE simulations with devices modeled by the worst case process corners will correspond
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> Vim

Figure 1.27 Threshold voltage variation of the NMOS and PMOS
transistors and the associated process corners.

to the extreme performance, and thus allow us to evaluate the performance and stability of the
voltage reference circuits. It is also clear from Figure 1.27 that corners collide with the UCL
and LCL will allow us to perform the worst case yield analysis of the fabricated design as
discussed in Section 1.6.1.

It is however, the extreme performance analysis that will result in a complicated and
expensive (because it occupies a large silicon area) trimming circuit. Reducing the trimming
circuit will reduce the yield of the trimmed voltage reference circuits. However, the reduction
in yield is usually small for a large reduction of the trimming circuit complexity. This is
particularly the case when the worst case corner is far from the statistical corner. As shown
in Figure 1.27, a large percentage (“30”) of the fabricated voltage reference circuits will
have the parametric performance of the devices bound within the statistical corners (the
quadrilateral with the black dots in Figure 1.27 as the statistical corners of the threshold voltage
of the fabricated MOS transistors). Therefore, a better trimming circuit and procedure can be
obtained if a design approach based on statistical corners is taken, instead of the worst case
corner analysis (Pourchon et al., 2007). Some of the modern simulators do support statistical
corner simulations which not only consider parametric variations with statistical importance,
but also the dependence of parametric variations between each parameter. However, not all
foundries have characterized their technology and process dependent variations and developed
a SPICE model to include the effect of statistical corners to enable the circuit designer to enjoy
the benefits of statistical corners.

Since not all foundries and simulators support the statistical corner, the rest of the book
will use the worst case corner in our analyses. However, readers should understand that the
statistical corner can also be applied, and a better circuit may be obtained with statistical
corner analysis.
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1.7 Noise

Noise is an important factor that limits the performance of electronic circuits. Noise in a
CMOS circuit is created by various physical phenomena and is due to the random motion
of charge-carrying particles (electronics and holes). The charge-carrying particles are not
stationary and move randomly through the lattice of the material even in the presence of an
electric field. As a result, noise cannot be represented by a fixed amplitude since the amplitude
varies randomly over time. A probability density function (pdf) of a random process is used
to describe the probability of the occurrence of each noise amplitude in the random process.
Most noise sources can be represented by their mean-square noise voltage given by

V2= E(V (1)), (1.43)

where E(-) is the expectation operator and V,(7) is the noise signal. In noise analysis the
noise power is usually represented by its power spectral density (PSD). In circuit analysis
where the noise at one particular frequency is desired, the center frequency is usually taken as
the frequency at which the device operates such as the fundamental frequency of a data signal.
The PSD can be calculated over the range of the devices passband to determine the signal-to-
noise ratio. The PSD is represented by the unit V? /Hz, however, it is sometimes more intuitive
to show noise as currents and voltages during calculations. In those cases, the square root of
the PSD is used with the units of V/(Hz)!/? or A/(Hz)!/?> which are the root-mean-square
(RMS) noise voltage and the noise current respectively. The root-mean-square noise voltage
is also equal to the standard deviation of the noise amplitude oy, .

This section gives an overview of various sources of noise as well as the effects of different
type of noise in circuits. The detailed noise analysis of a special voltage reference circuit, the
opamp based B-multiplier bandgap voltage reference circuit, and various circuit techniques
that can be applied to minimize the effects of various noise sources in the voltage reference
circuit will be presented in Section 4.7.

1.7.1 Types of Noises

Noise in the CMOS circuit is classified in relation to the mechanism of how it is created.
The types of noise include thermal noise, shot noise, and flicker noise. Thermal noise is
the random motion of electrons due to thermal energy. Shot noise is created at junctions
between two materials where an electric field exists. Flicker noise is due to imperfections in
the material itself where the charge carriers may get trapped or slowed down. These noise
types are explained in details in the following sections.

1.7.1.1 Thermal Noise

Each CMOS device is associated with all three noise sources, and some of them will be the
dominant noise sources for each device. The resistors have just thermal noise as the most
significant noise property. Thermal noise is created when carriers inside a conductor are
“thermally agitated” and the random motion creates a random current and potential across the
conductor. The amplitude of the noise voltage across the conductor has a Gaussian distribution
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and the power spectral density of thermal noise is constant over all frequencies. We can define
the mean-square noise voltage and current of a resistor as

e —— 4kT
VWTYR = 4kTR7 IWTvR - T’ (1.44)

where k is the Boltzmann’s constant, and R is the resistance. Note that the thermal noise is
white noise, therefore, it is the noise bandwidth under consideration that is important, not the

actual frequency region. The actual noise power is computed by integrating Vn2 gorl 2 g 1N
. L. . C T .
the frequency region under concern, which is equivalent to multiplying the noise bandwidth

Af to VnzT’ z and 137’ z- It is clear that the noise power is proportional to temperature in both
equations which is consistent with the idea that increasing temperature increases the energy
of the carriers and thus increases the random motion.

The thermal noise of a MOSFET is mainly generated from the conducting channel. The
noise spectral density of the thermal noise of an NMOS transistor can be modeled as a noise
voltage source connected in series with the gate of the MOSFET (Razavi 2001), which is
given by

—_ 1 -
W§M=4“7§ﬂ 12 3 =4kTygn, (1.45)

where y is a process dependent parameter that equals to % for MOSFETSs with a long channel
length. Note that the thermal noise of both resistor and MOSFET can be reduced by reducing the
resistance of the devices. In particular, for the MOSFET, we can increase the transconductance
to reduce the thermal noise.

The significant noise source in BJT is the thermal noise and shot noise, and a less significant
flicker noise at low frequency. The flicker noise will become the dominant noise source at high
frequency. The thermal noise of the diode connected BJT can be modeled as the thermal noise
of an equivalent resistor, which is given by

K;Q=4MR@ (1.46)

where R is the resistance between the base and emitter of the diode connected BJT.

1.7.1.2 Shot Noise

Shot noise results from the individual charges passing a potential barrier. In PN junctions, shot
noise is generated when there is an electric field that forms a potential difference across the
depletion regions. In MOSFET, an electric field exists between the gate and the channel of
the device, resulting in a leakage current from the gate to the channel. The leakage current is
the main source of shot noise and this current is usually very small. For this reason we can
usually neglect shot noise during noise analysis.
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1.7.1.3 Flicker (1/f) Noise

Flicker noise in MOSFETSs occurs because of the imperfections in the channel. The charge
carriers get trapped by these imperfections making the current fluctuate. The spectral density
of the flicker noise decreases with increasing frequency at a rate of 1/f and is the greatest at
DC. As a result, the higher the DC bias levels, the higher the flicker noise component. The
flicker noise is observed to be lower in larger devices because of the larger gate capacitance
helps in absorbing the “fluctuations in the channel charge.” The flicker noise spectral density
of a NMOS transistor is given by

vz K (1.47)
771/f,M ng’nWLf, °

where K, is a process dependent parameter and is a constant, and f is the frequency at which
the charge carriers get trapped and released. If a PMOS transistor is under consideration, K,
and C, , in Equation 1.47 will be replaced with K, and C,, ,. As can be seen from the
equation, a thinner oxide layer at the gate will lead to lower 1/f noise similar to the case of
large gate area does (the gate area equals to the product W L). It can be observed that at low
frequency (f << 1), the flicker noise is more significant, while at high frequency (f >> 1),
the thermal noise becomes the dominate noise source.

1.7.2  Sums and Multiplications of Noises

Noisy signals behave in very different way when compared to their noise free partners. When
two noisy DC signals are super-imposed, that is summed, the noise part and the noise free
part of the signals have to be considered separately. If the intrinsic noise sources associated
with the two signals are uncorrelated, those sources will be RMS summed, while the noise
free DC signals will be added linearly. As an example, consider Figure 1.28, where the noisy
voltage source is composed of a noise free DC voltage source of 1 V, and a white noise of RMS

NV+V,
InV
a Hz
v
NV+V,
N stages <
cascaded : InV “
| v Hz
1V
InV a
VJHz
1V

() (b)

Figure 1.28 (a) Sum of N identical independent noisy signals,
(b) multiplication of a noisy signal by a factor of N.



Warm Up 39

Table 1.5 BIJT model parameters.

Parameter Description Typical Values
I Transport saturation current 6.50 x 10712 A
B Forward current gain 3.4502

Rp Zero-bias base ohmic resistance 122.98
R Emitter ohmic resistance 2.16 @

Rc Collector ohmic resistance 17.11 @
Vo Bandgap voltage of silicon at 0 K 1.206 V

voltage 1 nV/(Hz)!/2. If we want to obtain a N V voltage from this voltage source, this can be
accomplished by duplicating and super-imposing N copies of the voltage sources as shown in
Figure 1.28(a); or by feeding the output of the voltage source into a noise free amplifier with
gain N as in Figure 1.28(b). If all the N sources are uncorrelated, the output noise voltage in
Figure 1.28(a) is given by V, = +/N nV/(Hz)'/?. While in the case of Figure 1.28(b) where
an amplifier with gain N is used, the output noise voltage is given by V, = N nV/(Hz)!/?. In
reality, it will be impossible to construct a noise free amplifier, and thus the output voltage will
be even higher than N nV/(Hz)!/? because of the noise contributed by the noisy amplifier. It
is clear that stacking up N sources to obtain a higher voltage generates less output noise than
amplifying the signal directly. The problem is the increase in silicon area because of the N
copies of the voltage source circuits, where the situation is worse when N is large.

1.8 Fabrication Technology

Our discussions on the CMOS device characteristics conclude with a presentation of the tech-
nology parameters used in this book for both analytic computations and SPICE simulations.
The technology under consideration with all the designs, analysis, simulations, and layouts is
a 0.18 um CMOS technology, and the BJT, and MOSFET model parameters are summarized
in Table 1.5 and Table 1.6, respectively.

Table 1.6 MOSFET model parameters.

Typical Values

Parameter Description NMOS PMOS

Vinns Vinp Zero-bias B
threshold voltage 048V 047V

Tox,ns Tox,p Thickness of 387 % 10-° m 374 % 10-° m
gate oxide ) :

Mns Mp Carrier mobility 3.4 x 1077 em?/ yg 8.661 x 107% cm?/Vs
Gate oxide

Cox.ns Cox.p capacitance 9.04 x 107 F 9.36 x 10-13F

per unit area
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1.9 Book Organization

This book concentrates exclusively on the design and analysis of CMOS voltage reference
circuits. It is divided into eight chapters, including this one. A prerequisite for this book is
a junior-level course in CMOS analog circuit design. A minimal review of CMOS device
physics has been provided in this chapter. Readers should refer to (Hu, 2010) and (Sze, 1969)
for an in-depth understanding of the CMOS devices and analog circuit designs.

Chapter 2 presents an introduction of reference voltage performance characterizations com-
monly encountered in describing voltage reference circuits. The design and analysis of the
opamp based B-multiplier bandgap voltage reference circuit that is very suitable and also
commonly found in today’s integrated circuits fabricated with CMOS technology is pre-
sented in Chapter 3. The conditions required to achieve an output reference voltage with
near-zero temperature coefficient under the assumptions of ideal devices and environment
are discussed.

Note that voltage reference circuits with different properties can be constructed by intercon-
necting different basic building blocks. Therefore, studying these building blocks will be the
first step in the design and analysis of the voltage reference circuits in general. These provide
the relations between some pertinent internal variables with the inputs and the building blocks,
which in turn provide the key to the design and implementation of high precision and low
temperature coefficient voltage reference circuits.

Chapter 4 is devoted to the analysis of the stability, precision, and other performance
limitations of the opamp based B-multiplier bandgap voltage reference circuit with various
imperfections of the building blocks, and voltage reference circuit topology as a whole.
The chapter will discuss building blocks, voltage reference circuit topologies, and design
methodologies that help to reduce the reference voltage sensitivity to the respective sources
of error. The effect on various process variation problems will also be discussed and possible
solutions to alleviate these physical difficulties are presented.

Besides the opamp based g-multiplier bandgap voltage reference circuit discussed in Chap-
ter 3, there are other forms of CMOS voltage reference circuit topologies, and some of the
practical topological configurations will be reviewed in Chapter 5. We shall also discuss var-
ious sources of error associated with such circuits in real world applications and the possible
methodologies to alleviate those problems.

Chapter 6 and 7 discuss advanced voltage reference circuits namely the low voltage and
low temperature coefficient voltage reference circuits, respectively. The aspect of designing
voltage reference circuits with an output voltage that is lower than 1 V and/or supply voltage
lower than 1 V are discussed in Chapter 6. A few important sub-1V voltage reference circuits
are reviewed to illustrate the design constraints. The techniques used to overcome those
constraints, and their pros and cons will also be presented. Chapter 7 presents the application
of high order curvature correction techniques to improve the temperature coefficient and hence
the precision of the voltage reference circuit. Following the formal definition of the order of
compensation, a number of important high order curvature correction techniques will be
discussed.

This book concludes with a discussion of an advance CMOS voltage reference circuit in
Chapter 8, where the design and analysis of a special CMOS voltage reference circuit that
does not require any resistors in its implementation will be presented. Specifically discussed
is the inclusion of a special voltage summing technique to achieve sub-1V reference voltage, a
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Figure 1.29 Book Organization.

bootstrap biasing technique to improve the power supply rejection ratio, and a piecewise tem-
perature compensation circuit to generate a reference voltage with low temperature coefficient

and high temperature stability.

Many topics included in this text can be omitted from class discussions, depending on
the coverage required in the course. Figure 1.29 shows the suggested study sequence for
each chapter. A useful approach for undergraduate teaching will be to cover the materials in
Chapter 1 to 4, which will provide an understanding of the fundamental topics such as the PTAT,
CTAT, and bandgap voltage reference circuit, and establish the benefits and applications of
circuits with a near-zero temperature coefficient. Chapter 5 to 8 are advanced topics on voltage
reference circuits which when combined with Chapter 2 will form a one semester graduate

level course.
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Figure 1.30 Schematic
to extract AVpg, , for
Exercise 1.1.

In our experience, students learn more when they are given realistic assignments to prac-
tice. To this end we encourage substantial assignments on, for example, the simulation and
layout of CMOS voltage reference circuits. This work should be designed to demonstrate and
reinforce the techniques taught. It is important that students actually participate in, as well as
attend, lectures.

1.10 Exercises

Exercise 1.1  Showing in Figure 1.30, the emitter area ratio of the bipolar transistors Q)
and Q, is 1 to N. Assume the bipolar transistors have the same reverse saturation current.
Extract AVpg,, = Vg, — VpE, by inserting a resistor Ry.

Exercise 1.2 Showing in Figure 1.31 shows the emitter area ratio of the bipolar transistors
Q1 and Q, is I to N. Assume the bipolar transistors have the same reverse saturation current.

Find the current, 1, and the voltage, Vg, across the resistor R).

Exercise 1.3 A simple bandgap voltage reference circuit: Consider the circuit in
Figure 1.32, we have

Vrer = Vee + M A Vg, ,. (1.48)

Consider the Vr extraction circuit in Figure 1.3, which extracts Vr from AVgg, , as in
Equation 1.12

~

Rewrite Vggp using Equation 1.7, 1.12, and 1.48.

Obtain the temperature dependency of Vger by partially differentiating Vrgr with T.

3. Derive M that achieves Vggp with zero temperature dependency at T = T,, and derive the
associated Vggr.

4. Derive the numeric value of Vggr with 0 = 1 and T, = 300 K.

N
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Figure 1.31 Schematic
to extract AVpgg, , with
BJTs arranged as a
current mirror for

Exercise 1.2.

. Vrer = Ve + M(AVpE)
VBE
< M(AVgg)

AV 4{%

Figure 1.32 A simple bandgap voltage reference circuit for
Exercise 1.3.

Exercise 1.4  Consider the PMOS transistor in Figure 1.33 where ,C,y , = 250 HA/V2,
W =10 um, L =10 um, and V;;, , = —0.6 V. Neglecting the channel length modulation
effect, find V.

Exercise 1.5  Consider a NMOS transistor with 1,C,y, , = 100 uA/Vz, Vinn = 0.7V, and
A =0.01VL IfVgs = 0.9V, and Vps = 1V, find the proper W/ L ratio required for a drain
current of 0.1 mA.

Exercise 1.6  Assume |V, ,| =0.7 V, and pu,Coy ,(W/L) =1 mA/V2. Find the drain
current for each of the circuits in Figure 1.34.
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:

Figure 1.33
Finding the
operating point of
PMOS transistor for
Exercise 1.4.

3.3V 3.3V 1.5V

2.2kQ
100kQ S0k Q

g 5.

-1.5V
@ (b) (©)

Figure 1.34 Finding the operating point of the transistors
under different biasing conditions for Exercise 1.6.

Exercise 1.7  Assume V;,, = 0.7V, 1,,Coy , = 100 },LA/VZ. Find the values of the W/L
ratio for each of the transistors in the circuit in Figure 1.35 required to achieve V4 = 2V and
Vg=1V.

Exercise 1.8  Assume V,,,, = 0.7 V and 1,Cpy ,(W/L) =1 mA/V2 for each of the tran-
sistors used in Figure 1.36.

1. Find the operating point (Ip, Vps) for My in each of the circuits with Vpp = 5 V.
2. Reduce the power supply voltage by 10% and repeat part 1.
3. Calculate the sensitivity of Ip to Vpp in each of the circuits.
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200pA
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Figure 1.35
Finding the
operating
condition of
NMOS transistors
arranged in
cascode structure
for Exercise 1.7.

3kQ
1.56kQ

3.44kQ 1kOQ

(a) (b)

Figure 1.36  Finding the effect of Vpp variations on NMOS
transistor with simple biasing circuit and active biasing circuit
for Exercise 1.8.
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Figure 1.37 PTAT voltage generation by A Vs, sub ()
with ideal current source I and (b) current source made
up with Mj at strong inversion for Exercise 1.10.

Exercise 1.9  Compute AVgs sup, , in the circuit shown in Figure 1.9, with S| # S, operating
in subthreshold mode.

Exercise 1.10  Vprar voltage generation:

1. Compute AVgs sup, , in the circuit shown in Figure 1.37(a) with Ip properly chosen to bias
both NMOS transistors operating in subthreshold mode.

2. Consider the circuit with the current source made with PMOS M3 biased on strong inversion
as shown in Figure 1.37(b). Derive the minimum Vpp required to operate the circuit.

3. Simulation of the circuit in Figure 1.37(b) with a selected R, and R, that satisfy (1) and (2).
a. Plot the simulation result of V| against T.
b. Comment on the shape of the obtained curve when compared to what was expected to

be obtained from the ideal circuit, and state the physical reason for this deviation.

Exercise 1.11  Estimate the minimum and maximum resistances of an N-well resistor with
a nominal resistance of 10 k2 at room temperature (27°C) over a temperature range of
(0, 100°C).
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Voltage Reference

A voltage reference circuit is a device that generates an exact output voltage which in theory
does not depend on the operating voltage, load current, temperature, or the passage of time.
Readers should not mistake voltage regulators for voltage reference circuits even though
they are very similar, as both circuits generate regulated output voltages that are immune to
the change in load current, input voltage, temperature, etc. A voltage regulator, however, is
intended to provide a higher output current than that of a voltage reference circuit. As a result,
the voltage regulator is much less accurate than a voltage reference circuit, the output noise is
higher, and the long term stability is not specified. In fact, every voltage regulator requires a
precise voltage reference circuit in its core.

Besides the voltage regulators, voltage reference circuits are used in all circuits that require
a precise voltage for measurements to be made against. The accuracy of any measurement
can be regarded as good as it is able to be compared against a known standard. High res-
olution A/D and D/A converters, digital meters, smart sensors, threshold detectors, servo
systems, battery management systems, and many other precise industrial control systems
require precise voltage reference circuits in their cores. Various circuits have been devel-
oped to provide accurate reference voltages, whereas their performance can be characterized
by the objective measures detailed in the following sections. These objective measures not
only allow us to specify the voltage reference circuits that have been implemented or are
to be designed, they can also allow a fair and objective comparison between two voltage
reference circuits.

2.1 Performance Measures

A variety of circuits require a fixed reference voltage to be compared to for the sake of reli-
ability and accuracy. As an example, the A/D converter requires a stable reference voltage
to achieve high conversion accuracy, which is independent of the supply voltage. A precise
reference voltage is not only a temperature compensated voltage source but also a transiently
stable circuit, where the output is impervious to sudden variations in supply voltage, load,
noise, and manufacturing process. Therefore, the reference voltage circuits should have high
static and dynamic performances. The static performance of a voltage reference circuit is

CMOS Voltage References: An Analytical and Practical Perspective, First Edition. Chi-Wah Kok and Wing-Shan Tam.
© 2013 John Wiley & Sons Singapore Pte. Ltd. Published 2013 by John Wiley & Sons Singapore Pte. Ltd.
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affected by the limited line regulation, load regulation, process and manufacturing variations
on the electron device characteristics and values, electron device mismatches, variation on
electron device temperature coefficient, package shift effect, channel-length modulation, etc.
The static performance influences the absolute accuracy of the output voltage, which can be
improved through trimming of individual circuit components using techniques such as fusible
links and laser trimming (Erdi, 1975; Huijsing et al., 1996) etc. To simplify our discussions on
the dynamic performance of the voltage reference circuit, we shall consider the nominal output
voltage, known as Vrgrmom), which is the desired voltage at nominal operating conditions. We
assume that this output voltage is obtained through trimming techniques, where the nominal
operating condition is regarded as the room temperature with a specified supply voltage known
as the nominal input/supply voltage Vppom)- The output voltage variations over the full range
of operating conditions are considered, which is regarded as the dynamic performance. In gen-
eral, the dynamic performance of the voltage reference circuit is dominated by four factors:
(1) the temperature coefficient (7C) of the voltage reference circuit over the operating tem-
perature range, (ii) the line regulation of the voltage reference circuit over the operating
input voltage range, (iii) the power supply rejection ratio (PSRR) under maximum input
ripple, and (iv) the peak-to-peak output noise of the voltage reference circuit over the operat-
ing frequency spectrum. Under nominal operating temperature conditions, the relative error
caused by limited PSRR is normally smaller than that caused by the intrinsic peak-to-peak
output noise and the line regulation of the voltage reference circuit. When the operating
temperature variation is limited, the temperature coefficient of the voltage reference circuit
will usually become the dominant factor, which limits the dynamic performance of the ref-
erence voltage. The sensitivity parameter, or its de facto acronym, will be used throughout
this book. The following sections will provide formal definitions of each of the voltage ref-
erence circuit performance measures using the sensitivity parameter S; that measures the
sensitivity of the parameter y with respect to a change in parameter x as defined by (Allen and
Holberg, 2003)

S =

2.1
. Ax — 0 2D

lim Ay/y| dyx
Ax/x | axy’

where Ax and Ay are the change in parameter y due to the change in parameter x with respect
to the nominal values of x and y. For simplicity, a modified sensitivity measure S, is used
instead of the above conventional definition in some of the selected performance parameters
in the rest of the book. Consider the case of defining the line regulation using Equation 2.1,
where y is the output reference voltage and x is the supply voltage. It can be observed that Sy
has a linear factor x. In other words, S; will reward voltage reference circuits operating at low
nominal supply voltage. In this case, it will be difficult to compare the performance of one
voltage reference circuit to another. As a result, in some special cases of the sensitivity measure
of the performance parameters for a voltage reference circuit, researchers and engineers in this
field use the modified sensitivity measure, as will be defined for each performance measure in
later sections to avoid unfair comparison. At the same time, in order to simplify our discussions
and without loss of generality, we have chosen a specific set of nominal operation parameters
as summarized in Table 2.1. All the voltage reference circuits will be characterized under the
listed nominal conditions unless specified otherwise.
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Table 2.1 Nominal condition for voltage reference circuit characterization.

Parameters Symbol Values

Nominal Supply Voltage VinNwom) 1.8V
Room Temperature

Nominal Temperature Tnom) (i.e.. 300 K or 25°C)

2.1.1 Line Regulation

The line regulation Spg 7, specifies the variation of the output of the voltage reference
circuit A VRer, 7,0, With respect to the input voltage variation A Vyy at the nominal temperature.
Formally, line regulation is specified as pV/V or % of the following voltage ratio

AVger, nom (AViy)
SLR Tonom = REFZVH; N (WV/V) for x 100(%)] 2.2)

where AVRer, 1,0, (A Vin) is the variation of the reference voltage measured within the input
voltage variation in the range of [ Vinonin), ViNnax > and AViy = Vinonax) — ViNgminy- Note that
in everyday application, the input supply voltage range is not required to be Vinuom) £ AV%,
as will be elaborated in a sequel. Therefore, it is more desirable to specify [Vingmin)» Vinonax)]
instead. Figure 2.1 shows the test-bench used to measure the line regulation of a voltage refer-
ence circuit. The steady-state output current, output capacitive load, and output resistive load
of the voltage reference circuit are enumerated as pyr, Croap, and Ryoap, respectively, where
lour = VREFmom)/ Rroap- Note that the line regulation factor can be affected by 1oy and Croap.
As a result, the measured line regulation should be specified together with the measurement
environment which includes the operating temperature, Crpoap and Ipyr or Ry oap- The output
voltage of the voltage reference circuit, Vrer, 7,0, » 18 measured with Vpy increased from 0 V
t0 ViN(nax) under nominal temperature 7, at a chosen Croap and Ipyr. A typical waveform
for VReF, Ty0m, against Vpy is shown in Figure 2.2. Similar to all other engineering problems,
the desired reference voltage is specified with some tolerance to reflect the inaccuracy in the
real world. The output voltage of a voltage reference circuit is specified as Vrgrmom) £ AV§EF
at T(,om)- As shown in Figure 2.2, the input voltage range that corresponds to such an output
voltage range is specified as [Vingniny)» Vingmax)]- The input voltage variation is thus given by

Voltage Reference VREF

Tour l

C) T
AT~
- C
RLOAD % LOAD

VIN

Figure 2.1 Test-bench of voltage reference circuit for line regulation
and temperature coefficient measurement.
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Figure 2.2 A typical waveform of Vrgr measured from voltage reference circuit against using Vv
at T{om) for the computation of line regulation.

AVin = ViNnaxy — Vinemin)- It 18 clear that the operating range of Viy will affect the line regula-
tion, therefore the operating range of V;y should be specified during the line regulation measure-
ment. The parameter V(i) denotes the minimum operating voltage of the voltage reference
circuit. In particular, the parameter Vpgop specifies the dropout voltage of the voltage reference
circuit, which is defined to be the difference between the input to output voltage of the voltage
reference circuit. In particular, Vpropuminy 1s defined as the difference between the desired
reference Voltage VREF(nom) and VlN(min) (i.e., VDROP(min) = VIN(min) - VREF(nom))- In some lit-
erature, Vpropmin) 18 used to specify the minimum operating voltage of the given voltage
reference circuit, with a given Vrgrnom). Another interesting property of the minimum dropout
voltage is that a lower Vpropimin) helps to promote the power efficiency of the voltage refer-
ence circuit, as well as extending the operating voltage range, and hence prolongs the system
life time for system driven by a limited power source. However, low dropout voltage also
implies greater design complexity as will be discussed in later chapters. This design paradox

is one of the obstacles for engineers to overcome to achieve a high performance voltage ref-

AVREF,T(nzom)(AVIN) ; the
reader should not get confused with Vjy0my, Which does not necessarily equal % (i.e.,itis
AVIN

possible that Viyuomy 7 —5 ). In other words, given Vingomy, AViy and Veeruomy do not tell

you VDROP(min)- You also need to know VREF(nom)a VIN(min), and VIN(max) to obtain VDROP(min)-

erence circuit. Let us address this fact once again. While Vrerpnom =

2.1.1.1 SPICE Setup

SPICE simulation is a powerful tool for circuit designers to verify the correctness and also the
performance of a voltage reference circuit in the design phase. In particular, we have discussed
in Section 1.6 that it is possible to apply SPICE to analyse the limiting performance of the
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voltage reference circuit. The SPICE netlist “ ref.sp’ of the voltage reference circuit is
listed in Appendix B, which is applied in this section and subsequent sections to discuss how
to set up the test-bench in SPICE for simulator based performance evaluation. Let’s first take
a look of the SPICE input file for the test-bench of the line regulation as shown in Figure 2.1.
Before we move further to the details of the SPICE input file, we shall assume the reader has
experience in using SPICE to simulate a circuit. Otherwise readers can go to other textbooks
(Vladimirescu, 1994) to become familiar with the SPICE simulation tool.

Listing 2.1 SPICE input file for the characterization of line regulation of a voltage reference
circuit.

* SPICE Input File for the Simulation of Line Regulation
.INCLUDE ’'book.mdl’
.INCLUDE ’'ref.sp’

VIN 1 0 DC 1.8

IBIAS 2 0 DC 20U

X1 2 1 VREF 0 REFCIR
RLOAD VREF 0 1MEG
CLOAD VREF 0 24F

.DC VIN 0 3 0.1
.PROBE DC V (RLOAD)
.END

The SPICE input file for simulating the line regulation of a voltage reference circuit is shown
in Listing 2.1. The input file, also known as netlist, implements the circuit shown in the line
regulation test-bench (see Figure 2.1), in which the voltage reference circuit ' REFCIR’ is
stored in the file ' ref . sp’. The process model used in this book is described in the technol-
ogy model file ' book .md1’ listed in Appendix A, which contains the model parameters of a
0.18 um CMOS technology. The contents of the files are listed in the appendices of this book.
These two files are included for simulation with command . INCLUDE. The voltage reference
circuit REFCIR is denoted as X1 with the pin assignment given by <bias input out-
put ground>, where bias is the input current that biases the internal circuit of REFCIR,
input is the supply voltage of the voltage reference circuit, output is the reference voltage
generated by REFCIR, and ground is the supply ground input of the voltage reference circuit.
The voltage reference circuit X1 is biased with IBIAS which is specified as a 20 pLA constant
current source in the SPICE script in Listing 2.1. A DC supply voltage ' VIN’ at nominal
voltage 1.8 V as defined in the SPICE script is coupled to the input of the voltage reference
circuit. A resistive load ' RLOAD' and a capacitive load ' CLOAD' are coupled to the voltage
reference circuit at the output of the voltage reference circuit. To simplify our discussions,
the output node of the voltage reference circuit is denoted as VREF. A DC analysis, taking
the supply voltage as the changing variable from 0 Vto3 Vinastepof 0.1 Vis performed
according to the control statement ' .DC VIN 0 3 0.1’. The plot of Vggr as a function
of Vjy can be obtained from the data logged by the output control statement ' . PROBE DC
V (RLOAD) ’ as the Vggp builds up at the positive terminal of R;p4p. Note that if /o7 is under
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investigation instead of Vzgp, the output control statement can be modified to / . PROBE DC
I1 (RLOAD) ', where Ipyr is the current flow into the positive terminal of R;pap.

2.1.2 Temperature Coefficient

As discussed in Chapter 1, the physical characteristics of the circuit components vary with the
operating temperature, and thus create a temperature dependent output of the voltage reference
circuit. The temperature sensitivity of the circuit, Syc, also known as the temperature coeffi-
cient (TC), specifies the reference voltage drift over a given range of operating temperature
[Tnins Tnax] with Viy = Vinom). The parameter Syc is defined as

(VREF(max),VIN(nom) — VREF(n1in),V1N<n0m>)

x 10° (ppm/°C)
(Tmax - Tmm) X VREF(n()m) PP /

TC = STCsVIN(nom) =

AV, AT
_ REF,VIN(nom)( ) X ]06 (ppm/OC), 22

AT X VREF(om)

where AVggr. VIN(nom)(A T) is the variation of the reference voltage within the temperature
range [Tin, Tnax], and AT = T,,,. — T,in as specified on a typical waveform shown in
Figure 2.3. This waveform can be obtained by the same test-bench used for the measure-
ment of line regulation (see Figure 2.1) with Vv fixed to be Viyg0m) and varying the operating
temperature over [T, Tuax]- The temperature variation is usually accomplished through
putting the test chip into a hot/cold bath or inside an environmental chamber while all other

%EF, ViNtrom)
A

V A VREF’ V].'\"(me)(AT)
REF (max), V,J\v(nom) ........................ = -V, .
REF(max )iy (nomy — REF(Min ),VIx (rom)
where
VREF (max), ¥y (nom) = max { VREFJ}N (mm)(Tmin, Tmax )}
VREF(mm), Vyx (nom) — 1T {VREF,V,‘\;M,,,,,)(Tr‘nin, T}

I{QEF(m;m) — 4

|4

REF(min ), Viyuomy  |e= - b e e emmmm e e e e e e e

T AT = Tmax - Tmm T

Figure 2.3 A typical waveform of temperature coefficient (7C) of the voltage reference under
nominal input voltage (Vingiom))-
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Figure 2.4 Hot/cold bath or environmental chamber.

input and output sources are maintained in the nominal environment as shown in Figure 2.4.
The Vger, ViNeiom) is being measured under the specified C;pap and Ry pap over the pre-defined
temperature range. The parameters, Vrerimax), ViNmom)> VREF(nin)> and A Veer, ViNom? in Equa-
tion 2.3 can be obtained from the same measurement results with the specified operating
temperature range. Hence, S7¢ can be computed accordingly. Note that the Sy¢ varies with
the variation in the operating temperature range.

As observed from Figure 2.3, the temperature dependency of most voltage reference circuits
are high order functions of the operating temperature 7. The consequence of the high order
curvature implies that the S7¢ can sometimes be misleading, since it can be made to look better
by making the allowable temperature range smaller and centering it right at the point where
VREF, ViNmom (T') equals the average between VREF(V”i”):V[N(nom) and Vrermay), ViNmom* Since there
are many different standard ranges that specify the practical operating temperature range, it
will be difficult if not impossible to accurately compare these values unless the temperature
ranges over which the references are measured are known a priori.

It is important to choose the temperature range suitable for the specific application to
compute Syc. On the other hand, a small S7¢ can always be obtained by choosing the smallest
Tin and the largest 7, such that

A VREF »VINmom) (A T)
2 b

VREF(max),VIN(nOm) = VREF(nom) + (24)

AVREF, Vingom (AT)
5 .

VREF(min), ViNpom = VREFmom) — (2.5)

Note that if we alter Vrgr(om) to maximize the operating temperature range [ 7, Tinax] With
a given AVger, ViNaom, the altered Vzermom) Will also affect the Sy, and all other performance
parameters. Therefore, it is not that simple to alter the Sy¢ by changing a single design
parameter, as all performance parameters are inter-related.

The S7¢ required by different applications can range from a few parts per million per degree
Celsius (ppm/°C) to hundreds of ppm/°C. The variation of the reference voltage over the
operating temperature range will directly affect the accuracy of a system. For example, a N-bit
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analog-to-digital converter that requires a reference voltage Vrerom) under a temperature span
AT would have a conversion accuracy A Vy that requires

VREF(nom)
_ AVREF Vinmom (AT) 1 | @7
STC x AT 2N+1
where we assume the voltage reference circuit achieves the optimal S7¢ with
1
VREF(nom) = > I:VREF(max),V[N(nom) — VREF(min),VIN(,wm)] : (2.8)

This illustrates the stringent requirements placed on the design of the voltage reference circuit
for applications with a wide operating temperature range. Last but not least, after so many
years of voltage reference circuit developments and applications, it has been customary for
the engineer to use the acronym 7C in place of S7c. The rest of the book will use both terms
TC and Sy interchangeably.

2.1.2.1 SPICE Setup

Listing 2.2 shows the SPICE input file for the simulation of the temperature coefficient of a
voltage reference circuit, which implements the test-bench shown in Figure 2.4. Similar to
the simulation of line regulation, a DC analysis is performed, and the environment parameter
TEMP will be the changing variable and is given by the control statement * .DC TEMP -40
125 165’ in place of the ' .DC VIN'’ statement. This simulation script will obtain the
reference voltage at different temperatures from —40 °C to 125 °C in 165 steps (i.e., one
measurement per degree Celsius). A plot of the Vzgr as a function of temperature can be
obtained by further processing the simulation result captured by ' V (RLOAD) ’.

2.1.3  Power Supply Rejection Ratio

In real world implementation, the power rail on the silicon is corrupted by the high frequency
noise due to signal coupling, feedback, power surge, and so on. The ability of the voltage
reference circuit to reject the noise and other spurious signals at a particular frequency on the
power rail, and to provide a stable reference voltage, is specified as the power supply rejection
ratio (PSRR). The PSRR is a function of frequency expressed in dB with the following
definition

PSRR(f) = Spsrr.; = 20log M(dm, (2.9)

Vin, ac(f)
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Listing 2.2 SPICE input file for the characterization of temperature coefficient of a voltage
reference circuit.

* SPICE Input File For The

* Simulation of Temperature Coefficient
.INCLUDE 'book.mdl’

.INCLUDE ’'ref.sp’

VIN 1 0 DC 1.8

IBIAS 2 0 DC 20U

X1 2 1 VREF 0 REFCIR
RLOAD VREF 0 1MEG
CLOAD VREF 0 24F

.DC TEMP -40 125 165
.PROBE DC V (RLOAD)
.END

where the power supply being corrupted with spurious noise at a particular frequency f
is modeled as a DC voltage coupled with a sinusoidal signal at frequency f, and labeled
as Viyac(f). As a result, Viy = Vin ac + Vingom)- The output voltage Vrer(f) is an AC
coupled reference voltage measured at the output of the voltage reference circuit, such that
Vrer(f) = VrREFmom) + Vrerac(f). The PSRR over a wide frequency range can be applied to
describe the variation of the reference voltage corrupted by supply noise. The PSRR can be
measured with the test-bench in Figure 2.5. Similar to other test-benches being used to measure
the line regulation and temperature coefficient, both Ipy7 and Crpap have to be specified in
the test-bench to measure PSR R. The amplitude of the AC signal Vjy 4c( f) is usually chosen

to be 1 V peak-to-peak, which is denoted as 1 V,,,, even though other amplitudes can also be

N
/" VreF \

\
|

VREF,pp) /,

N ——

\\Q tiy/
Vrerac(f)

;RLOAD —~ Croap

Voltage Reference

Figure 2.5 Test-bench of voltage reference circuit for power supply rejection
ratio (PSR R) measurement.
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Figure 2.6 A typical waveform of power supply rejection ratio
(P SRR) of the voltage reference circuit.

chosen, the 1 V,, signal helps to simplify the extraction of PSR R from the measurement result,
because PSRR(f) = 20log Vrerac(f) in the case of Viyac(f) =1 V,,. The PSRR(f)
can be computed from the measured Vzgp(f) with a frequency varying AC voltage source.
Figure 2.6 shows a typical PSRR waveform of a voltage reference circuit. The PSRR(f)
is lowpass shaped because of the limited frequency response of the CMOS devices used to
implement the voltage reference circuit. A 1 kHz sinusoidal signal, Viy 4c(1000), is usually
used in most specifications due to its popularity in both audio signals and control systems.

2.1.3.1 SPICE Setup

Listing 2.3 shows the SPICE input file for the simulation of the PSRR of the voltage ref-
erence circuit. An AC source with amplitude of 1V is added onto the original input voltage
source ' VIN' to imitate the power supply noise, where the AC signal will be presented at
the input voltage within the frequency range to be simulated. To simulate the PSRR per-
formance of the voltage reference circuit subject to input noise at different frequencies, AC
analysis is performed as defined by the control statement * .AC DEC 50 10 100MEG’,
which specifies the simulated frequency range spans from 10 Hz to 100 MHz, and a set of
simulation results will be obtained with 50 data points per decade in the simulated frequency
range. As mentioned, the PSRR(f) = 20log Vrerac(f) in the case of Viyac(f) =1V,
therefore, the PSRR is a function of frequency and can be plotted by the control statement
' _.PROBE AC VDB (VREF) ' to allow an immediate result visualization.

Listing 2.3 SPICE input file for the characterization of the power supply rejection ratio of a
voltage reference circuit.

* SPICE Input File For The

* Simulation of Power Supply Rejection Ratio
.INCLUDE ’'book.mdl’

.INCLUDE ’'ref.sp’
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VIN 1 0 DC 1.8 AC 1
IBIAS 2 0 DC 20U

X1 2 1 VREF 0 REFCIR
RLOAD VREF 0 1MEG
CLOAD VREF 0 24F

.AC DEC 50 10 100MEG
.PROBE AC VDB (VREF)
.END

2.1.4 Quiescent Current

The quiescent current, /,, also known as the supply current, is the current required to operate
the voltage reference circuit at steady-state with no resistive load. In nominal condition, the
quiescent current equals I, (om) under Vingomy and T(,my With Rppap = 00 such that I;04p
equals 0. As a result, Vinom) X Iymom) 18 the steady-state power consumption of the reference
circuit under nominal conditions. A voltage reference circuit with a low quiescent current is
desirable for two reasons. First, a low quiescent current implies high power efficiency, and long
working hours of the voltage reference circuit for applications with limited supply power, such
as battery operated devices. Second, a low quiescent current voltage reference circuit has small
power dissipation and hence a small self-heating effect which helps to maintain the accuracy
and stability of the output voltage of the voltage reference circuit. The test-bench showing in
Figure 2.7 measures I (,0m) as the current flows into the voltage reference circuit with supply
voltage Vinmom) at nominal temperature 7{,,,,,) and a capacitive load Crpap connected to Vggr.
It should be noted that the value of I, varies with Vy, operating temperature 7', and capacitive
load Cyoap- Therefore, I, should be specified with respect to Vv, T, and Croap.

2.14.1 SPICE Setup

As aforementioned, the quiescent current equals 7,0y under Viyom) and Ti,omy With Rpoap =
oo such that I; p4p equals 0. Thefore, the loading resistor * RLOAD is removed in the SPICE

1

Vv
Voltage Reference REF(nom)

Vingom) —< Croap

v

Figure 2.7 Test-bench of voltage reference circuit for quiescent
current (/,) measurement.
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script listed in Listing 2.4, which is consistent with the test-bench shown in Figure 2.7. The
input voltage is defined at the nominal condition of 1.8 V. A transient analysis is performed to
simulate the quiescent current in steady state defined by the statement * . TRAN 10U 300U’.
The quiescent current can be observed from the plotted 1,(,0m,) current against time which is
obtained by the control statement / . PROBE TRAN I2 (X1) .

Listing 2.4 SPICE input file for the characterization of the quiescent current of a voltage
reference circuit.

* SPICE Input File For The

* Simulation of Quiescent Current
.INCLUDE ’'book.mdl’

.INCLUDE ’'ref.sp’

VIN 1 0 DC 1.8

IBIAS 2 0 DC 20U

X1 2 1 VREF 0 REFCIR
CLOAD VREF 0 24F

.TRAN 10U 300U
.PLOT TRAN I2 (X1)
.END

2.1.5 Output Noise

Another frequency dependent performance parameter of the voltage reference circuit is the
output noise. The output noise of a voltage reference circuit is generally specified as the peak-
to-peak voltage in the 0.1 ~ 10 Hz bandwidth which is useful for low frequency systems such
as voltage regulators. The output noise can also be specified in a higher frequency bandwidth
such as 10 Hz to 20 kHz. This type of specification is useful for noise in the broadband
region which is also known as “white noise” or thermal noise. Applications that require such
broadband noise consideration include A/D and D/A converters. Similar to the device noise
discussed in Section 1.7, the output noise of the voltage reference circuit is measured with
respect to its root mean square (RMS) value. Assuming the noise is truly random, the peak-
to-peak noise voltage can be estimated by multiplying the RMS value by 6. For example, a
voltage reference with 2 uwVgys at 10 Hz to 20 kHz noise density will have a peak-to-peak
noise voltage of approximately 12 uV.

In reality, the best way to specify high frequency noise is to show a graph of noise voltage
spectral density versus frequency in nV/+/Hz as discussed in Section 1.7. This allows the
design engineer to calculate the reference noise based on the desired bandwidth of their
system. Consider the RMS noise voltage spectral density requirement of an analog-to-digital
converter with N-bit. The noise density V, ger(f) in (V/ «/E) has a peak-to-peak noise
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voltage of 6V, rerv/ BW, where BW is the system bandwidth. The peak-to-peak noise voltage
is required to be smaller than half of the conversion voltage step size, and thus

v < 1 VREF(n()m)
JREF < = )
! 2 (2N x 6 x /BW)

For example, a 12 bit analog-to-digital converter with Vrgruom = 5 V operating in an audio
bandwidth of 100 Hz to 20 kHz would require

(2.10)

V, rer < 5/(12 x 22 x /20 kHz — 100 Hz)
< 720 nV/+v/Hz. (2.11)

A typical noise measurement requires a bandpass filter to extract the noise spectrum in
a desired bandwidth. Figure 2.8 shows a typical test-bench for the noise measurement of a
voltage reference circuit. The output of the voltage reference circuit is bandpass filtered by
cascading a highpass filter with a lowpass filter. An example of a 2 decade bandpass filter with
bandwidth 10 Hz ~ 1 kHz constructed with a 1 pole highpass filter and a 2 pole lowpass filter
is shown in Figure 2.9, where Chebyshev filters are used because of its sharp transition. Note
that the filter should be designed with respect to the input impedance of your measurement
equipment. The schematic presented in Figure 2.8 is for reference only. Of course the most
accurate measurement is to use a spectrum analyzer or noise analyzer to extract the output
voltage noise power in a specified frequency band. However, for most applications, a simple
L — C filter can get the job done well.

In order to reduce the output noise of the voltage reference circuit, a simple R — C filter
can be applied to reduce the noise to an acceptable limit required by the system resolution and
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Figure 2.8 Test-bench of voltage reference circuit for noise measurement.
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N J J
Y Y
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highpass filter at I0Hz lowpass filter at 1kHz

Figure 2.9 A bandpass filter for the
measurement of low frequency noise with a
bandwidth of 10Hz ~ 1 kHz.

accuracy. The wideband output noise in the 10 kHz to 1 MHz band can be reduced to about
50 uV,, using a 0.001 uF capacitor at the output of the voltage reference circuit. Noise in the
1 kHz to 100 kHz band can be further reduced using a 0.1 uF capacitor on the output. However,
most of the voltage reference circuits are constructed with low output drive capability which
suffers from instability problems when driving a large capacitive load. As a result, a design
paradox between system noise and stability results. The designer is thus required to determine
the best compromise between these two factors to achieve the best voltage reference circuit
performance.

2.2 Other Design Considerations

Besides the obvious design consideration that we’ve discussed for each performance parameter
presented in previous sections, there are other design considerations in a voltage reference cir-
cuit that are important and that at the same time also affect the above performance parameters.
Among these are

1. circuit size

2. power dissipation

3. device mismatch

4. ease of output trimming.

The designer will have to consider the above design parameters in order to fit the designed
voltage reference circuit into the bigger picture of the final product. In particular the circuit
size and power dissipation are related design constraints because of their importance to the
market value of the final product. At the same time, they are also important for the output noise
of the voltage reference circuit. Note that the intrinsic thermal noise is inversely dependent
on the square root of the quiescent current and the total component size, while 1/f noise is
inversely proportional to the sum of the square root of the gate area of the MOSFETs in the
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circuit. Previous design experience tells us that when the opamp based B-multiplier bandgap
voltage reference circuit to be presented in Chapter 3 is implemented with 0.5 pm technology
with an area of 0.01 mm? and a quiescent current of 4 HA, it generates approximately 30 pV
RMS output noise over the frequency range of DC to 10 kHz. If one were willing to apply
brute force techniques to reduce white noise and 1/f noise by an order of magnitude, the
circuit would require a quiescent current of 4 mA and an area of 1 mm?. Clearly, these area
and current requirements would be unacceptably large for an integrated circuit. Over the last
decade, a feasible low noise voltage reference circuit for practical implementation has had a
size limitation of 0.02 mm? and a less than 100 WA quiescent current. Recently, the design
requirement has been tightened to 0.005 mm? circuit area and less than 1 A quiescent current.

As discussed in Chapter 1, all devices are subject to process variations, which will induce
parameter variation and device mismatch problems. Even though circuit trimming can be
applied to alleviate the process variation problem, the device mismatch and circuit trimming
must be considered in the voltage reference circuit design. A good voltage reference circuit
should be relatively insensitive to device mismatches and effective in achieving the desired
operating point through device parameter trimming. Device matching in integrated circuit
technologies in general and voltage reference circuits in particular has been introduced in
Chapter 1 and investigated in depth in (Allen and Holberg, 2003). The more important question
in the design of a high performance voltage reference circuit is how does the topology of the
circuit affect the circuit’s sensitivity to component mismatches, and the accuracy of the trimmed
nominal output voltage. Ideally, the circuit should have a broad trimming range such that very
small changes in a trimming resistor (for example) do not drastically alter the output voltage
and temperature coefficient of the circuit. The analysis in Section 3.2.1 will show that not all
components in the opamp based S-multiplier bandgap voltage reference circuit have the same
Vker sensitivity. As a result, the voltage reference circuit topology must be chosen carefully,
such that most of the circuit components have low Vggp sensitivity, while those with high
sensitivity can be trimmed with an implementable trimming network. Last but not least, the
trimming network usually takes up a large silicon area. As a result, it not only increases
the manufacturing cost because of the added trimming step in the post-fabrication process of the
voltage reference circuit, it also increases the intrinsic silicon cost. Furthermore, the larger
the silicon size of the trimming network, the higher the noise injected into the voltage reference
circuit from the trimming network, and thus the more degraded the performance of the voltage
reference circuit.

The above design dilemma cannot be resolved with engineering decisions alone, the mar-
keting decision that determines the final product price will also contribute in deciding the
chip size and other performance parameters of the voltage reference circuit, and thus the final
voltage reference circuit design.

2.3 Summary

A precise voltage reference circuit is extremely important for many applications. The perfor-
mance of the voltage reference circuit can be characterized by a set of parameters, and the
desirable design parameters are listed in Table 2.2, which will be used throughout this book
to aid our discussions. Also listed in Table 2.2 are the implications for the performance of the
voltage reference circuit when each individual parameter varies. The above design parameters



CMOS Voltage References

SINOI SULIA[Y 9Y) JALIP 0) Tomod a1owr sarrnbar ndino 0oua19Ja1 AJeINOOR dIOW 0 AT
BAIR UODI[IS 9318] (WOWNT A MOT UITM [[OM SYIOM
‘ugrsop xo[dwoo ‘uoneordde a3e)joa MO[ J0J 2[qBIINS dIOW 0 dO¥d A
¥ISd S IZIR] YIIM [[OM SIOM J0U KB JuIoyJe Jamod arow
‘wapqoad Aqigess 03 oiqudaosns arowr 21 MOl I [[oMm IoMm
‘uonerado 991A9p 938I[0A MO] ‘uonjeorjdde a3e)[0A MO 10] 9[qeIINS dIOW 0 (wowNy A
¥ASd S IZIR] YIIM [[9M JIOM JOU ABWL
‘wepqoad Aqigers 01 9[qudadsns arow
‘oALIp Indino mop JUIOYJQ Jomod 10w 0 b
BAIR UODI[IS 3Ie[ astou Aouanbaiy y3ry
‘ugisop xo[dwoo a3eyjoa A[ddns 03 ajqndaosns ss9f N IS Q
uonesuadwod axmeradwa) 1opIo y3iy sarmbar
BAIR UODI[IS d3Ie]
‘ugrsop xo[dwoo uoneLea arnjeraduwd) 03 ojqndaosns ssof 0 oL
a3eyjoa A[ddns mof yiim jI0m 03 INOYJIP
‘BaIR UODI[IS 93IR]
‘ugisop xo[dwoo uoneLea agejjoa A[ddns 03 ajqndaosns ss9| 0 41
suoD soiq sonpeA SIoJoWeIRq
J[qeIsag

64

“JINDIIO Q0UAIJAI 958I[0A 2} JO s1ojowrered uSIsop 9[qelIsop 2y} Jo Alewiuins y

CTOIqEL



Voltage Reference 65

are also applicable to temperature and voltage insensitive circuits with current output, where
the observation on Vzgr would be replaced by Izgr.

Among all the above performance parameters, the line regulation and the temperature
coefficient are the most important for a wide variety of applications. The line regulation of
the voltage reference circuit can be improved by better circuit topology, such as self-biased,
thus achieving high supply voltage variation immunity. We can also make better use of the
semiconductor device’s supply voltage independent physical characteristics, such as the silicon
bandgap voltage, threshold voltage of the MOSFET, and so on, to create a stable reference
voltage that is insensitive to supply voltage variation. The temperature coefficient can be
minimized by the mutual compensation between the PTAT and CTAT factors of the voltage
reference circuit. In the next chapter, we shall discuss a well known voltage reference circuit
known as the opamp-based B-multiplier bandgap voltage reference circuit, which makes
use of the mutual compensation of PTAT and a CTAT voltages to generate a near-zero 7C
reference voltage equals to the silicon bandgap voltage. Our discussions are based on a silicon
proven example. All the basic building blocks of the opamp based g-multiplier bandgap
voltage reference circuit will be reviewed analytically in detail and the rationale of their layout
structures will also be reviewed. The physical constraints and error sources of the opamp based
B-multiplier bandgap voltage reference circuit will be discussed in Chapter 4. Then we shall
discuss various kinds of advanced voltage reference circuits in subsequent chapters.

To assist readers in designing their own voltage reference circuits, SPICE simulation
scripts for simulation based performance analysis have been discussed in this chapter. Modern
foundries have accurate SPICE model files for us to obtain accurate simulations under nominal
operating conditions. The reader should also perform the corner analysis to understand the
performance limitation of the voltage reference circuits in the design phase, such that appro-
priate circuit techniques, such as trimming circuit or even change of circuit topology, can be
adopted to design appropriate voltage reference circuits for their own applications.

2.4 Exercises

Exercise 2.1  Determine the required PSRR of a voltage reference circuit with Vrgrmomy =
5V applied to a 12 bit ADC with a maximum peak-to-peak Vpp variation of 10 mV in the
frequency range under consideration.

Exercise 2.2  Calculate the operating hours of a voltage reference circuit with Vrgrmomy =
3V, 1, = 1 mA and Vpgrop = 200 mV powered by a 5V battery with 100 mAh.

Exercise 2.3  Figure 2.10 shows a modified Widlar bandgap voltage reference circuit.

1. Simulate this circuit using the test-bench as shown in Figure 2.1 by DC sweep of the input
voltage, Viy, to obtain the waveform of Vggr as a function of Viy as shown in Figure 2.11.
Derive the line regulation.

2. Simulate the circuit using the test-bench as shown in Figure 2.1 by DC sweep of the
temperature from —40°C to 125°C to obtain the waveform of Vggr as a function of
temperature under Vinmomy and VReFmom) as shown in Figure 2.12. Derive the temperature
coefficient (TC).
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Figure 2.10 A modified Widlar bandgap voltage reference circuit for
Exercise 2.3.
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Figure 2.11 Vggp variation of the circuit in Figure 2.10 under Vpp variation for line regulation
analysis in Exercise 2.3(a).
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Figure 2.12  Vggr variation of the circuit in Figure 2.10 under temperature
variation for temperature coefficient analysis in Exercise 2.3(b).

3. Simulate the circuit using the test-bench shown in Figure 2.5 with AC sweep of frequencies
from 10 Hz to 10 MHz. Obtain the waveform of 20 log(%) as a function of frequency as
shown in Figure 2.13. Derive the power supply rejection ratio (PSRR).

4. Simulate the circuit using the test-bench in Figure 2.7 by probing the current flowing into
the circuit. Perform a DC sweep of the temperature in the simulation. Obtain the waveform
of 1, as a function of temperature as shown in Figure 2.14. Derive the quiescent current
(Iq), with VIN(n()m) = 1.8 Vand T(nom) = 300 K.

Exercise 2.4  Derive the output voltage, line regulation, and temperature sensitivity of the
simple voltage reference in Figure 2.15 formed by (a) resistor-MOSFET voltage divider, and
(b) MOSFET only voltage divider. Find the conditions on M| and M, of the MOSFET only
voltage divider in Figure 2.15(b) to achieve a near-zero TC voltage reference.

Exercise 2.5  Consider a n-bit digital-to-analog (D/A) converter, which uses a reference
voltage to generate a precision analog output voltage for a given digital input word. Assume
the D/A converter is ideal in every aspect, the relative accuracy of the reference voltage will
determine how many bits can effectively be converted. Determine the maximum conversion bit

n if the D/A converter’s reference voltage has a nominal value of 1.2 V with a maximum error
of £1.2 mV.
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Figure 2.13 P SRR of Vggr in the circuit shown in Figure 2.10 using the
work-bench in Figure 2.5 for PSRR analysis in Exercise 2.3(c).
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Figure 2.14 Quiescent current of the circuit in Figure 2.10 observed at different
temperature for the analysis in Exercise 2.3(d).
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Figure 2.15 Simple voltage reference
circuit implemented by (a)
resistor-MOSFET voltage divider, and
(b) MOSFET only voltage divider.

Exercise 2.6  Figure 2.16 shows the schematic of a voltage regulator with Vggp as the
reference voltage. Let the open loop gain of the error amplifier be A.

1. Derive Voyr in terms of Vgyer, Ry and R;.
2. Derive the load regulation of Voyr of the voltage regulator.
3. Derive an approximation of the line regulation of Voyr in terms of Rps,, Rr, A, gu,, R,

and R, only. Discuss the design factors that can improve the line regulation.
v,
S our

4. Derive an approximation of VREF

in terms of Vrgr and A Vggr.

® o Vour

=

R,

Vin C) 4t § R,

Figure 2.16 Schematic of a voltage regulator with Vggr as the
reference voltage.
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Bandgap Voltage Reference

The bandgap voltage reference circuit is one of the most commonly applied voltage reference
circuit that theoretically outputs a voltage equal to the bandgap voltage of the semiconductor
used. One of the first bandgap voltage reference circuits was presented by Robert Widlar of
the National Semiconductor in 1971 (Widlar, 1971), and is known as the Widlar bandgap
voltage reference circuit. The Widlar bandgap voltage reference circuit was implemented with
the conventional junction isolated bipolar technology where the equivalent circuit is shown
in Figure 5.1 in Chapter 5. The Widlar bandgap voltage reference circuit generates a stable
low temperature coefficient reference voltage at 1.23 V (i.e., the bandgap voltage of silicon at
room temperature derived in Exercise 1.3). This early implementation of a bandgap voltage
reference circuit was successfully applied in the National Semiconductor’s voltage regulator
integrated circuit LM113, which proved capable of achieving an output voltage with low
temperature coefficient. Since then, it has been applied in many voltage regulator integrated
circuits to generate the internal reference voltage.

3.1 Widlar Bandgap Voltage Reference Circuit

The basic idea of bandgap voltage reference circuit topology is the mutual compensation of a
PTAT term (Vpyar) and a CTAT term (Verar) to pursue a reference voltage with zero temperature
coefficient. The compensation can be achieved by a simple weighted sum between these two
voltages, such that

Vaum(T) = my Vppar(T) + moVerar(T) (3.1)
aims to achieve
(T) —m, prar(T) + crar(T) _o. (3.2)
T oT T

OVerar(T . . :
Note that % > 0 and %T() < 0, with appropriate choice of m; and m, a zero TC

Vam(T) can be obtained. In reality, V,,,(T) can only achieve a near-zero TC as shown in

CMOS Voltage References: An Analytical and Practical Perspective, First Edition. Chi-Wah Kok and Wing-Shan Tam.
© 2013 John Wiley & Sons Singapore Pte. Ltd. Published 2013 by John Wiley & Sons Singapore Pte. Ltd.
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Figure 3.1 The temperature variation of reference voltage obtained as
the voltage sum Vi, = m Vprar + m, Verar.

Figure 3.1. We shall say that the compensated voltage Vi, (T) is a near-zero TC voltage, if
% |7=7,,,,, = O (in other books and papers, you may find this property described as zero
temperature coefficient at T{,,). In this book, we shall adopt near-zero 7C because we are
actually describing the temperature coefficient of the voltage under consideration being close
to zero in the temperature range of interest). The Widlar bandgap voltage reference circuit that
adopted the above PTAT and CTAT voltages’ mutual compensation topology can only achieve
a near-zero 7TC voltage in a limited temperature range because both Vpyur(T) and Vegur(T)
are nonlinear functions of the temperature and thus result in a voltage sum Vi,,,(T) being a
nonlinear function of temperature. The CTAT voltage in the Widlar bandgap voltage reference
circuit is formed by the Vpg of a BJT, while the PTAT voltage in the Widlar bandgap voltage
reference circuit is formed by V7 extracted from A Vg of two BJTs biased in the different
current density. The block diagram of the Widlar bandgap voltage reference circuit is shown
in Figure 3.2. Recall the temperature characteristics of Vgg and V7 in Section 1.1, which are
given by Equation 1.8 as —1.73 mV/K, and Equation 1.15 as 0.09 mV/K, respectively at
Tinom) = 300 K. According to Equation 3.1, a near-zero TC reference voltage can be obtained
by the weighted sum of Vg and V7 as shown in Figure 3.2, where

Vrer(T) = Vpe(T) + M Vr(T). (3.3)
Differentiating Equation 3.3 with respect to the temperature yields

OVrer(T)  O(Vpe(T) + MVy(T))

oT oT
oVpe (T T
_ Ve (1) 0V (T)
oT oT

(3.4)
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Vrer = Vpe + M(AVgEg)
n %
_|: VBE

< M(AVgE)

AVBE 4%

Figure 3.2 Topological block diagram of Widlar bandgap
voltage reference circuit.

Noted that % = —1.73 mV/K and % = 0.09 mV /K. Therefore, the optimal M at
T = Tuom) obtained by evaluating wwznmw = 0 yields
OVpe(T) [0V (T —1.73
y = D) [oVi(T) = — = =19.22. (3.5)
oT oT  lrg,, —0.09

Substituting M into Equation 3.3 yields a near-zero TC reference voltage with value 1.23 V
at T = Tom)- Since both Vpr and Vr are nonlinear functions with respect to temperature,
Equation 3.3 with M given by Equation 3.5 can only generate a near-zero TC voltage within
a limited temperature range closes to 7(,,,). To increase the operating temperature range of
the voltage reference circuit while achieving a low 7C reference voltage, other compensation
techniques will have to be adopted to compensate the temperature effect of the nonlinear
terms in Equation 3.1. There are a variety of compensation methods presented in the literature,
and different combinations of precision elements have been presented to obtain reference
voltages with different properties. The combination of different precision elements and the
compensation methods that form different voltage reference circuit topologies will be the topic
of later chapters.

In summary, the Widlar bandgap voltage reference circuit shows that if a CTAT voltage is
summed with a PTAT voltage that has been scaled appropriately, such that both the CTAT
voltage and the scaled PTAT voltage have the same temperature characteristic in magnitude,
then a voltage equal to the silicon bandgap voltage Vo will be obtained (again, please refer to
Exercise 1.3). The obtained voltage reference voltage is almost independent of the operating
temperature, where the temperature coefficient is around 10 ~ 100 ppm/K. In the case of the
Widlar bandgap voltage reference circuit, a small temperature coefficient reference voltage
is conveniently achieved by proper scaling of the PTAT voltage V; with the scaling factor
M to produce a weighted voltage MV, which is then summed with the CTAT voltage Vpp,
to produce a reference voltage Vggr with near-zero 7C. In a similar manner, the mutual
compensation of the PTAT and CTAT sources can be performed in the current domain. Both
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the voltage summing reference circuit and current summing reference circuit will be discussed
in later chapters.

The bandgap voltage reference circuit with output given by Equation 3.3 is known as the
first order compensation circuit. The bandgap voltage reference circuit with a small temper-
ature coefficient or a near-zero TC over a wide temperature range can be obtained by further
compensating the nonlinear terms of the PTAT and CTAT voltages. The associated compensa-
tion error between the nonlinear terms of the PTAT and CTAT voltages is known as curvature
error. The detailed causes of curvature error and the high order compensation methods that
reduce the curvature errors will be discussed in later chapters. Besides the curvature error, the
circuit component variation is another important factor that affects the accuracy of the voltage
reference circuit. The circuit component value variation induced reference voltage accuracy
problem can be alleviated by better layout and device matching, circuit topology, and post-
processing trimming technique. Their application, and the pros and cons of each technique,
will be detailed in the next chapters.

While the compensation methods of various reference circuits will be detailed in later
chapters, in the meantime we shall review a popular voltage reference circuit, the opamp
(operational amplifier) based B-multiplier bandgap voltage reference circuit. The opamp based
B-multiplier bandgap voltage reference circuit is a first-order compensated voltage summing
bandgap voltage reference circuit that implements the circuit topology in Figure 3.2.

3.2 Drain Voltage Equalization Current Mirror

It has been shown in Equation 1.14 that A Vg is a PTAT voltage. To extract A Vg, aresistor R
is inserted in series with O, as shown in Figure 3.3. If V4 = Vj, the voltage across R; equals
AVpg, ,. The current flowing through the resistor equals I, = AVpg, ,/R; = VrIn N/R;. This
PTAT current can be extracted by a current mirror and converted back to a PTAT voltage using
another resistor. The PTAT voltage can then be combined with the CTAT voltage to generate a
reference voltage with a low temperature coefficient. An added advantage of this circuit is the
ability to increase the current flowing through R; by simply decreasing the resistance of R

I 1 I 2
V4 + Vg
AVgg R;
1 N
(&7 0,

Figure 3.3 Extraction
of AVpE.
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without having to scale the sizes of the bipolar transistors massively, as will be demonstrated in
Section 4.1.1.2. Increasing the current across R; provides several advantages when the bandgap
voltage reference circuit is implemented with non-ideal circuit components, such as reducing
the effect of the component mismatch problem which will be discussed in Section 4.1.1.2.
The real challenge of the A Vpg extraction circuit in Figure 3.3 is the design of the matched
current mirror to generate /; and I,. The two current sources can be constructed by current
mirror where the gate nodes and source nodes of the two transistors are connected. Let’s
consider the simple case where I} = I, obtained by a simple current mirror as shown in
Figure 3.4. However, this simple current mirror architecture will suffer from the channel
modulation problem due to the difference between the drain voltages (V4 and Vj) of the two
transistors that form the current mirror (for details, please refer to Section 4.2.1) as shown in
Figure 3.5. We can carefully select R; to make V4 = Vjp, or we can use a drain voltage
equalization technique (You et al., 1997). The drain voltage equalization technique places an
opamp in the feedback loop with its inputs connected to the drains of the mirror transistors,
Vp, and Vp,, which are V4 and Vp respectively. The error amplifier output is connected to
the gate node of the transistors. Due to the feedback configuration, Vp, = V4 and Vp, = V3
are forced to have the same potential and thus achieved equal drain voltages. As a result, the
two mirror transistors will have the same drain, gate, source, and bulk node voltages. This
forces the drain currents of the two transistors to be equal. The gain of the error amplifier
will determine the accuracy of the drain voltages and the accuracy of the mirrored current.
Figure 3.6 shows an example of the bandgap voltage reference circuit that makes use of the

.
Jf—y—

Ill M, M,

VaX Ve
R,
Q1 Q2
1 N

!

Figure 3.4 Schematic diagram of a
drain voltage equalization current
mirror based A Vpg extraction circuit.
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Figure 3.5 Schematic diagram of an
opamp based drain voltage equalization
current mirror to
extract AVpg.

drain voltage equalization technique. Such voltage reference circuits are well known in the
community as opamp based B-multiplier bandgap voltage reference circuits, and we shall use
the same naming convention in this book.

3.2.1 Opamp Based B-Multiplier Bandgap Voltage Reference Circuit

Figure 3.6 shows the schematic of the opamp based S-multiplier bandgap voltage reference
circuit that follows the compensation method depicted in Figure 3.2. A simplified block
diagram of the circuit is shown in Figure 3.7, where the whole system can be viewed as
a feedback circuit composed of three main blocks, the opamp, feedback network which is
also referred to as the bandgap core, and the output block. The amplifier gain is denoted as
a(s), the loop gain is given by Ba(s), and hence the notation B-multiplier. Different output
sub-circuits can be applied to achieve different output voltage characteristics. As will be
discussed in Section 6.1, bandgap voltage reference circuits with output voltage lower than
1 V can be achieved by using special output sub-circuits. In the meantime, we shall concentrate
on the schematic and the equivalent block diagram as shown in Figure 3.6 and Figure 3.7,
respectively, for our discussions on the design and operation of the opamp based g-multiplier
bandgap voltage reference circuit, and in particular, the analysis of the PSR R of the bandgap
voltage reference circuit will be discussed in Section 4.5.
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Figure 3.6 Schematic of an opamp based S-multiplier bandgap
voltage reference circuit.
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Figure 3.7 Block diagram of the
opamp based B-multiplier bandgap
voltage reference circuit.

3.2.2 Bandgap Voltage Reference Circuit

The opamp based B-multiplier bandgpap voltage reference circuit consists of four major sub-
circuits, which are the current mirror pair and the opamp that form the g-multiplier (or drain
voltage equalizer) to extract the A Vpg, ,, the Vg voltage sources, and the startup circuit (which
is not shown in Figure 3.6). A startup circuit is required because the S-multiplier circuit is a
metastable system which can become stable in both equilibrium state and quasi-equilibrium
state. When the circuit starts, it is at the quasi-equilibrium state with zero current in the
B-multiplier circuit, that is I} = I, = 0. As a result V4 = Vg = 0, which keeps the opamp
output unchanged, and thus maintains the bias of M; and M, to output I} = I, = 0. As a
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result, the circuit is said to be in quasi-equilibrium state, and maintains the whole circuit in
the startup condition. A startup circuit is therefore required to provide an external excitation
to the quasi-equilibrium state, and brings the metastable system to the equilibrium state that
produces a stable reference voltage. While the design of the startup circuit will be discussed
later, it should be noted that the startup circuit will only be effective during the time before
the system reaches the equilibrium state. When the bandgap voltage reference circuit is in
equilibrium state, the startup circuit has a negligible effect on the reference voltage of the
voltage reference circuit, and hence all the performance parameters of the circuit.

The current mirror pair is formed by transistors M, M,, and M3 having identical size, such
that the currents flowing through the three transistors are the same as I} = I, = I3 = I. The
B-multiplier consists of three diode connected NPN transistors Q, Q», and Q3, with their
emitter area ratios being 1 : N : 1 to provide the required temperature dependent voltages to
construct the voltage reference circuit. Let Vg, Vpg, and Vpg, be the base-emitter voltages of
01, 0>, and Q3, respectively. The voltages V4 and Vjp are thus given by

Va = Vag,. (3.6)
Vs = IR + Vg, (3.7)

The infinite input impedance of the opamp clamps V4 and V3 to the same voltage level. As a
result, equating Equations 3.6 and 3.7 yields

Va = Vgg, = IR + Vgg, = V3, (3.8)
Vee, — VBe, = IRy, (3.9)
AV]}}E1~2 = VT ln(N) = IR], (310)

where the term AVpg, ,=Vr In(N) is obtained by Equation 1.14. Hence, the voltage across R,
equals the PTAT voltage Vy scaled by In(/V). Therefore, the current / that flows through the
current mirror of the S-multiplier is a PTAT current and is given by

., In(N)
I =Vr R (3.11)

The current mirror ensures that /3 = I, thus the PTAT current I will induce a PTAT voltage
across R;. The reference voltage Vggr is the sum of the voltage across R, and Vg,

Vrer = I Ry + Vpg,

R,
= — AV, + Vae,
R,

R, In(N)
= = Vr + Var,. (3.12)
1

Comparing Equations 3.12 and 3.3 reveals that the opamp based -multiplier bandgap voltage
reference circuit is a first-order compensated bandgap voltage reference circuit, where the
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weighting factor M = £ ln(N ) scales the PTAT voltage Vr, which is summed with the CTAT
voltage Vpg,. We shall deﬁne VREF-conv aS

Vrer-conv = MVr + Vg, (3.13)

which is regarded as the reference voltage obtained from “conventional” opamp based f-
multiplier bandgap voltage reference circuits. At room temperature 7 = T,,m), the first

order approximation given by Equations 1.8 and 1.15 (i.e., a;/% = —1.73 mV/K and
M = 0.09 mV/K) yields M = 19.22 as derived in Equation 3.5. The weighting factor

M is linearly proportional to the transistor ratio In(/V), and the resistor ratio R,/ R;. Consider
the case of N = 8, the resistor ratio that achieves zero TC Vggr at T = T{0m) 1S Obtained as

BVREF . R2 IH(N) 8VT 4 8VBE3

= =0
T |y, R, 3T = 9T

Ry 3 3
R—ln(8)-0.09x 103 -1.73x103 =0
1

R
22 924 (3.14)
Ry

The bipolar transistor will be biased to work in the active region with a 6 pA collector-current,
as discussed in Section 1.1, to obtain the smallest quiescent current. This collector-current
can be obtained by adjusting the resistance of Ry. At T = T,,m), the resistance of R; can be
obtained from Equation 3.11 with / = 6 pA.

_ VrIn(N)
==
kT In(N)
=—=
~1.38 x 10723.300- In(8)

T 6x 100 x 1.6 x 1019
= 8.97 kQ. (3.15)

The resistor ratio in Equation 3.14 with R; = 8.97 kQ will yield R, = 9.24-R; = 82.9 kQ.
Substituting 7' = Tiuom), I =6 1 A, Ry = 82.9 k2 and Vpg, = 0.73 V into Equation 3.12
will yield Vggr = 1.23 V with 3VREF | 7=Tnom = 0, Where the resistors R and R, of the circuit
are set to the values obtained above Figures 3.8 and 3.9 plot the SPICE simulation results
of the output voltage of the circuit in Figure 3.6 with varying temperature and input voltage,
respectively. It can be observed from Figure 3.8 that the circuit starts working and generates a
stable output voltage at Vpp = 1.4 V. This is the minimum operating voltage of the circuit, and
in Chapter 4 we shall discuss the physical constraint that affects the minimum operating voltage
of the circuit in Figure 3.6. The curvature error of the output voltage of the voltage reference
circuit in Figure 3.6 can be observed from Figure 3.9. We further observe that the curvature
error is linearly dependent on the input voltage. Due to the fact that the output voltage increases
with increasing input voltage, the output voltage versus temperature curve is also observed to
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be shifted up with increasing input voltage. The curvature error will therefore be the smallest
at a particular input voltage. In the case of operating temperatures between —25 °C ~ 75 °C,
the temperature coefficient will achieve its smallest value at Vpp = 1.8 V. The variation
of the output voltage with different input voltage is measured as the line regulation of the
voltage reference circuit. The line regulation of the circuit in Figure 3.6 can be measured from
Figure 3.8, which is found to be 3.5 mV/V or 0.35%. The line regulation of the reference
circuit is small and exhibits an almost linear property across the observed temperature range
as shown by the shifting curve property in Figure 3.9. The temperature coefficient of the
voltage reference circuit measured from Figure 3.9 at Vpp = 1.8 V is 6.67 ppm/K with a
temperature range [—40°C, 125 °C].

Clearly, the temperature coefficient of Vggr obtained by the circuit in Figure 3.6 is derived
with ideal circuit elements. Even though it is almost impossible to implement a circuit with
ideal circuit elements, we shall discuss the design and silicon layout of the major sub-circuits
in Figure 3.6 assuming they are ideal. While the problem of the circuit element variations on
Vzer will be discussed in next chapter.

3.3 Major Circuit Elements

The functions and design requirements of various circuit elements in the opamp based -
multiplier bandgap voltage reference circuit will be discussed in the following sections. The
design parameters listed in these sections are obtained from proven silicon samples of opamp
based B-multiplier bandgap voltage reference circuits, which can be used as a design reference
for readers to design their own bandgap voltage reference circuits. The same set of design
parameters will be used throughout all simulation results presented in this book, so as not to
create any ambiguity between the descriptions in the text and the presented simulation results
obtained from SPICE.

3.3.1 Operational Amplifier (opamp)

A high gain opamp is desirable for maintaining a virtual short circuit at the two inputs of the
opamp in the close-loop construction of the g-multiplier circuit. High gain is also desirable
to maintain the stability of the close-loop g-multiplier. Figure 3.10 shows the schematic of
a one-stage differential amplifier, which is used for the ease of explanation and performing
analytical analysis of various opamp characteristics that affect the performance of the voltage
reference circuit. The silicon proven voltage reference circuit presented in this book, and
applied in SPICE simulations, is a two-stage differential amplifier, which has very high gain
for high performance voltage reference circuits and fast convergence in SPICE simulations.
The SPICE netlist of the two-stage opamp is listed in Appendix B. The W /L of each MOSFET
in the schematic in Figure 3.10 are listed on the side of individual MOSFETs within the figure.
Listed in Table 3.1 are the performance parameters of the opamp in Figure 3.10. When this
amplifier is applied to the schematic in Figure 3.6, the complete transistor level schematic
of the opamp based B-multiplier bandgap voltage reference circuit is shown in Figure 3.11.
The application of this simple opamp in the bandgap voltage reference circuit does limit the
performance of the voltage reference circuit. Some of these limits can be immediately observed
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Figure 3.10 Schematic of a single stage opamp used in this book.

from the opamp performance listed in Table 3.1. It is clear from the performance parameters
that the opamp suffers from the input offset problem. When the negative input terminal V_ is
connected to the output terminal V7, the opamp is configured to form an inverted feedback
loop. The output voltage of an ideal opamp in the inverted feedback loop should follow that of
the positive input terminal V... However, due to the input offset problem, the output voltage of
a real world implementation of the opamp can deviate from that voltage. A potential difference
is required to add onto the positive input terminal V., which equals the input offset voltage, to
bring the output voltage of the opamp equals to the input voltage V. This input offset problem

Table 3.1 Specification of opamp used in this book with 1.8 V supply voltage and
18 fF output capacitive load.

Parameter Values
DC Gain (A,) 74.52 dB
Corner Frequency 2.03 kHz
Unity Gain Bandwidth 106 MHz
Phase Margin 46.7 °
Offset 10 mV
Current 20 pA
Slew Rate (Rise) 123 x 10° V/s
Slew Rate (Fall) 151 x 10° V/s
Input Common Mode Range 01V~12V
PSRR 94.97 dB

CMRR

73.7 dB
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Figure 3.11 MOSFET transistor level schematic of the opamp based
p-multiplier bandgap voltage reference circuit.

is caused by many factors, the channel length modulation problem of the input MOSFET and
the matching problem of the input transistor are the greatest contributors. The input offset
voltage can be estimated from SPICE simulation and corner analysis in particular can be used
to observe the voltage applied to V. bringing the output voltage of the inverted feedback loop
to be equal to the input voltage.

When the opamp is connected to form a B-multiplier circuit, it requires the voltages at the
two input terminals to be the same. In the case of the opamp based g-multiplier, the opamp
will bias the current mirror according to the voltage difference between its two input terminals,
such as to force the voltages at the two input terminals to be the same. This is theoretically
possible when the opamp has high enough gain. The open loop gain (A,) of the opamp is
defined as

A,(dB) = 20log (%) : (3.16)
+ —

which is also known as the DC gain. A high A, is desirable for stable operation of the voltage
reference circuit and a typical A, larger than 60 dB should be adopted. Furthermore, an opamp
with a large open loop gain and high PSRR can help to reduce the noise induced on the
reference voltage.

As a result, among all the design parameters of the opamp, the open loop gain, the offset
voltage, and the PSRR are the particular parameters that have the greatest impact on the
performance of the opamp based B-multiplier bandgap voltage reference circuit. Other AC
performance parameters of the opamp have their own effects on the performance of the opamp
based B-multiplier bandgap voltage reference circuit. However, their effects are less important
because the voltage reference circuit mostly operates in DC condition. The voltage reference
circuit problem of applying an opamp with small A, narrow unity gain bandwidth, low PSRR,
and large offset will be discussed in Section 4.1.



84 CMOS Voltage References

Another performance limitation of the opamp circuit in Figure 3.10 is the minimum Vpp
required to operate the opamp properly. When Vpp < 1.7 V, M; will be working in the linear
region and thus tremendously reducing the biasing current, which leads to a decrease in the
common mode gain. If the Vpp keeps dropping, M; will work in the weak inversion region,
which means the opamp is unable to achieve enough gain to maintain normal operation. As a
result, it posts a limitation on the minimum operating voltage of the opamp based g-multiplier
bandgap voltage reference circuit. However, it is our intention to leave the design of low voltage
opamps to other texts, such that all the problems and concerns over the design and analysis
of the voltage reference circuit with the assumption that low voltage opamp is available in the
circuit implementation will be presented in the rest of this book.

3.3.1.1 Input Common Mode Voltage

The opamp in the voltage reference circuit should be able to operate with an input common
mode voltage of Vpg, as V. and V_ are connected to Q; and Q, as shown in Figure 3.6.
A voltage of magnitude equal to Vg &~ 0.73 V at T, is just enough to turn an NMOS
transistor on. As a result, the opamp in Figure 3.10 uses a pair of PMOS as the differential
input pair. For the output of the opamp, it needs to drive a PMOS transistor. Therefore, the
output common mode voltage needs to be fairly high. This set of requirements complicates
the opamp design, requires extra power and creates noise in the system. A detailed analysis
of how the input common mode voltage of the opamp affects the design of voltage reference
circuit with low supply voltage will be discussed in Chapter 6.

3.3.1.2 Loop Gain

By inserting the opamp in Figure 3.10 into the voltage reference circuit in Figure 3.6, we obtain
a MOSFET level voltage reference circuit schematic as shown in Figure 3.11. The transistors
M4 ~ Mg form the opamp. The current mirrors are formed by transistors M, M;, and M3
which have their W/L of the transistors equal 1 : 1 : Ny, and the emitter area ratio of Q; and
Q> equals 1 : N, (where we left the non-unit current gain of the current mirror to be discussed
in Section 4.1.1.2). As a result, the reference voltage is Vrgr = Vg, + Nl% In(N,)Vy. A

near-zero 7TC reference voltage equals to 1.23 V is obtained when N, ln(Nz)% = 19.22. The
feedback loop within the bandgap voltage reference circuit forms the following KVL loop

(X2 —YAp,) — (X1 —YAy)A, =7, (3.17)

where Ay, and A, are the gain of M| and M,, respectively. A, is the differential gain of the
opamp. As a result the close loop gain is given by

Y A,

Ac ose—loop = = . 3.18
el = X, T 1 AgA, — Awy) 19
If A, is large enough, the close loop gain can be approximated as
1
Aclose—loop - - . < (319)

(AM2 - AM])
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It can be observed that Ay, = g, Ro,» Am, = &m,(R1 + Rp,), and Ry >> Ry,. Substituting
the above into the approximated close loop gain yields,

1 1
Aclose—loop = ~ s (320)
e gmy R1 + (gm, + &my)Ro, gm, Ri

where the current mirror is assumed to be perfectly matched, and thus g,,, = gu,. The total
gain of the voltage reference circuit, also known as the system gain, is given by the output of
the close loop and the gain of M3,

Alolal = Aclose—loopgm3(R2 + RQ3)’ (321)

R ) .. . .
where g,,, = Ni1gm,, and Rp, = Nil‘. Substitute this into A;,;,; with the assumption that the
circuit is properly designed to achieve near-zero TC, then

|

Atotal = gmlRl gm3(R2 + RQ3)

= Nj— 4+ —=L
1R1+R1

R, 1

= N2+ —
"7 T v

(3.22)

where we have made use of the fact that AVpg, , = IcRg, — IcRp, = Vr In(N,) with the
assumption that Ry, & Ry,. It can be observed that the total gain is linearly proportional to
N; and inversely proportional to In(N;). Since g,,, is linearly proportional to N;, therefore,
the larger the gain of the output stage, the larger the system gain. However, the increased
system gain obtained in this way does not improve the loop gain, and thus does not improve
the system stability. The overall system stability can be improved by using transistor Q; and
Q, with area ratio close to 1. However, when the area ratio is close to 1, a large resistor ratio
2 is required to achieve the necessary PTAT scaling for near-zero T'C reference voltage. Thus

R
hilgh system stability is being traded with large resistor layout.

3.3.1.3 Layout Example

Figure 3.12 shows the layout of the opamp used in this book. The centroid symmetric and inter-
digitized layout techniques, similar to those described in Section 1.4 for resistor matching,
have been applied to the transistor pairs in the opamp in order to reduce the device mismatch
problems. Readers should also consider the layout example in Section 3.3.2.1 for current
mirrors to understand the layout technique presented in Figure 3.12 for both the input transistor
pair and the current mirror transistor pair, where both inter-digitization and cross-coupling
techniques are applied to reduce the input offset voltage (Hastings, 2001).
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Figure 3.12 Layout of the opamp shown in
Figure 3.10.

3.3.2 Current Mirror

The current mirror formed by M, M;, and M3 in the voltage reference circuit in Figure 3.6
has two functions, acting as the current source to the BJTs and acting as the current source to
the B-multiplier. It further forms the output stage of the voltage reference circuit by copying
the PTAT current generated by the f-multiplier to R,, which will convert the PTAT current to a
PTAT voltage and add to the CTAT voltage Vpg, to generate a near-zero 7TC reference voltage.
If I3 is not identical to I and I, due to a non-ideal current mirror, a temperature compensation
error could result. Similarly, if there is a difference between I; and I, the PTAT current
generated by the f-multiplier may not be the same as calculated, and thus causes temperature
compensation error. The simple current mirror as shown in Figure 3.13(a) is able to accurately
copy the current when all the transistors are operating in saturation mode, and their Vg are
the same, and the channel length modulation effect is being neglected. Note that sufficient
supply voltage headroom is required to ensure the accuracy of the current mirror. The opamp
based B-multiplier bandgap voltage reference circuit has a supply voltage headroom equal
to Vps.sar for low supply voltage application. In this case, the simple current mirror circuit
can only accurately copy the current within a limited current range and supply voltage range,
disregarding all transistors being biased in saturation and their Vg being the same. This is
due to the adverse effects of the channel length modulation on the limited output impedance,
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Figure 3.13 Output impedance by of (a) simple, (b) cascode, and (c) active biased current mirrors.

which will in turn limit the temperature compensation accuracy of the voltage reference circuit
discussed in Section 3.2.1.

Figure 3.13(a) shows the output stage of the simple current mirror. The output transistor
impedance of this simple current mirror is formed by the channel resistance Rgp, of the output
PMOS transistor M; in Figure 3.13(a). Thus we have the output resistance of the simple
current mirror given by

ROUT,simple — RSD1~ (323)

The classical solution to increase the output resistance is to use cascode current mirror archi-
tecture due to their simple design and impressive output impedance enhancement result. Two
types of cascode architectures are shown in Figure 3.13(b) and (c).

Consider the simple cascode current mirror in Figure 3.13(b), where the cascode transistor
M, acts as a source follower which regulates the drain voltage of M;. The gain of M,
determines how well the drain of M is regulated. As the output voltage at Roy7.cascode
changes, the voltage at the source of M, and drain of M, remains relatively unchanged. The
drain current remains constant since there is no change in the gate, source, or drain voltages
of M. The output impedance of this simple cascode current mirror is given by

Rout cascode = (1 + gm, Rsp,)Rsp,. (3.24)

This output impedance equals the intrinsic gain of the cascode transistor multiplied by the
output impedance of the transistor that connects it to the supply. Assuming Rsp,, Rsp, >> 1,
we can thus approximate

ROUT,cascode ~ 8m, RSDl RSDZ- (325)

Compare Roy7,cascode With the output impedance Royr,simpre Obtained by the simple current
mirror in Figure 3.13(a), the cascode current mirror in Figure 3.13(b) has increased the
output impedance by a factor of g, Rsp,. Obviously, the output impedance of the current
mirror can be improved by cascode structure, and an arbitrary high output impedance can
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be obtained by increasing the number of cascode stages. However, this will increase the
complexity and the operating voltage headroom. The supply voltage headroom in Figure
3.13(a) 18 Vprasi + | Vin,pl, while that of the cascode current mirror in Figure 3.13(b) has
increased to Vgras3 + 2[Vip, pl.

The output impedance enhancement by cascode architecture can be increased without
increasing the operating voltage headroom by the application of an active bias current mirror
output stage architecture as shown in Figure 3.13(c). The current mirror output stage in Figure
3.13(c) includes a negative feedback loop formed by transistors M, and M3. The output
impedance is given by

ROUT,active = (gngSD3)gm1gm2RSD1RSD2, (326)

where g,,, Rsp, 1s the voltage gain, with g,,, and Rgp, being the transconductance and output
impedance of the transistor M3. As a result, the output impedance of the current mirror in
Figure 3.13(c) is at least an order of magnitude higher than that of Figure 3.13(b). This
active bias current mirror has the advantage of large output impedance and a low supply
voltage headroom which equals to Vg;as5 + 2| Vip ,|. This is the same as that of a cascode
current mirror with one cascode stage. It can also accurately copy the current with improved
PSRR. The tradeoff in using this high output impedance current mirror in voltage reference
circuit is the increased circuit complexity and increased quiescent current, because of the extra
transistors and voltage source that are required to obtain Vg 4s4.

3.3.2.1 Layout Example

The layout of a simple current mirror formed by two PMOS transistors with the schematic
shown in Figure 3.13(a) is depicted in Figure 3.14. Special layout considerations, such as
that applied in the resistor network layout, have been applied to mitigate the effect of process
variation and device mismatch problems. The layout of the two transistors in the simple current
mirror shown in Figure 3.14 has been drawn in a fingering structure. The fingers of the two
dummy transistors are inter-digitized and cross-coupled with identical seperation. This helps
to alleviate the sheet resistance variation aroused by geometrical variation, and thus mitigates
the current mismatch problem. Furthermore, two dummy transistors, with their drain, gate,
and source terminals shorted to the supply rail, have been drawn at the two ends of the layout
of the current mirror. These two dummy transistors help to resolve the edge effect problem. As
discussed in Section 1.5, such layout techniques are also applicable to other devices, whenever
the device ratio is critical.

3.3.3 Startup Circuit

The current mirror in the opamp based S-multiplier in Figure 3.6 has two functions; to act as
the current source to both the S-multiplier and the BJTs and to maintain the currents flowing
through two arms of the g-multiplier as equal (i.e., to keep I} = I,). The difference voltages
at the two terminals of resistor R, (denoted as AVy) and that of the base-emitter voltages
of Oy and QO (AVpg,,) will vary upon the currents flowing through the devices, where their
I-V characteristics are not exactly the same. Due to the unmatched I-V characteristics of the
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BJT and the resistor, the S-multiplier has two stable operation points, C and D, as indicated
in Figure 3.15 assuming S; = . The current 7 in the y-axis is the value of the current that
flows through each arm of the B-multiplier and the difference voltage AV in the x-axis is the
difference voltage under discussion, which can be AVy or AVpg, ,. The current mirror driven
current source will be in stable operation when V4 = Vj in Figure 3.6. In other words, the
B-multiplier will be stable if AV = AVpg, ,.

Observe the changes in the current through the resistor /; in Figure 3.15, which increases
linearly with respect to AVp starting from AVx = 0 at I = 0. On the other hand, the current
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contributed by AVpg, , increases exponentially with respect to the increasing AVpg, ,. The
exponential relationship is due to the mismatch between the currents flowing through each
arm of the S-multiplier attributed to the mismatch in transistor sizes of the current mirrors
(i.e., S # S2). Assume the current mismatch between the two arms of the current mirror is §,
such that the currents that flow into Q; and Q, are /5 VBE, | + 8§ and Ip VBE,, 3, respectively.

As a result, the schematic in Figure 3.6 yields

(avgg, , +)AE,
(IAVBEM —8)Ag,’

AVBELz = VT In (327)

where the current that flows into the two BJTs without mismatch equals /a vy, E Re-arranging
the terms in Equation 3.27 yields, ‘

Ag, + Ag, exp(A VBELZ/VT)1| (3.28)

I = =4
AVBE, , |:AE2 — Ag, exp(AVpg,,/ V1)

As aresult, it is clear that the mismatch is between the two I-V curves, while the two I-V curves
intersect at two points C and D. These two intersection points are the stable operation points of
the B-multiplier. At position C, the currents flowing through the B-multiplier are too small to
keep the BJTs on and the opamp of the B-multiplier will output a voltage close to Vpp, which
will in turn bias M| and M, near the cutoff region and maintain a small /; and I, with I} = 1.
In this case, the bandgap voltage reference circuit core is not functioning. As a result, position
C is regarded as a quasi-equilibrium state. This is the case when the opamp based g-multiplier
powers up, where some of the MOSFETs in Figure 3.6 are biased at cutoff region and the
B-multiplier and hence the whole voltage reference circuit does not yet function. At position
D, identical currents I} = I, flow through Q, Q,, and R,. Thus, a proper reference voltage is
generated. Therefore, the operation position D is regarded as an equilibrium position and the
opamp based B-multiplier bandgap voltage reference circuit is said to be working normally.
Clearly, to ensure normal operation of the voltage reference circuit, the operation at position
D has to be guaranteed. This can be achieved by adding a startup circuit such as the one
shown in Figure 3.16. The startup circuit will sense the reference voltage. If the reference
voltage approaches 0 V, the startup circuit opens the loop of the self-bias B-multiplier circuit
by either injecting current to or extracting current from the g-multiplier, which will upset the
equilibrium of the circuit. As a result, the opamp will function to restore the equilibrium of the
circuit. The operation of the opamp will generate the reference voltage. In return, the reference
voltage will turn the startup circuit off and disable the interruption caused by the startup circuit
through isolating the startup circuit from the bandgap core.

Two different methods are introduced in this section to accomplish the goal of injecting
current into the self-bias f-multiplier circuit as shown in Figure 3.16. The first method makes
use of a current source to inject a current /., to the S-multiplier, while the other method
makes use of a current drain that extracts current Iy,,,;» from the bias of the current mirror.
Even though the startup circuit can be designed to be completely electrically detached from
the bandgap core during equilibrium, and hence will not affect both the static and dynamic
performance of the voltage reference circuit after power up, the performance of the startup
circuit does affect the settling time of the voltage reference circuit. Theoretically, a short
startup time is desirable, which can save battery energy because of the extra current dissipated
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Figure 3.16 Two different startup methods for opamp based
B-multiplier voltage reference circuit by current injection (/y,,,,1) and
current drain (L 412)-

during the startup period. This is especially true when I, and I,,.» are large. Moreover,
a shorter startup time can help to power up other circuits that depend on the reference voltage
in the application more quickly.

When I;441 OF L2 1s too small, a long startup time is required because one has to charge
the parasitic capacitance for the current injection based startup circuit, or one has to discharge
the gate capacitance of the MOSFET in the current mirror. On the other hand, when [, or
L1ar12 15 too large, an over discharged MOSFET in the current mirror, or an over charged BJT,
may cause the voltage reference circuit to generate a transient high output voltage, which is
not desirable in many applications, especially voltage regulator related applicatiosn, as it may
cause electrical damage to the rest of the circuits in those applications. Therefore, the driving
current of the startup circuit has to be carefully chosen to avoid a long startup time and high
transient output voltage.

Figure 3.17 shows a typical startup circuit formed by Mg, ~ Ms3, Rs,, Rs,, and Cyg for
the voltage reference circuit in Figure 3.6 that uses the current draining method described by
Igqr12 in Figure 3.16. When the voltage reference circuit first connects to Vpp, the capacitor
Cs will be charged up by Rg,. As a result, the input voltage to the NOT gate formed by Mg,
and Mg, will be close to GND and forms a low input, hence outputs a high signal which turns
on Mgs. The gate voltage of M, M;, and M3 will be brought to GND by the current drain M3,
and thus the currents [, I, and /3 will start to flow. The g-multiplier circuit is therefore started
up. As time passes, the capacitor Cg will be charged to a voltage higher than the triggering
voltage of the NOT gate formed by Mg; and My,. In this case, the NOT gate will output a low
signal, which will bias M3 to shut off. Therefore, the startup circuit will no longer affect the
working of the bandgap voltage reference circuit after the startup period which is determined
by the charging time of Cg through Ry, . The startup delay is therefore controlled by the RC
time delay of Rg, and Cgs. This startup delay should be adjusted to be longer than the Vpp
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Figure 3.17 An opamp based S-multiplier bandgap voltage reference circuit with a conventional
startup circuit formed by a NOT gate and RC delay network.

settling time, such as to avoid the propagation of the unstable Vpp to the Vggp. It should further
be adjusted to be longer than the startup time required by the g-multiplier, such as to avoid a
non-start situation.

This startup circuit will remain ineffective and does not affect the operation of the bandgap
voltage reference circuit until Cy is discharged. This will be the case when the voltage reference
circuit is detached from Vpp, such that Cg is discharged through Rg,. As a result, in order to
prevent excessive current being wasted by Rg, when it is connected to Vpp through Rg,, Rs,
will has a very large resistance. This will affect the drainage time of the startup capacitor Cg,
and hence the shutdown to startup time delay. If the shutdown to startup time is shorter than
the time required to drain the current from Cg, then the startup circuit won’t function properly,
and the voltage reference circuit may not function properly. On the other hand, if a small Ry, is
being used to shorten the shutdown to restart time, the quiescent current that flows through Ry,
will also increase and hence increase the power consumption of the voltage reference circuit.

A startup circuit with fast turn-on time and almost zero quiescent current can be achieved
by detecting the change in Vggr instead of Vpp. One of such circuit is shown in Figure 3.18
which is first presented in (Luan 2001). Similar to the conventional startup circuit, there is a
NOT gate formed by Mg; and My,. But this time, the input of the NOT gate is connected to
Vrer. When the voltage reference circuit is in quasi-equilibrium state, Vggr = 0. As a result,
the output of the NOT gate will be high, which will turn Mg3 on. In return, M3 will create a
low potential to the gates of M, M,, and M3, which will startup the bandgap voltage reference
circuit. In order to avoid a sudden increase of I3, which will in turn create a larger than normal
Vrer, Ms3 should not change from cut-off to fully on in a short period. Therefore, a capacitor
Cs has been added at the output of the NOT gate that connects to the gate of M3. The charging
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Figure 3.18 An opamp based S-multiplier bandgap voltage reference circuit
with a soft startup circuit.

time of Cg (i.e. the RC delay caused by RgCys) will create a turn on delay for Mg3, which will
turn M g3 on softly, that is moving slowly from cutoff to linear and then to saturation. This soft
turn-on circuit will provide enough time for the bandgap voltage reference circuit to start and
hence the NOT gate will go to a low output, which will turn M3 off and detach the startup
circuit from the voltage reference circuit. By choosing an appropriate Cg, the “softness” of
the startup circuit can be altered as desired.

The drawback of the Vggr detection based soft startup circuit is the very low triggering
voltage of the NOT gate. This is especially important for the case of sub-1V voltage reference
circuit to be discussed in Chapter 6, where Vggr can be as low as a few hundred mV. In this
case, a detector with very low triggering voltage will be required to be applied in place of the
NOT gate. Such a low voltage detector is difficult to design, unstable in operation, and usually
consumes a lot of power.

3.3.4 Resistor Network

The temperature compensation circuit topology of the voltage reference circuit in Figure 3.6
is based on scaling the PTAT voltage AVpg,, by the V-I and I-V conversion ratio through
resistors R; and R, respectively, and adding this PTAT voltage to the CTAT voltage Vpg. As
discussed in Section 1.4, the implementation of resistors is process dependent and sensitive
to temperature variation. Since the resistors are the largest components in the overall bandgap
voltage reference circuit layout, any layout technique to improve the accuracy of the fabricated
resistors will cause a significant impact on the silicon size and thus the implementation cost
of the voltage reference circuit. Fortunately, it is the resistor ratio, R,/R;, in Equation 3.14
that is significant for the scaling of the PTAT voltage AVpgg, ,. As a result, it is the mismatch
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problem of the resistor pair, but not the absolute resistances of the resistor pair, that is the
major concern. We discussed in Section 1.4 that the inter-digitized and cross-coupled layout
as shown in Figure 1.22 can be applied to reduce the matching error of the resistors and
hence reduce the variation of the resistor ratio. The details of the opamp based B-multiplier
bandgap voltage reference circuit output voltage variation caused by resistor ratio variation,
the precautions needed to reduce such variation, and the post-processing techniques to remedy
the accuracy problem caused by such variation, will be discussed in Section 4.4. Last but
not least, even though it is the resistor ratio that is the major consideration, the temperature
compensation topology, and the individual resistor values do affect the biasing currents to the
BJTs. Therefore, their variations should be tightly controlled in order to lower the yield lost
of the voltage reference circuit due to biasing the BJT in non-active regions.

3.3.5 Bipolar Transistor

The BJTs implemented in standard CMOS processes are usually provided with a standard unit
cell from the foundry, and the SPICE model of the BJT implemented in the CMOS process
is not scalable where the foundry can only provide SPICE characterization of the standard
size BJT, which we shall call the unit size. As a result, both the circuit design and layout will
use this standard unit size device and its associated layout. Otherwise, we would be designing
with unknown device parameters, and it would be very difficult if not impossible to achieve a
working circuit at the end of the design. Furthermore, with respect to the CMOS process under
consideration in this book, we noted that the NPN and PNP transistors implemented by this
CMOS process as discussed in Section 1.1 do not have the same design freedom. The PNP
transistor has a design constraint that the collector node of the transistor is connected to the
P-substrate, and thus it is connected to the most negative voltage in the CMOS circuit. In other
words, the PNP transistors cannot be cascode, that is, they cannot be stacked. While it does
not constitute a design problem in this Chapter, later Chapter will show that PNP transistors
cannot be applied to some particular voltage reference circuit topologies. Of course, the NPN
transistor also has its own problems, as will be discussed in Section 4.1.1.4. Nevertheless,
we shall apply NPN transistors in almost all voltage reference circuits whenever applicable
because of the larger 8 of this transistor when compared to the that of the PNP transistor.

3.3.5.1 Layout Example

The layout of a pair of the NPN transistors with area size ratio N = 8 is shown in Figure 3.19.
Special layout considerations have been applied to mitigate the effect of process variation
and device mismatch of the bipolar transistor pair. Note that unit size bipolar transistor with
pre-defined layout from the foundry is usually applied in the voltage reference circuit. As
a result, it will be difficult to apply inter-digitization and cross-couple layout techniques to
alleviate the device mismatch problem. With pre-defined layout, and large area ratio between
the device pair, centroid symmetric layout technique as shown in Figure 3.19 can be applied
to lower the parameter variation problem due to geometric and doping variation, and thus
enhance the parameter matching between the transistor pair fabricated in one silicon to that of
another silicon.
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Figure 3.19 Centroid based layout of BJTs.

3.4 Complete Layout

The complete silicon layout of the opamp based g-multiplier bandgap voltage reference circuit
in Figure 3.11 is shown in Figure 3.20. It can be observed that the layout is as simple as putting
all layouts in Figures 3.12, 3.14, 3.19, and 1.22 together. Overall care has to be taken in the
isolation of one circuit block by guard rings to the others to ensure successful implementation
of the voltage reference circuit.

3.5 Summary

Although the energy gap of the silicon is a temperature dependent function, where the tem-
perature dependency is a result of the lattice expansion and contraction in response to the
temperature, the temperature coefficient of the energy gap of the silicon is so small in the
temperature region of interest that the Widar bandgap voltage reference circuit is widely used
to obtain a stable reference voltage for a large variety of CMOS circuits. The bandgap volt-
age reference circuit makes use of a simple temperature compensation technique to generate
bandgap voltage with a low temperature coefficient, as has been presented in this chapter. A
near-zero TC reference voltage is obtained from the weighted sum of two thermal voltages
with complementary thermal properties. While the Wildar bandgap voltage reference circuit is

= s e e

L1 Resistpiesl} 11111
WWRZ P :

e

Figure 3.20 Silicon layout of the opamp based B-multiplier bandgap voltage
reference circuit with schematic given in Figure 3.6.



96 CMOS Voltage References

simple, its performance is limited. The bandgap voltage reference circuits which make use of
BJT as the temperature sensitive element always assume the base current is negligible because
the BJT current gain g is very high. In reality, 8 is finite and the base current of the BJT will
reduce the accuracy of the compensation, and it is not easy to include this effect in the analy-
sis. When the reference circuit operates from current derived from a current source obtained
from the power supply, this current changes along with the power supply variation. Therefore,
the “conventional” opamp based B-multiplier bandgap voltage reference circuit that makes
use of the S-multiplier circuit to mitigate the power supply variation problem is introduced.
This self-biasing circuit mitigates the problem under consideration by generating the current
source from the reference voltage, instead of generating the current from the power supply
directly. The current is derived from the base-emitter difference voltage and a resistor. This
current has very high immunity to supply voltage variation as long as the transistors remain
forward-active. In addition, the bias current to the transistors in a conventional opamp based
B-multiplier bandgap voltage reference circuit is proportional to the absolute temperature. The
nonlinearity error in Vpg is independent to the temperature but is found to be smaller when the
bias current of the transistor is PTAT. Therefore, the resulting reference voltage has a smaller
nonlinear temperature error.

Almost all the necessary knowledge for the design and implementation of temperature inde-
pendent reference voltage circuit can be acquired by studying the opamp based B-multiplier
bandgap voltage reference circuit. The theory, design, and implementation of all the major
circuit blocks of the opamp based g-multiplier bandgap voltage reference circuit are presented
in detail in this chapter, together with a layout example of each circuit block, where the circuit
blocks are divided into opamp, current mirror, bipolar transistors, resistor network, and startup
circuit. The roles of these circuit blocks on the voltage reference circuit and their design
concerns have been reviewed. In the next chapter, we shall discuss various error sources of the
opamp based S-multiplier bandgap voltage reference circuit that limit the performance of the
circuit, and the typical circuit techniques used to mitigate the effects of those error sources.
The subsequent chapters will present voltage reference circuits with different temperature sen-
sitive elements and circuit topologies. In particular, Chapter 6 will present a voltage reference
circuit that can work with sub-1V Vpp, and generates sub-1V reference voltage. Chapter 7
will present voltage reference circuits that perform high order temperature compensation to
achieve reference voltage with low TC. Finally, Chapter 8 will present a voltage reference
circuit without resistors for reduced silicon size and sensitivity to process variation.

3.6 Exercises

Exercise 3.1  Figure 3.21 is the schematic of a bandgap voltage reference circuit. Assume
R| = R,, the opamp is perfect, and the emitter area ratio of Q| to Q, is 1 : N, show that Vggp
can be expressed in the form of Vpg, + M AVpg,  and find M where M depends on Ry and R;
only.

Exercise 3.2  Figure 3.22 is the schematic of a bandgap voltage reference circuit. Assume
R\ = Ry, the opamp is perfect, and the emitter area ratio of Q1 to Q, is 1 : N, show that Vggr
can be expressed in the form of Vg, + M AVpg, , and find M where M depends on Ry and R;
only.
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Figure 3.21 Schematic of a bandgap voltage
reference circuit for Exercise 3.1.
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Figure 3.22 Schematic of a bandgap voltage reference circuit using
active biased BJTs for Exercise 3.2.
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Figure 3.23 Schematic of a bandgap voltage
reference circuit for Exercise 3.3.

Exercise 3.3  Consider the bandgap voltage reference circuit in Figure 3.23. Given the
emitter area ratio of bipolar transistors Q| to Q, is 1 : N, and the (‘Z—j)/(VLV—Il) =m; (a) Find
the expression of Vger in terms of Vr, Vpg,, Ri, Ry, N, and m. (b) Find the resistor ratio

R>/ R, to obtain a zero TC Vggr = 300 Kwithm = 1 and N = 8.

Exercise 3.4  Consider the bandgap voltage reference circuit in Figure 3.24. Given the
emitter area ratio of bipolar transistors Q1 to Q, is 1 : N, and (VLV—ZZ)/(VLV—I‘) =m,

Find the expression of Vggr in terms of Vr, Vpg,, R1, Ra, R3, N, and m.

Find the resistor ratio R,/ R, to obtain a zero TC Vggp at 300 K withm = 1 and N = 8.
Discuss the functionality of R3, where Rz = mR;.

A resistor like Ry in Figure 3.24 is missing in Figure 3.23, what kind of problem will the
reference voltage in Figure 3.23 suffer, when compared to that of Figure 3.24?

AN~

Exercise 3.5  Derive with detailed steps the open loop gain of the opamp shown in Figure
3.10 to obtain

rdSz rdS4rdS6 rdS7
(rdsz + rd54)(rds(, + rdS7)

Av ~ 8m, * my (329)
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Figure 3.24 Schematic of a modified
bandgap voltage reference circuit from
Figure 3.23 for Exercise 3.4.

Exercise 3.6  The maximum current that can pass through a conductor without blowing up
is given by

Loy = ¢ X d3/29

where d is the diameter of the wire in inches, and c is a material dependent constant. In our
case, c = 1585 for a fuse implemented by the METAL 2 layer. Consider a fuse wire with length
and width both equal to 1.8 um, compute the current required to blow up this fuse.

Exercise 3.7  Figure 3.25 shows a simple startup circuit where the Vggr is the input to
the startup circuit obtained through resistive divider obtaining 95% of the voltage, and a RC
network obtains a delayed input signal.

1. Derive the equation that governs the startup time delay.
2. What is the implication/consideration for the startup circuit to achieve the same startup
delay with the resistor R chosen to be 10 kQ2 and 100 kS2 respectively?

Exercise 3.8  Over-temperature protection circuit: Consider a NPN transistor that is driven
by a constant current source I as shown in Figure 3.26, such that Vg, follows Equations
1.4 and 1.8. Note that Vg, is linearly related to temperature. This property can be used
to construct an over-temperature protection circuit. The over-temperature protection circuit
detects the operating temperature of a circuit. When the operating temperature of the silicon
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To startup

VREF
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Figure 3.25 Analysis of the startup circuit
of voltage reference circuit for Exercise 3.7.

becomes higher than a predefined temperature (Ty.), an alarm signal will be generated at
Vour. Consider the over-temperature protection circuit in Figure 3.26. Assume the over-
temperature protection circuit closes the switch when the operating temperature is greater
than Ty = Vo + AT, and the switch will be open again when the operating temperature is
smaller than Ty, = Vy,; — AT :

1. Derive the voltage at the negative input terminal of the opamp in Figure 3.26 with and
without the switch being closed.

2. Derive the hysteresis temperature Ty — T; with respect to I, R, and the temperature
coefficient of Vg, (TCygg), and the temperature coefficient of V; (TCy;).

3. The switch helps to create a detection/output signal hysteresis. Draw the output signal
Vour versus temperature with the temperature swinging between Ty, — AT — 10 °C to
Tager + AT + 10 °C with Vpp = 3V, and a perfect opamp.

v, Vour

O

Figure 3.26 Over-heating protection
circuit analysis for Exercise 3.8.
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Exercise 3.9 Based on Vrgr derived in Section 3.2.2,

. T ..
1. Derive the sensitivity S, QREF of Vrer towards 1o, variation.
1

. eV, )
2. Derive the sensitivity S MREF of Vrer towards varying M.

3. If the transistor Q| is to be trimmed after fabrication to obtain Vggr with high accuracy,
determine and discuss which parameters (M, or 1, ) should be trimmed.
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4

Error Sources in Bandgap Voltage
Reference Circuit

The opamp based B-multiplier bandgap voltage reference circuit in Figure 3.4 discussed
in Chapter 3 is derived with ideal components, such that the opamp can attain an infinite
open loop gain, and zero input offset to maintain the voltages at the input terminals to be
identical in the close loop circuit. Furthermore, the transistors M, M,, and M3 in Figure 3.4
are assumed to be perfectly matched, such that the currents at each branch of the current
mirror are identical to I} = I, = I5. Moreover, the output current I;p4p from the bandgap
voltage reference circuit is assumed to be zero and thus I3 = Ipg,. In addition, Q; and Q,
are assumed to have the same /g and 8. Furthermore, the BJTs are assumed to have large 8,
such that Iz is small enough to be ignored in the circuit without affecting the analysis. Last
but not least, the resistor ratio R,/ R; is assumed to be fabricated with high accuracy. With
the above assumptions, the output voltage of the opamp based S-multiplier bandgap voltage
reference circuit is given by Equation 3.12. Unfortunately, the above assumptions are void
in reality and the consequences of components imperfection impose compensation errors and
degrade the stability of the voltage reference circuit to different extents. Figure 4.1 shows the
variation of the output voltages obtained from three different samples of the opamp based
B-multiplier bandgap voltage reference circuit simulated with different process corners. It can
be observed that even within the same wafer, each fabricated voltage reference circuit can
have a different temperature coefficient, and different output voltage at 7{,,,). The application
of such a voltage reference circuit will severely impact the performance of the overall system.
Note that such output voltage variation problem is the sum of individual effects caused by each
non-ideal circuit component and block, which will be discussed in the following sections. The
worst case analysis of the adverse effect of these non-ideal circuit components and blocks on
the reference voltage and other performance parameters of the voltage reference circuit will
be analytically derived. We shall also review some of the possible solutions to mitigate these
adverse effects caused by the non-ideal circuit components and blocks.

4.1 Non-Ideal Opamp

The performance of the opamp based g-multiplier bandgap voltage reference circuit depends
on the performance of the opamp. However, the practical opamp deviates from the ideal opamp

CMOS Voltage References: An Analytical and Practical Perspective, First Edition. Chi-Wah Kok and Wing-Shan Tam.
© 2013 John Wiley & Sons Singapore Pte. Ltd. Published 2013 by John Wiley & Sons Singapore Pte. Ltd.
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Figure 4.1 Variation of the output voltage of the bandgap voltage
reference circuit simulated with different process corners.

in many ways. In the following, we shall consider the effect of opamp input offset voltage,
limited open loop gain, limited PSR R, and limited line regulation on the performance of the
bandgap voltage reference circuit. We shall also consider possible methods to alleviate their
adverse effects on the voltage reference circuit.

4.1.1 Input Offset Voltage

Practical opamp suffers from the input offset voltage problem (Section 3.3.1). As a result,
the bandgap voltage reference circuit in Figure 3.4 will operate with V4 # V3. In this case,
an error voltage will be induced to AVpp and affect the performance of the temperature
compensation. The non-ideal opamp suffering from input offset problems can be modeled
as having an additional voltage source, denoted as the input offset voltage of the non-ideal
opamp, Vps, acting on the inverted input terminal of the ideal opamp as shown in Figure 4.2.
The Vs is super-imposed onto the voltage node V4, and hence A Vgg. The output voltage of
the bandgap voltage reference circuit in Figure 4.2 is now given by

R2 R2
Veer = —VrInN 4+ Vg, + — Vos
R1 Rl

= Vrer—conv + AVRgERos, 4.1)

where Vggrp_cony 1s defined in Equation 3.13 with M = g—f In N, and AVgeros = %VOS.
Assume the resistors R; and R, are temperature insensitive, Equation 4.1 implies that the
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Figure 4.2 Bandgap voltage reference circuit with non-ideal
opamp. An input offset voltage is observed at the negative
input terminal of the opamp.

voltage reference circuit affected by the opamp input offset voltage problem will achieve
a near-zero T C reference voltage under exactly the same condition as that of the voltage
reference circuit in ideal condition. The opamp input offset voltage will only affect the static
performance of the circuit, that is the nominal reference voltage. A typical opamp has an input
offset voltage in the range of 5 ~ 20 mV. With R,/R; = 9.24 as derived in Equation 3.14, the
variation in the output voltage given by Equation 4.1 will be in the range of 46.2 ~ 184.8 mV,
which yields an average Vggr = 1.23 4 (0.1848 — 0.0462)/2 = 1.2993 V and the variation of
Vrer equals £5.33%. In other words, Vggr = 1.2993 1+ 0.0693 V for voltage reference circuit
suffers from opamp input offset voltage problem.

The output voltage variation of an opamp based S-multiplier bandgap voltage reference
circuit can be reduced by using an opamp with small input offset voltage. A method to reduce
the input offset voltage of an opamp is to use large and better layout-matched input differential
transistor pair. Note that the large gate area and short gate length of the input differential
transistor pair can help to reduce the input offset voltage (Allen and Holberg, 2003). Chopper
stabilized circuit can also be applied to completely eliminate the input offset voltage of the
opamp (Roh and Nair, 2002). However, such a circuit requires a clock signal and hence the
bandgap voltage reference circuit will suffer from the switching noise coupled from the clock
signal. The switching noise problem limits the application of the bandgap voltage reference
circuit due to the higher overall noise level of the reference voltage. In the following, we shall
review several practical circuit techniques to alleviate the reference voltage variation caused
by the opamp input offset voltage problem.
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4.1.1.1 Increasing the Transistor Emitter Area Ratio

A number of circuit techniques have been proposed to alleviate the nominal reference voltage
variation caused by the opamp input offset voltage problem. As observed from Equation
4.1, reducing the resistor ratio R,/R; will help suppress the error term %VOS. Derived in
Equation 3.12, Ilg—f = a“;% /(n(N )%). Therefore, increasing the bipolar transistor emitter
area (Ag) ratio from 1: N to 1: N; will decrease the resistor ratio R,/R;. In this case,

Equation 1.14 can be rewritten using N,
AVBEl,z = VT ln(Nl) (42)

Assume I} = I, = I3, the reference output voltage of this new bandgap voltage reference
circuit is given by

Rz R2
Veer = — Vr In(Ny) + Vg, + —Vos
R, R,

= Vrer—conv + AVREE0s, (4.3)

with M = % In(Ny), and AVgeros = I,g—fVos- Note that a near-zero 7' C reference voltage is

obtained with M = 19.22. Thus, by comparing with Equation 3.12, the resistor ratio % term

In(N)
In(Ny)

in Equation 4.3 is

In(N)
In(Ny) *

times smaller, and hence the A Vgzgr induced by Vg is also reduced

by a factor of

4.1.1.2 Increasing the Transistor Emitter Current Ratio

Instead of using a larger BJT emitter area ratio, such that the transistor emitter area ratio of
Apg, 1 Ag, iskeptat 1 : N, the same reduction on A Vgeros induced by the opamp input offset
voltage problem can be achieved by increasing the current mirror current ratio of 77 : I, : I3
froml:1:1tol: Nll : 1, such that

V =V — V+1In
BE; » 1 JS ! 1 T JS ! ]

I JgA
= VT In (—1 S E2>
I, JsAg,

= Vr In(N)). (4.4)

As observed in Equation 4.4 which has the same form as that of Equation 4.2, and hence Vggr
will be obtained by Equation 4.3 in a similar manner. It is expected that the performance of
the voltage reference circuit obtained from the increased current mirror ratio will have the
same performance as that obtained from the voltage reference circuit with an increased BJT
emitter area ratio, at least in theory. This, however, has both pros and cons. Since BJT is a
large device in silicon layout, as a result increasing the emitter area ratio of the BJT pair
will inevitability increase the size of the overall silicon area of the voltage reference circuit.
Increasing the current ratio of the current mirror formed by PMOS transistors does not have
such a large impact on the silicon area when compared to that of increasing the emitter area
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Figure 4.3 Application of cascode bipolar
transistors to reduce the opamp offset voltage effect.

raio of the BJT pairs. However, increasing the current mirror current ratio does result in a
higher channel length modulation effect hazard. In both cases, the collector current density
ratio between the BJT pair is increased from N to N;. As a result, the current consumption
is increased. Furthermore, the AVpg, , is subject to the finite B effect of the transistors and
thus introduces another error source to the bandgap voltage reference circuit, which will be
discussed in Section 4.3.3.

4.1.1.3 Cascode Cross-Coupled BJTs

One method to increase the effective bipolar transistor emitter area ratio is to use a cascode
cross-coupled bipolar transistor current mirror as shown in Figure 4.3. Compared to the con-
ventional opamp based S-multiplier bandgap voltage reference circuit as shown in Figure 3.4,
a pair of cross-coupled bipolar transistors Q4 and Qs are connected to the bipolar transis-
tors Q1 and Q,, respectively in a cascode form. The opamp based B-multiplier regulates
I = I, = I, = I5. The cascode transistors Q4 and Qs will not affect the magnitudes of the
currents /; and I, as compared to that of the conventional opamp based B-multiplier voltage
reference circuit in Figure 3.4. However, the extracted PTAT A Vg voltage will depend on the
emitter area ratio of Q, Q», Q4 and Qs. The detailed analysis is given by

Va = Vcg, + Vag,
= Vs — Ve, + VBE,,
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and

Ve = LRy + Vci, + Vi,
= LRy + Vg, — Vi + Vpg,.

The opamp clamps V4 + Vs = V. Thus

Va+ Vos = Vs,
Vi, + Vos = LRy + Vg,
Vees + Ve, + Vos = LR + Ve, + Ve,
LRy = Vge, — Vg, + VeE, — VBE, + Vos
= VrIn(N)+ Vr In(N) + Vos
= V7 In(N?) + Vos
Vr In(N?) + Vos

I = 4.5
1 R, 4.5)
Therefore,
Vrer = 3Ry + VpE,
R2 2 R2
= — ll'l(N )VT -+ VBE3 + _VOS (46)
R, Ry

= Vrer—conv + AVREER0s,

where M = g—f In(N?) and AVgeRos = %VOS. Comparing Equations 3.12 and 4.5, we can
observe that the addition of Q4 and Qs will effectively increase the bipolar transistor emitter
area ratio from N to N2, which implies a 50% reduction in the resistor ratio (because of the
In(-)) when compared to that of the conventional opamp based B-multiplier voltage reference
circuit with bipolar transistor emitter area ratio equals to 1 : N. With N = 8§, the resistor ratio
R>/R; = 4.62 is required to achieve near-zero T C at (o) for Vggr derived in Equation 4.6.
As aresult, the error term A Vggr s will also be reduced by 50%, while the actual increase in the
silicon layout area for the bipolar transistor is just 2 x that of the conventional bandgap voltage
reference circuit. As a result, the cascode cross-couple structure is an area-efficient solution to
alleviate the opamp input offset voltage problem. On the other hand, the application of cascode
structure will inevitability reduce the supply voltage headroom. The SPICE simulation result
plotted in Figure 4.4 shows that the minimum supply voltage required to operate the circuit
is 2.1 V, which is 0.7 V higher than the 1.4 V minimum Vpp required by the conventional
opamp based B-multiplier bandgap voltage reference circuit.

4.1.1.4 Series Connected BJTs

Another method to reduce the opamp input offset voltage effect is to use a series BJT as
illustrated by the circuit in Figure 4.5. The series connected BJT can increase A Vg, which
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Figure 4.4 Output voltage of the bandgap voltage reference
circuit in Figure 4.3 with varying supply voltage obtained by
SPICE simulation.

helps to reduce the relative voltage error due to the input offset voltage of the opamp. Consider
the schematic in Figure 4.5 with I} = I, = I, = Is = 213, and R; = R3. We can observe that

Va = Vep, + VEa,,
Vg = LRy + Vg, + Viss.

Figure 4.5 Application of series BJT to reduce the opamp offset voltage
effect.
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Assume the emitter area ratio of Q1 : O, : Q4: Qs equals 1 : N :1: N. Since all BJTs are
biased with the same current, we shall have Vg, = Vpg, and Vpg, = Vpg,. Assume the
gain of the opamp is large enough such that the inputs of the ideal opamp can be considered
virtually short-circuited in the close loop circuit in Figure 4.5. As a result,

Ves, + Vep, + Vos = LRy + Vi, + Vs

1
L = R—(VEBl + Vis, + Vos — Ves, — VEBs)
1
1
= R_I(AVEBLZ + AVgp,; + Vos)

1
= R—(2VT In(N) + Vos).
1

Note that

Vrer = Ve, + 3R>

L
= Vgp, + ERZ

1R,
= Vip, + =—QVr In(N) + Vps)
2 R,

= Vi, + —V l(N)—|—1—2V
n —
LBy + R VT 2R 0s

= Vrer—conv + AVgeros, 4.7)

where Vipr_cony 1s the reference voltage of the conventional opamp based B-multiplier
bandgap voltage reference circuit and AVgeros = %% Vos 1s the offset voltage of the present
circuit. The AVggrpos in Equation 4.7 is half of that of the conventional opamp based
B-multiplier bandgap voltage reference circuit depicted in Equation 4.3. Note that Vggr in
Equation 4.7 is derived with the assumption that the base currents of Q| and Q, are negligible.
If the base currents of the bipolar transistors are considered, the emitter of Q4 will amplify
the base current 1, of Q; as

where S is the gain of Q;. As a result,

L+ £
VBE4 = VT In <¢> .
Is
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Similarly,

Nl '

VBE5 = VT In <

Hence

L+ 5 Is+ 12
AVig,, = Vg, — Vi, = Veln [ —L ) —vpin [ —F£
Is NI

L+ 7
v (B ).
s+

If the current mirror is perfect, such that I} = I, = 213 = 1, = Is, then
AVEB4,5 = VT InN.

In other words, even if the base currents of the bipolar transistors are considered, the output
voltage of the bandgap voltage reference circuit with series connected bipolar transistors will
still be the same as that of the case of negligible base current. Nevertheless, such a circuit does
have the disadvantage of a high working voltage similar to the case of cascode cross-coupled
BJTs, in which both circuits require the Vppgminy = 2.1 V, for reasons similar to the case of
the cascode BJT presented in Section 4.1.1.3.

Comparing the performance of the series connected BJT bandgap voltage reference circuit
(see Figure 4.5) with that of the cascode cross-coupled BJT bandgap voltage reference circuit
(see Figure 4.3), it is easy to observe that both circuits consist of 2N +2 unit size BJTs, while
their output voltage variations and the Vpp(nin) are the same at %2—? Vos = % Vosand 2.1V,
respectively. However, the cascode cross-coupled BJT circuit is considered to perform better
than the series connected BJT circuit from the power consumption point of view. This is
because the series connected BJT circuit has two more current paths (formed by M4 and Ms),
thus consuming higher quiescent current, at least 12 pA higher theoretically, when compared
to that of the cross-coupled BJT circuit. Moreover, the additional current paths require more
complicated current mirror matchings. As a result, the series connected BJT circuit is subject
to a higher current mirror mismatch error which affects the accuracy of the reference voltage.
Besides, the series connected BJT circuit has two more PMOS and two more resistors and
thus requires a larger overall silicon layout area than that of the cross-coupled BJT circuit.

Finally, the series connected BJT bandgap voltage reference circuit requires the applica-
tion of PNP transistors. The planar PNP transistor fabricated by the CMOS process under
consideration in this book has the collector tied to ground. Such PNP transistors are not appli-
cable to the cascode cross-coupled BJTs bandgap voltage reference circuit in Section 4.1.1.3.
Fortunately, the collector of the PNP transistors in the series connected BJT bandgap voltage
reference circuit are all connected to ground, and thus the planar PNP transistors are applicable
in this case. On the other hand, the NPN transistors can be used to implement the cascode
cross-coupled BJTs bandgap voltage reference circuit.
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4.1.2 Limited Gain and Power Supply Rejection Ratio

Besides the input offset voltage problem, the performance of the opamp based g-multiplier
bandgap voltage reference circuit is also affected by the limited open loop gain of the opamp,
which may also resultin V4 # V. Fortunately, the bandgap voltage reference circuit operates
at low frequency, and it is easy to obtain an opamp with DC gain close to 100 dB. As a
result, the limited open loop gain effect on the output voltage variation of the opamp based
B-multiplier bandgap voltage reference circuit is comparatively much smaller than that caused
by the opamp input offset problem.

The limited PSR R of the opamp has the same awkward effect as that of the limited open
loop gain of the opamp in B-multiplier bandgap voltage reference circuit. Fortunately, the
PSRR of the opamp can easily achieve 90 dB, which makes its effect on the S-multiplier
bandgap voltage reference circuit incomparable to that of the opamp input offset voltage
problem. Detailed analysis on the PSRR of the opamp based B-multiplier bandgap voltage
reference circuit including the effect of limited PSR R and the limited gain of the opamp will
be presented in Section 4.5.

4.1.2.1 Bootstrap Biasing

The performance of the opamp depends on the biasing circuit as shown in Figure 3.4. The
biasing circuit is nothing more than a supply voltage independent constant current source.
The variation of this biasing current will affect the gain, the offset voltage, and the stability of
the opamp. However, all kinds of current sources will suffer from the same problems faced by
the voltage reference circuits discussed in this book, and also problems that are not discussed
in this book. One of the most severe problems faced by the current source used to bias the
opamp is the power supply dependency. The power supply sensitivity of the opamp biasing
circuit can be reduced by “bootstrap” biasing technique, which is also known as self-biasing.
Note that the B-multiplier in the bandgap voltage reference circuit is itself a current source.
As a result, a self-biasing circuit can be achieved by mirroring the current source in the
B-multiplier to bias the opamp.

Showing in Figure 4.6 is the schematic of a self-biased opamp based g-multiplier bandgap
voltage reference circuit, where the biasing current of the opamp is mirrored from the PTAT
current source from the bandgap voltage reference circuit. The device sizes of the opamp based
B-multiplier bandgap voltage reference circuit is shown in Table 4.1. Note that the voltage
reference circuit in Figure 4.6 is the same as that in Figure 3.11, except that there is no external
Vsras to generate I, for the differential input transistor pairs M5 and Mg of the opamp. The
biasing current /4 is derived from Ip7 47 by connecting M, to form current mirrors with M,
M,;, and M5. The size of M, is therefore controlled by properly scaling Sy : S; : > : S3. Such
a self-biasing circuit does form a close loop, which is also known as bootstrap biasing circuit.
The close loop implementation will improve the stability of the bandgap voltage reference
circuit, including the line regulation. Note that this current source is PTAT in nature, and thus
imposes a temperature dependent opamp performance variation. However, given the small
PTAT current variation, the opamp performance variation will be at minimal. Of course, the
best bootstrap biasing circuit is to use the reference voltage to feedback to bias the opamp
through resistor networks, as shown in Figure 4.7. In this case, a second feedback loop is
formed between the opamp and the output of the bandgap voltage reference circuit through
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Figure 4.6 Opamp based g-multiplier bandgap voltage reference circuit using
current source from the B-multiplier to bootstrap bias the opamp.

resistor dividers R3 and R4, and hence helps to improve the stability of the voltage reference
circuit. Furthermore, the reference voltage has small 7'C. As a result, the opamp biasing circuit
will also have small 7T'C, and thus the opamp performance has small temperature dependency.
The drawback of this circuit is the slow response of the bandgap voltage reference circuit
towards external environmental variations. This is because, when there is an external variation
that results in an increased reference voltage, the biasing current of the opamp will reduce
and hence increase the loop delay of the bootstrap biased circuit. Furthermore, the resistors
required by the bootstrap circuit will inevitability increase the overall silicon layout size.

4.1.3 Noise

Previous publications on standard CMOS amplifier circuits have reported mid-band equivalent
input noise voltages (E)) ranging from 9.8 nV/+/Hz to 70 nV/+/Hz. In particular, E, at 1 kHz

Table 4.1 Device sizes for the opamp based S-multiplier bandgap voltage reference circuit
shown in Figure 4.6.

My, M, M3 W/L=10 um/1 pm

01, 03 Emitter Area Ratio with respect to unit sized BJT, Ap=1
0, Emitter Area Ratio with respect to unit sized BJT, Ag=8
R, 9k

Ry 81.7 k2

My, Ms, M7, Mg W/L=8 um/0.3 um

Mg W/L=32 um/0.3 um

My, My W/L=2 um/0.18 um
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Figure 4.7 Opamp based g-multiplier bandgap voltage reference circuit using
the output to bootstrap bias the opamp.

has been measured to equal 95 nV/ VHz to 1.7 uV/+/Hz. The 1/f noise corner frequency
is observed to be located between 7 kHz and 159 kHz frequencies (Gray and Meyer, 1982).
These high noise levels can seriously degrade the overall performance of the voltage reference
circuit. Much efforts have been focused on reducing E,, particularly the 1/f components, in
recent years.

In a typical CMOS opamp, the equivalent input noise voltage is dominated by the E, of
the transistors in the differential input stage, especially by the input transistors where their
transconductances are much greater than those of the current load transistors (Gray and Meyer,
1982). The detailed analysis of the noise effect of a simple one-stage opamp based S-multiplier
bandgap voltage reference circuit will be presented in Section 4.7.

4.2 Current Mirror Mismatch

Figure 4.8 shows the schematic of an opamp based S-multiplier bandgap voltage reference
circuit with current mirror mismatch error, where ¢,, | and ¢, » denote the mismatch errors on
I, and I, respectively when compared to /. This mismatch error is imposed by the mismatch
in the current mirror formed by transistors M, M,, and M3. Such that the current ratio of
the current mirror formed by M;, M,, and M3 deviated from the ideal case of 1:1:1 to
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Figure 4.8 Bandgap voltage reference circuit with current mirror
mismatch problem.

14+ey1:1:14 ey The mismatch in the current mirror is commonly caused by process
variation and channel length modulation problems. The output of the voltage reference circuit
is given by

R
Vier = (1 + €m,2)R—2 Ve In(N(1 + em.1)) + VaE,.
1

The reference voltage variation AVggr cy caused by the current mirror is thus given by

R R
AVrer.cym = em,zR—ZVT In(N(1 + ey1)) + R—QVT In(1 + 1)
1 1

1 N
~ e —[/ n +e ’
m,ZR1 T m,lRILT

where we assume both e, | and e, » << 1forasmall current mismatch error. Consider the case
with % = 9.24, and N = 8 as in Equation 3.14, the mismatch errors are the same and equal
to e,,.1 = en2 = 1%. The reference voltage variation is found to be AVger ey =7.36 m'V,
which is 0.6% of the nominal reference voltage 1.23 V. When the current mismatch is reduced
to e,,.1 = en.2 = 0.1%, the output voltage variation is reduced to AVggr.cy = 0.736 m V or
0.06% of the VREF-

As aforementioned, the current mirror mismatch problem is both a process variation and
circuit design problem. It is a process variation problem because the currents passing through
the transistors are proportional to (Vsg — [ Vi, p 2. Due to the squares term, any small variation
in V;;, , will cause a large variation in the current passing through the transistor. As a result,
a high Vg is desirable to reduce the V;; , variation effect on the current that passes through
the transistor, and thus reducing the current mismatch problem. A high Vss can be achieved
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using a transistor with small W /L such that the current passing though the transistor will be
the same. Furthermore, the MOSFETsS used in the current mirror should have large W and L,
and be implemented with the matched layout technique to alleviate the geometric variation
problem. As a result, there is a design paradox between the geometric variation and V;, ,
variation in the implementation of the current mirror.

The current mismatch problem is also a circuit problem because the unmatched currents
can also be caused by the channel length modulation effect. This is because the drain of the
two transistors M; and M, in the current mirror are connected to the inputs of the opamp
and hence are maintained at the same voltage by the opamp. As a result, the channel length
modulation problem is mainly observed at the output stage of the bandgap voltage reference
circuit. Transistors with long channels can be used in the current mirror to reduce the channel
length modulation effect, while the relative transistor size variation can be minimized by using
large transistors and better layout matching techniques. The following section will present
various circuit techniques that help to mitigate the current mirror mismatch problem caused
by channel length modulation effect.

4.2.1 Channel Length Modulation Effect Compensation

Consider the opamp based B-multiplier bandgap voltage reference circuit in Figure 4.8, the
intrinsic issue of the channel length modulation problem is caused by the direct connection of
the transistors M and M, of the current mirror to the opamp input nodes, in which the voltages
at the opamp input terminals are different from the output reference voltage. In other words,
the drain voltage of M3 is different from those of M and M;. As a result, the channel length
modulation problem is observed between the transistor M3 of the current mirror at the output
stage of the bandgap voltage reference circuit, and the transistors M| and M, in the current
mirror. The problem will be clearer if it is considered analytically. Without the opamp input
offset voltage problem and assuming the opamp has large enough gain, then Vgsp, = Vsp,.
Let’s consider the transistor pair M, M, and M. The Vsp, = Vpp — Vg, = Vpp —0.73V,
while the Vsp, = Vpp — 1.23 V. As aresult, Vsp, # Vsp,, and thus the current mirror formed
by My, M,, and M3 will suffer from the channel length modulation effect. To alleviate this
problem, resistors R3 and R, are inserted in-between M|, M, and the opamp inputs as shown in
Figure 4.9. In particular, we choose I3R, = I} R3 = I, R4. In other words, the voltages across
R>, R3, and R4 are equal to 1.23 V — Vpg.. As a result, Vsp, = Vsp, = Vsp,. In this case,
the channel length modulation effects of the current mirror formed by M;, M,, and M3 due
to the mismatch of Vgp can be alleviated. The simulation results in Figure 4.10 plotted the
reference voltage variation under input voltage variation for both schematics in Figure 4.9 and
the conventional opamp based S-multiplier bandgap voltage reference circuit in Figure 3.4. It
can be observed from Figure 4.10(a) that the line regulation of both circuits are close with the
minimum operating voltages both at 1.4 V. However, when we look into the output voltage in
the supply voltage range of 1.8 V to 3 V (see Figure 4.10(b)), the channel length modulation
effect compensated circuit achieves a lower output voltage variation of 1.69 mV while that of
the conventional bandgap voltage reference circuit is 2.19 mV. As a result, it is clear that the
voltage reference circuit with compensated channel length modulation effect can achieve better
line regulation.
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Figure 4.9 Schematic of bandgap voltage reference circuit with
channel length modulation effect compensation.

4.2.2 Cascode Current Mirror

Besides the process variation, and channel length modulation problems, the transistors in the
current mirror will experience current mismatch problem when they are not operating in the
saturation mode or when their Vg are not the same. The mismatch problem can be relieved by
increasing the output impedance using the high output impedance current mirror as discussed
in Section 3.3.2. Figure 4.11 shows the schematic of the modified opamp based B-multiplier
bandgap voltage reference circuit with the simple current mirror replaced by the cascode
current mirror. Simulation results of the temperature dependency and the line regulation of the
schematic in Figure 4.11 are shown in Figures 4.12 and 4.13, respectively.

As observed from Figure 4.12, the temperature dependency of the modified circuit is
similar to that of the conventional circuit as shown in Figure 3.9. The T'C of the modified
circuit at Vpp = 2 V in the temperature range of —40 °C to 125 °C is 9.9 ppm/K, which is
comparable to that of the conventional circuit. However, when comparing the line regulation
of the modified circuit for the supply voltage range of 1.8 V to 3 V (see Figure 4.13) to
that of the conventional circuit (see Figure 4.10(b)), the modified circuit achieves an output
voltage variation of 1.68 mV which is lower than the 2.19 mV voltage variation of the
conventional opamp based B-multiplier bandgap voltage reference circuit. The application of
the cascode current mirror achieves a 23.3% improvement of the line regulation. However, this
improvement comes with a tradeoff. The minimum operating voltage of the modified circuit is
increased to 1.8 V, which is 0.4 V higher than that of the conventional opamp based S-multiplier
bandgap voltage reference circuit. The increase in minimum operating voltage conforms to
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Figure 4.10 SPICE simulation results of (a) the line regulation of the
conventional opamp based S-multiplier bandgap voltage reference circuit in
Figure 3.4 and the channel length modulation effect compensated opamp based
B-multiplier bandgap voltage reference circuit in Figure 4.9; and (b) the line
regulation in the supply voltage range from 1.8 Vto 3 V.

that discussed in Section 3.3.2, which is caused by the additional transistor level (additional
Vsg voltage) of the cascode current mirror, and hence reduces the voltage headroom of the
opamp based B-multiplier bandgap voltage reference circuit with cascode current mirror.
The cascode current mirror also helps to improve the PSRR of the voltage reference
circuit. Consider a simplified small signal circuit representation of the opamp based S-
multiplier bandgap voltage reference circuit shown in Figure 4.14, which was considered in
(Rincon-Mora, 2002) with R¢ and Rpyr being the small signal impedance measured at the
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Figure 4.11 Schematic of modified opamp based
B-multiplier bandgap voltage reference circuit with
cascode current mirror.
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Figure 4.12 Simulated temperature dependency of modified
B-multiplier bandgap voltage reference circuit shown in Figure 4.11.
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Figure 4.13 Simulated line regulation of modified f-multiplier bandgap

voltage reference circuit shown in Figure 4.11.

Vker node to the ground and Vpp nodes, respectively. The PSRR of the voltage reference
circuit is given by Equation 2.9 as

VrREF,Ac(f)

PSRR(f) =20log Vopac(h) "

As observed in Figure 4.14, we can derive

Rc

Vrer.ac(f) = Vopac(f) ————,
Rour + Rc

Vinac

Rour

VREF AC
Rc

Figure 4.14 Small
signal model of bandgap
voltage reference circuit.
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Figure 4.15 Simulated P SRR of conventional opamp-based
pB-multiplier bandgap voltage reference circuit (using
simple current mirror) and modified circuit (using cascode
current mirror).

and thus can be incorporated to the small signal block diagram of Figure 4.14 and the PSRR
can be expressed as

Rouyr+Rc
Vop,ac(f)

( Vop,ac(f) alr )
PSRR(f) = 20log

Rc
— 20log [ ——C< ).
Rour + Rc

It is clear that the PSRR can be improved (achieve a lower value) by increasing Royr, the
output impedance of the current mirror in the opamp based B-multiplier bandgap voltage
reference circuit. As discussed in Section 3.3.2, using an alternative current mirror circuit is
both efficient and simple in order to achieve a higher output resistance Rpyr. Figure 4.15
shows the PSRR simulation results of the circuit in Figures 3.4 and 4.11, respectively. It
can be observed that the PSR R of the opamp based S-multiplier bandgap voltage reference
circuit with cascode current mirror is —55.2 dB in the frequency range of (10 ~ 10 kHz),
which is 3 dB lower than that of the opamp based B-multiplier bandgap voltage reference
circuit with a simple current mirror. It can also be observed that the modification of the current
mirror circuits can achieve a PSR R curve with a lower corner frequency around 20 kHz while
that of the conventional opamp based S-multiplier bandgap voltage reference circuit is at
41.7kHz. It is interesting to find that besides shifting the low frequency portion of the curve,
the voltage reference circuit with modified current mirror will also achieve alow PSR R corner
frequency such that the PSR R curve rolls together with that of the conventional opamp based
B-multiplier bandgap voltage reference circuit at the high frequency portion.
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4.3 Bipolar Transistor

The core of the bandgap voltage reference circuit is the base-emitter voltage of the bipolar
transistors. However, the value of the base-emitter voltage varies due to process variation and
it also deviates from Equation 1.7 as that equation can only model ideal BJT devices. In the
following, the effects of the non-ideal bipolar transistors, including geometric variation, finite
series connected base resistance, and finite 8 with variation will be investigated. Methods to
alleviate their effects will also be presented.

4.3.1 Size Variation

The geometric variation of NPN transistors will affect the emitter area ratio N, which will
induce a variation on the output voltage as

R, R,
AVREF.BIT.N = R—VT {In[N(1 +epsr.n)] — In(N)} ~ eBJT,NR_VTa
1 1

where ep;r y 1s the variation on the emitter area ratio N of the NPN transistor. As an example,
consider the case of eg;7 vy = 1%. If N is chosen to be 8, then 2—? = 9.24. The output voltage
variation will be AVzer psr.v = 2.4 mV. When the emitter area ratio variation is reduced
to egyr.n = 0.1%, then the output voltage variation will be AVggr p;r.nv = 0.24 mV. The
transistor size variation effect can be alleviated by better layout with the application of a unit
transistor pre-defined (characterized) for the process. Figure 3.19 shows a good example of a
layout of well matched bipolar transistors Q| and Q, with size ratio 1 : 8 using the centroid
symmetric layout technique as discussed in Section 1.5 and Section 3.3.5. Note that the layout
of the BJT is usually large, and thus it is not usually possible to alleviate the transistor size
variation effect by layout techniques other than the simple centroid symmetric layout technique
shown in Figure 3.19.

4.3.2 Series Base Resistance

Another non-ideal property of the BJT, that is not considered in Equation 1.7, is the series
resistance associated with the terminals of the BJT. Of the three series resistors, the series base
resistor r, has the greatest influence on the Vpg of a diode connected BJT. This is because the
B of the NPN transistor fabricated by the CMOS technique is usually small. As a result, the
current passing through r;, will be comparatively large, and hence induce a large voltage drop,
which will be reflected in the Vpg of the diode connected BJT and result in non-ideal / — V
characteristics. We have already discussed the possible influence of the base current under the
finite B in the bandgap voltage reference circuit in Section 4.1.1.4 for the series connected
BJT applied in the bandgap voltage reference circuit. In this section, we shall provide a
detail and formal analysis of the base current and the finite B problem with considering r,
of the BJT.
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Figure 4.16 [Illustration of the series resistances of the bipolar
transistors.

Due to the finite 8 of the BJT implemented in the CMOS process, the Vgg observed from
the BJT with series base resistor is given by

I I I
VBE:Ibrb+VT1n—:—rb—i—VTln—. (48)
Is B Is

Consider the case where all the three transistors M;, M,, and M3 in the current mirror of
the opamp based S-multiplier bandgap voltage reference circuit are the same size and do not
suffer from channel length modulation effect, and the three NPN transistors have the same .
As aresult,

L=L=5IK=1.
Br=pB=pB=B.

Figure 4.16 illustrates the series base resistances of Q| and Q» in the voltage reference circuit.
We can obtain the AVpg, , of these non-ideal BJTs as

1 1 I 1
AVBEI.Z = Erb| + Vr lng - E”bz - Vr lng
1 2

1
= EArbl’z + VT In N, (49)

where Ary, , = rp — rp,. Note that
AVpp,, =1 x R;. (4.10)

Substitute Equation 4.10 into 4.9 yields

. AVBELZ
=z
B 5Ar,, +VrinN
— R :

1
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By rearranging the terms, it yields

VT In N

r=—1— 4.11)
R by p
! B
As a result,
Ry
VREF:IR2+VBE3 :VTlnN—Arbz—FVBE? (412)
Rl — 12
B

If we further consider the series base resistor r,, of O3, by substituting Equations 4.8 and 4.11
into Equation 4.12. We can rearrange the equation to obtain Vg, which will yield

VT InN Tpy
VREFZ— R2+— +VBE
Arb12 :8 30

R, — —2

VT InN 1 I'p,
- AT R2 + — —l_ VBE}()’ (4']‘3)
R] 1 — ,8;312
1

where Vpg,, is the Vpg of an ideal Q3. Note that when x << 1, we can approximate

Lo~ 141 A It, when 2
T -+ x. As aresult, when AR,
approximated as

— 0, for example when g >> 1, Equation 4.13 can be

R>
VreF = R_VT InN + Vg, + AVREF.,,
1

where the error term associated with r;, is given by

R2 Arbl.z Rz I'p,
AVREF,r;, = R—VThl N IBR +R_VT11'1 NIBR
1 1 1 2

R Ary, 1
+22v,1n N
R, B*Ri R,

R A R
~ 2y 1n (Nﬂ> + 22y (Ni> .
R, BR, R, BR,

It can be observed that with a fixed %, the effect of the series resistor can be minimized by
increasing the values of R; and R,, increasing B, reducing the series base resistor r;, or by
better matching of the NPN transistors Q1 and Q> such as to reduce Ary, ,. On the other hand,
it should be noted that S is associated with the fabrication process, and thus it is difficult
to increase its value. However, the series base resistance rp, is the resistance between the
transistor base connection via the metal wire (and metal vias). Therefore, the series resistance
75, can be reduced by using thick metal and increasing the number of connections to the active
area and the metal wire. Therefore, the resistivity 7, is sensitive to the layout, number, and
position of the connections, which range from 10 €2 to 500 €2. It can also be observed that
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rp, ~ 1p, /N, when the transistor O and Q, are carefully matched. As a result if N >> 1,
then Ar, , ~ rp, and thus it is difficult to decrease its value. Therefore, it seems that the most
viable solution is to use R; and R, with large resistance. The drawback of this approach is the
increase in silicon layout, since resistors with large resistances will occupy a lot of silicon area.

Concerning other series resistors, the series emitter resistor r, associated with the emitter
of the NPN transistor has the same effect as the resistor value variation of Ry and R,, and thus
can be lumped into the analysis of the effect of the resistor ratio variation between R; and R;.
The series collector resistor r. associated with the collector of the NPN transistor will result
in Vge #£ 0 in the diode connected BJT (in a similar fashion, the existence of r, will result
in Ve # 0). However, I is small (usually in the order of 10~'%). Therefore, its effect can
usually be ignored.

4.3.3 B Variation

The BJT fabricated by the CMOS process will have a small 8. Furthermore, the value of g is
not exactly constant from one BJT to another on the same chip. The g of the BJT is affected
by the process variation problem, and it is also affected by the operating currents of the bipolar
transistor. Thus, the currents /;, I, and I3 should be controlled in a suitable region in order to
maintain a large B and hence a small AVggr,, (disregarding the B variations). To understand
the effect of B variations, we shall consider Equation 4.8 with /; : I, equals 1 : %, the BJT
emitter area ratio Ag, : Ag, equals 1 : N, and the § of the transistors O and O, being 8; and
Ba, respectively. As a result,

L I |
Ve, = Iprp, + VrIn — = —r, + Vrln —, (4.14)
Is, B Is,
p 153 by, b
Vg, = I, — + Vyln — = L+ Vrln —. 4.15
ey = I, T Is. = BN T Is, (4.15)
where rp,, = % The AVpgg,, is thus given by
Il 14}
AVgEg,, =T, E — _N,Bz +2VyIn N — VyIn Ny. (4.16)

It can be observed from Equation 4.16 that the § variation of the BJTs will result in variations
of the extracted A Vg, ,. Furthermore, the variation is proportional to /; and I>. As a result,
we should control the two currents to mitigate the effect of 8 variation between transistors. To
analytically derive the output voltage variation caused by AVpg, , in Equation 4.16, we have
to compare the difference between Equation 4.16 and 3.13. When we multiply the result by a
factor of 2 will yield

R, R, N 11
AVREF,BIT,p = R EBITS= R_Wllrbl ———. 4.17)
1 1
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Figure 4.17 Temperature and biasing current dependency of
of a4 x 4 um?> NPN BIT.

Figure 4.17 shows the B of a 4 x 4 um? NPN BIT at different /- and different temperatures.
It is clear that the variation of 8 is small when /¢ is smaller than 10 pA. With such a small /¢
and small 8 variation, put into the context of Equation 4.16, the content inside the bracket will
approximately equal 0, and thus Equation 4.16 will have the same form as the § variation free
AVpg,, as that in Equation 4.2. However, the /¢ cannot be chosen to be too small, because
as observed in Figure 4.17 the B will drop sharply when the current is too small. The emitter
area size of the transistors Q; and Q differ by a ratio of N, and the current passing through
0 and Q; will have current densities differ by a ratio of % As aresult, I, and I, have to be
chosen carefully, such that both currents are within the range where the 8 variation is small.
As a rule of thumb, with respect to the process under consideration in this book, /; is chosen
to be 6 uA, while I, = %I 1, with % < % < 1, such that the two BJTs are properly biased.

4.4 Resistor Variation

Similar to the variation of the NPN transistors emitter area ratio, the resistance ratio %

variation can be modeled by ﬁ—f(l + eg), where e denotes the associated variation. ep will
induce a variation on the output voltage given by

R
AVier.g = R—ZeR VrInN. (4.18)
1

As an example, consider N = 8, and R2 = 9.24 as that in Section 3.2.2. The output voltage
variation is thus obtained as AVggr r = 497 56 er mV. Consider the case when the resistance
of the resistors R; and R, are matched with an accuracy of 1%, that is, egx = 0.01, then
the induced voltage variation is 4.99 mV. Note that it is the resistor ratio that affects the
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Figure 4.18 Small signal model of a bandgap reference in Figure 3.4.

reference voltages but not the resistance values. As a result, the output voltage variation can
be reduced by proper layout matching as discussed in Section 1.5.

4.5 Power Supply Variation

Various circuit components that affect the power supply rejection ratio have been discussed
in previous sections. This section is dedicated to a detailed analytical analysis of the PSRR
of the opamp based B-multiplier bandgap voltage reference circuit in Figure 3.4. Figure 4.18
shows the small signal analysis equivalent circuit diagram of the voltage reference circuit in
Figure 3.4, which includes the bandgap core and the opamp. A similar small signal analysis
was first proposed in (Giustolisi ef al., 2003) for a variety of voltage reference circuits,
while we are adopting the same method for the opamp based B-multiplier bandgap voltage
reference circuit.

The small signal differential input of the opamp is formed by the feedback signal v, x B(s)
and the supply noise voltage coupled to the differential input signal v, X hy(s), where B(s)
is the feedback loop characteristics of the opamp based B-multiplier , and /,(s) is the transfer
function of the power supply noise of the bandgap core coupled to the different voltage vg.

o o o,
Vp <T ivﬂ CT ivdd Vout
A4

Figure 4.19 Small signal model of the opamp.
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The output of the opamp is formed by vg x a(s), and power supply noise vy X hi(s), where
a(s) is the small signal gain of the opamp, and /,(s) is the transfer function of the power
supply noise of the opamp. Therefore,

Vg = UO,B(S) + vddhz(s), (419)
Vo = vga(s) + vgahi(s). (4.20)

The input to the bandgap core is vgz; and v,. The output of the bandgap core circuit is vg
and v,.r, which are the differential input voltage to the opamp and the small signal reference
voltages, respectively. In particular, the small signal reference signal is given by

Vre = Voha(s) + vaqah3(s), (4.21)

where h3(s) is the transfer function of the power supply noise of the bandgap core coupled
to the small signal output signal v,.r, and h4(s) is the transfer function for the small signal
opamp output vy to the small signal output v,.r. Substituting Equations 4.19 and 4.20 into
Equation 4.21, we shall obtain

Uref = VoB(s)a(s)ha(s) + vaa(ha(s)a(s)ha(s) + hi(s)ha(s) + h3(s))
= a(s)B(s)(Vrer — Vaahs(s))
+ vaa(ho($)a($)ha(s) + hi(s)ha(s) + h3(s))
(I = a(s)B()Vrer = vaa(ha(s)o(s)ha(s) + hi($)ha(s) + h3(s)(A — als)B(s)))
ha(s)a(s)ha(s) + hi(s)ha(s)

Vref = Vdd ( 1= a(s)B(s) + h3(s)> )

As a result, the power supply rejection ratio is given by

Uref
PSRR(s) = —

Vdd
. ha(s)(hi(s) + ha(s)a(s))
= ha(s) + T (4.22)

To further analyze Equation 4.22 would require us to investigate the transfer functions 4 (s) ~
h4(s), a(s), and B(s). Let’s first investigate s;(s) and «(s) by considering the small signal
model of the opamp in Figure 4.19, where the opamp has an equivalent output resistor r,,;,
and two voltage controlled current sources i,, and i,,,, which are controlled by the differential
input voltage vg and the small signal power source vy, respectively. The transfer functions of
these two voltage controlled current sources are given by

VA (S) = LysTours (4.23)

vddhl(s) = ivddrout-
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Figure 4.20 Small signal model of the bandgap core Figure 3.4.

Assume the differential voltage gain transfer function of the opamp contains only one pole,
thus

1

a@%:A%T;jg, (4.24)
Pa

where A, is the differential gain of the opamp to the differential input voltage vg. Similarly,
assume the transfer function %;(s) of the power supply noise of the opamp has one zero and
one pole.

N

1+ -
h(s) = Avy 7
Pi

where A, is the gain of the opamp to the small signal power supply noise.

In a similar manner, the transfer functions &, (s), hs(s), ha(s), and B(s) are investigated
by considering the small signal model of the bandgap core in Figure 4.20. Comparing the
equivalent block diagram in Figure 4.20 with that in Figure 3.4, the BJTs Q;, Q», and Q3 are
assumed to have AC short-circuited in the small signal analysis. Those parasitic capacitors
associated with the transistors M;, M,, and M5 that have small values and are not in the
major signal path are discarded, as they have almost no effect in the final analysis results.
Furthermore, because of the Miller effect, the parasitic capacitor Cy4 of transistors M, M,,
and M3 can be neglected too. As a result,

&m,(R1//Rum,) 1
= — A
P 1+Psﬁ 51+ljﬂ’
ha(s) = 8m(Ra//Ruy) = Ay, I (4.25)

1+ < I+
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where Ry 1s the Rpg of transistor M,, which equals 1/g,, , and

1
Pp = )
g Cas,(R1//Rm,)
1
pa = :
Cas,(R2//Rum,)
Similarly
- (R,//R 1
oty = S QU TR) L
1+ = 1+ =
P2 2
- (R>//R 1
a(s) = Sl ER) g L (4.26)
T T
where
1
P2 = s
Cgsz(Rl//RMz)
1
p3 = .
CgS3(R2//RM3)

Since the transistor sizes of M, M,, and M3 are the same with only a small process variation,
therefore, pg, p4, p2, and p3 can be approximated to be the same. Similarly, g,,, and g,,, should
be almost equal and thus we can approximate Aj,, Ay,, Ap,, and Ag to be the same. Hence, we
can approximate h3(s)B(s) — ha(s)hy(s) ~ 0, and thus Equation 4.22 will be approximately
equal to

PSRR(s) = h3(s) + ha($)hi(s) 4.27)
o l—aBe) '

If we substitute Equations 4.24 ~ 4.26 into Equation 4.27, and further approximate p; =~
Do and p3 X py X pg, this yields

1+

Ah_gﬁ + AmﬁAh]ﬁ
PSRR(s) = ’ R (4.28)

= Ao mrs
~ Aha + AhlAh4 I+ i
1= 4,45 1+ 200+ 3)
1+ £

= PSRR(0) : (4.29)

(14 )0+ 2-)
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where
_Apy + Apy Ap,
= T4, AnAn,
Pa 21
(1—A, Ap) !
px == Ay Ag) T,
%t

Py = —(pa + p3).

It can be observed from Equation 4.29 that the frequency response of the PSR R function of
the opamp based B-multiplier bandgap voltage reference circuit has 1 zero and 2 poles, and
the PSRR at DC is given by

Ap, + Ap Ap,
1= A, Ay
 —Aw Aw A
AvﬁAﬁ Aﬁ Avﬁ’

PSRR(0) =

which is determined by the small signal gain A,,, the close loop gain Ag, and the PSRR of

the opamp given by %. As a result, increasing A,,, Ag, and the PSRR of the opamp will
1

effectively decrease PSRR(0). The loop gain of the opamp based B-multiplier circuit has
been derived in Section 3.3.1.2, and is shown to be able to obtain a large value. Similarly,
it is relatively easy to design an opamp with an open loop gain that has large value and
low PSRR. Therefore, PSRR(0) are usually very small, and thus the opamp based S-
multiplier bandgap voltage reference circuit has very good power supply noise suppression
performance at low frequency. However, when the frequency under concerns increases to the
power supply noise frequency and equals to, the first zero z, in PSRR(s), the power supply
noise suppression capability will decay at a rate of 20 dB/decade. When the power supply
noise frequency is between the frequencies of the two poles, p, and p,, the power supply noise
suppression is the weakest. The power supply noise suppression capability of the opamp based
B-multiplier bandgap voltage reference circuit will rise at a rate of —20 dB/decade after p,.
The P SRR performance is graphically plotted in Figure 4.21 for the bandgap voltage reference
circuit in Figure 3.11. Underneath the drawing, we have superimposed the PSR R simulation
result to make it easy to visualize the good match between the simulation result and the
analytical result.
In particular, the worst case PSRR is given by

max(PSRR(s)) = PSRR(0) + (20 dB&> .

Zx

Further analysis will show that p, can be approximated by A, piB(s), where A,, p; is the
bandwidth of the opamp. To increase the gain bandwidth of the opamp, we can increase the
transconductance of the differential input transistor pairs of the opamp, or reduce the Miller
frequency compensation capacitor (should the opamp contain a Miller capacitor for frequency
compensation). However, if the Miller capacitor is too small, the opamp may not have enough
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Figure 4.21 The P SRR of the opamp based S-multiplier bandgpap voltage reference
circuit obtained from a SPICE simulation being superimposed on the curve computed by
Equation 4.29.

phase margin to maintain stable operation. On the other hand if we increase A,, to achieve a
low PSRR value, there may be a chance that the opamp will become unstable. At the same
time, we notice that p, is determined by the —3 dB frequency point of the current mirror
formed by M, M,, and M3. To reduce this pole value, we can increase the length of the
transistors, the working currents of the transistors, or the resistances of R; and R,. Even
though Vger only depends on the resistance ratio of R and R,, increasing the resistance of
either R; or R, will decrease the current to the BJTs (when Vpp is fixed), and thus may cause
B variation problems as discussed in Section 4.3.3, and may even cause the the BJTs to have
stability problem. This is because when the resistance is too large, the collector current may
be too small, and thus cannot properly bias the BJTs to operate in the active region.

Note that most of the power supply noise is color in nature. As a result, the bandgap voltage
reference circuit can be designed to have z, p,, and p, properly chosen, such that the power
supply noise does not coincide with the max(P SR R(s)). In this case the power supply noise
can be suppressed appropriately, while there is not too much hammering of other performances
of the bandgap voltage reference circuit.

4.5.1 Pre-Regulation

The simplest solution to improve the PSRR of the voltage reference circuit is to place a
RC filter in line with the Vpp as shown in Figure 4.22(a) to filter out fluctuations before
they reach the voltage reference circuit. The RC filter will place a pole on the PSRR curve
as shown by Figure 4.23, where the pole m is added to the PSRR curve by the RC
filter. This pole will increase the supply noise suppression capability from —20 dB/decade to
—40 dB/decade as shown by the dotted line in Figure 4.23. However the RC filter will reduce
the voltage headroom of the voltage reference circuit due to the voltage drop across the resistor
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Figure 4.22 Methods to improve the P SRR of voltage reference circuit by (a) in line RC filter, and
(b) pre-regulation.

of the RC filter. Furthermore, the DC current flowing through this resistor equals the current
consumed by the voltage reference circuit. As a result, a resistor with a large silicon layout
has to be implemented such that the current density of the resistor is lower than its physical
limit imposed by the fabrication process under concern. Furthermore, a RC filter pole at low
frequency is desired for the best supply noise suppression result. Therefore, a capacitor with
large capacitance, and hence large silicon layout, will be required. This will further increase
the silicon size of the overall voltage reference circuit.

A better way to lower the loss in voltage headroom and reduce the implemented silicon
size is to employ a “pre-regulator.” A pre-regulator is formed by a negative feedback voltage
regulation circuit (Books and Westwisk, 1994). This technique improves the voltage reference
circuit PSRR performance by increasing the resistance between Vpp and the supply of
the voltage reference circuit. The core of the circuit is to use the reference voltage as the
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S . .
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PSRR(10Hz) / ) YRR With RC Filter

U - — . — With Pre-Regulator

Figure 4.23 The solid line is the PSR R of the conventional opamp based S-multiplier bandgap
voltage reference circuit. The dotted line is the changes after adding an in line RC filter, and the
dash-dotted line is the changes after adding a pre-regulator.
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Figure 4.24 Schematic of voltage reference circuit with
pre-regulator.

reference to a pre-regulator to generate a “pre-regulated’ voltage Vpgg. This pre-regulated
voltage is indeed the supply voltage to the bandgap voltage reference circuit. As a result, the
power supply noise coupled to the bandgap core circuit is greatly reduced and this improves
the PSRR of the voltage reference circuit. The PSR R of the pre-regulated voltage reference
circuit (PSR Rggr) is determined by both the PSR R of the pre-regulator (P S R R pgg) and that
of the bandgap voltage reference circuit core (PSR R pandgap) as

PSRRrer = PSRRpre - PSRRpandgap- (4.30)

Obviously, the P S R Rggr can be greatly enhanced by using a pre-regulator with a high PSRR.
Figure 4.24 shows a detailed schematic of a pre-regulator applied to the bandgap voltage
reference circuit. The pre-regulator is a linear regulator formed by opamp A, configurated as
an error amplifier in a negative feedback loop with Vgzgr as a voltage reference and output
driver M, and feedback resistor R3.

Consider the power supply induced noise at node X in Figure 4.24, known as VY, the ripple
observed at node Y, Vpgr can be obtained as

Vx S ,
(1 + gm4R3)gm5
PSRRpreg =~ PSRRy, (4.31)

PSRRy =

where g, and g, are the transconductance of the transistors M, and M5 respectively, and
S5/S¢ = 1. Note that

_ Vier
3 R3

Ig

9
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which is copied by Mg with respect to the ratio of the current mirror Ss : S¢. As derived
earlier in Section 4.5, the PSRR of the opamp based S-multiplier bandgap voltage reference
circuit is given by Equation 4.22. The size of the transistor Mg is much larger than that of
M, ~ M3 in the opamp based B-multiplier bandgap voltage reference circuit. Therefore, it is
safe not to consider the effect of Csp in Equation 4.31 as the induced pole will be far away
from the frequency of interest. Hence, the PSR Rggr given by Equation 4.31 is almost flat
across the frequency of interest. At the same time, it is easy to obtain PSR Rpgg with a large
magnitude, thus the PSRR of the pre-regulated voltage reference circuit can be a lot lower
than that of the opamp based B-multiplier bandgap voltage reference circuit as shown by the
dash-dotted line in Figure 4.23, which is a vertical shift downwards when compared to the
PSRR curve obtained by conventional opamp based B-multiplier bandgap voltage reference
circuit. While this is a compact and effective technique to achieve high PSR R performance,
the pre-regulator does consume a considerable amount of current, and hence lowers the power
efficiency of the overall voltage reference circuit. Furthermore, the pre-regulated voltage in
Figure 4.22(b) is greatly dependent on the V;;, , of the transistor and the threshold voltage
mismatch in the current mirror formed by Ms and Mg which generates the current source Ipgg.
Note that V;; , can have £=20% variation which greatly sets back the line regulation and the
temperature coefficient of the reference voltage.

4.6 Output Loading

Connecting an output load to the voltage reference circuit will affect the stability of Vzgr in
two ways: dynamic and static. The static effect of the output load is observed to be most severe
when the output load impedance is small. Consider Figure 4.25 where a load resistor R is
connected to Vggr. Inevitability, there will be I; > 0 flowing out from /5 into R . As a result,
the output voltage Vggr will be changed to VREF which is given by

Vrer = (Is — IRy + VBE,

= Vrer — ILR>
N R
= Vrer — VREF_Z- (4.32)
R,

It can be observed from Equation 4.32 that when R; is small when compared to R,, then will
be large enough that it cannot be ignored. A large I; will affect the PTAT voltage developed
over R,. Even if we assume the output loading is temperature insensitive, the inclusion of an
output resistor will not only shift Vzgr by an amount of 1, R;, it will also affect the 7'C of Vggr.
Such problems can be alleviated by the addition of an output buffer, such as a voltage follower
formed by an invertly connected opamp as shown in Figure 4.26 at Vzgr before connecting to
Ry . Since the buffer has a high input impedance, the current required to drive the output buffer
will be close to zero. As a result, the buffer will successfully isolate the interference from
the load to the voltage reference circuit. On the other hand, the buffer will inevitability have
an input offset error which will induce output voltage ambiguity, and degrade the reference
voltage accuracy. Furthermore, the application of the output buffer will increase the power
consumption of the overall voltage reference circuit. However, this design dilemma actually
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Figure 4.25 Opamp based S-multiplier bandgap voltage reference circuit
with the consideration of output resistive and capacitive loading effect on the
reference voltage.

originates from the high output current requirement and thus the addition of an output buffer
may be essential due to the special request of the application under consideration.

Moreover, the output current problem may not be static in nature. When a time varying
capacitive load is connected to Vggr of Figure 3.4, it will affect the output accuracy of the
voltage reference circuit in a dynamic manner. Because of the charge sharing effect between
the capacitive load C;, and the parasitic capacitance C3 (the gate to drain capacitance Cyq 3 Of
M3), and C, (which is largely contributed by the gate to source capacitance C,; of M| ~ M3)
when the value of C; changes, a voltage will be temporary induced on C, and Cs. Such a
voltage will affect the gate voltage of the associated transistors, and thus affect the voltage
of Vger. The problem can be improved by connecting a large output capacitor in parallel

VREF out
Vegp —————+ ’

2

A\

Figure 4.26 Reference voltage output buffer for
large load R;.
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with C. The large output capacitor will suppress the load variations by lowering the output
impedance. However, the use of a large output capacitance is prohibited in a voltage reference
circuit embedded in the CMOS VLSI. If the capacitor is going to be off the chip, an extra
output pin is required in the integrated circuit to accommodate the connection. On the other
hand, the load variation can also be suppressed by increasing the output impedance of the
transistors. However, the output impedance of the circuit is related to the output impedance of
the current mirror which, as discussed in Section 3.3.2, does not have a simple way to increase
the output impedance. Any attempts to modify the current mirror to achieve a higher output
impedance will have two implications: A larger silicon area will be required for the overall
voltage reference circuit, and larger output power will be required for the opamp to drive the
transistors. This is not only because the increase in silicon size of current mirror will increase
both the capacitive and resistive loads connected to the opamp. It is also because of the output
impedance of the equivalent circuit of the opamp is connected in parallel to the input impedance
of the current mirror, the increase of both the resistive and especially the capacitive loads will
decrease the low frequency gain of the opamp, increase the frequency of the major pole, and
hence increase the stability of the close loop g-multiplier circuit. An alternative method to
alleviate the problem of time varying output loading is to use a high output impedance opamp,
such that the B-multiplier has a fast enough response to maintain stability and output voltage.
The output impedance of the opamp can be improved by connecting the opamp in the current
mirror via a NMOS transistor M5, such as to avoid the direct connection to the current mirror,
and hence avoid the output impedance of the opamp being connected in parallel with the
input impedance of the current mirror. Figure 4.27 shows one such circuit, where the output

L T ®

M4 M] M2 M3

- |T| |

M|

VREF

V4 Vg

R3 § R]

0, 0,

!

Figure 4.27 Improving the load regulation of the opamp based S-multiplier
bandgap voltage reference circuit using a buffer amplifier formed by M4 and M5
(Hoon et al. 2002).
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of the opamp will drive M5, which is connected to the current mirror of the f-multiplier via
the current mirror formed by My, M, M;, and M3. Such circuit is first proposed in (Hoon
et al. 2002). Although the transconductance of M4 and Ms can help to increase the gain of
the opamp in the S-multiplier loop, the transconductance product of M, and M5 are usually
designed to be at unity such as not to affect the loop stability of the g-multiplier circuit.

4.7 Output Noise

When the accuracy and temperature independence of the voltage reference circuit increases,
the major error source of the generated voltage will then be in the order of a few ppm/K over
a temperature range of 100 K. Consequently, the output noise of the reference voltage will
become more and more important. For instance, consider a voltage reference circuit with the
desired output voltage at 200 mV with a mean temperature variation of 2 ppm/K. In other
words, the mean uncertainty due to temperature dependency of the desired voltage reference
circuit should be at most 0.4 1V /K. When the equivalent noise voltage at the voltage reference
circuit output is higher than this value, the noise of the bandgap reference will become the
dominant source of the reference voltage uncertainty. To be able to analyze the noise level of
the voltage reference circuit analytically, all the noise sources in the voltage reference circuit
have to be transformed to the output.

Consider the transistor level opamp based B-multiplier bandgap voltage reference circuit in
Figure 3.11. The transistors M4 ~ Mg formed the opamp. The current mirror formed by M|,
M;,and M3 has S : S, : Ssequalto1:1: Ny. Thetwo BJTs Q; and O, have an emitter area
ratio equal to NV, : 1. As a result, the reference voltage is given by

R>
Verer = Ve, + Ni R In(N2) Vr.
1

A near-zero T C reference voltage equals to 1.23 V is obtained when N, ln(Nz)g—f = 19.22.

The equivalent output noise of the opamp based S-multiplier bandgap voltage reference
circuit can be computed by considering the noise contributed by each MOSFET to the dif-
ferential input of the opamp and then multiplied by the total gain of the system computed in
Section 3.3.1.2 and added to the noise model of Mj. Listed in the following is the thermal
noise contributed by each transistor with the system gain considered.

4kTy g 5
VV)2T,M7 = Vnzr,Mg = T7 (Atotal) , (433)
ms
4kTy
V’?2T,M5 = V772T,M6 = g (Atotal)2 5 (4.34)
ms
V2 i, = 4kTy g, (R + R, (Arorar)’ . (4.35)
V7)2T,M1 = 4kTygmlR2Ql (Atatal)2 ) (4.36)

2
VU2T7M3 = 4kTy 8m; (R2 + RQs) ) (4.37)
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The flicker noise contributed by each transistor with system gain considered are listed in the
following

K g2
2 J— 2 — n ms 2
Vm/f,M7 - Vm/f,Mg - C0on7L7fg2 (Atotal) s (438)
5 ms
K

2 2 — P 2
Vm/f,M5 Vm/f,M() - ng,pWSLsf (Atoml) s (439)

K,gn (R + Rg,)*

2 — 2
Vm/f,Mz - C,e nWZLZf (Asoral)” s (4.40)
K,g> R?
Vm/f,Ml - C,. pv‘;lLllf (Aroral)” 4.41)
K,g>
2 _ PSm; 2
Vi, = C» pW3£3f(R2 + Ro,)", (4.42)

where K, and K, are process dependent parameters and are constants as defined in Section
1.7.1.3. By analyzing the noise contributed by each transistor, we can reduce the output noise.
A typical output signal spectrum of the reference voltage obtained from the SPICE simulation
of the opamp based B-multiplier bandgap voltage reference circuit is shown in Figure 4.28.
It can be observed that the output noise is dominated by the low frequency noise. This is
because the low frequency flicker noise has very large RMS value. The flicker noise can be
reduced by increasing the size of the transistors as discussed in Section 1.7.1.3. Observed from
Equation 4.33, 4.34, and 4.38, increasing the transconductance of M5 and Mg will reduce the
thermal noise. Increasing the size of M5 and Mg will reduce the flickering noise. Reducing the
transconductance of M7 and Mg will reduce the thermal and flickering noise.
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Figure 4.28 Reference voltage spectrum of opamp based
B-multiplier bandgap voltage reference circuit in Figure 3.11
with transistor size given by SPICE netlist in Appendix B and

that of the same circuit with the optimized transistor sizes.
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As a result, we can conclude that increasing the W and L of M5 ~ Mg will increase the
channel area of the transistors and thus reduce the flickering noise from the channel of the
MOSFETs. However, care has to be taken when increasing W and L, because this will affect
the transconductance of the transistors and affect the loop stability of the B-multiplier circuit.
Reducing the W/L of M; ~ M3 will reduce the transconductance, which helps to reduce the
thermal noise. While increasing the W and L of M| ~ M3 will help to reduce the flickering
noise. In the case of M5 and Mg, the W /L should be large, while that of M7 and Mg should be
small.

The noise spectrum of the reference voltage obtained by the opamp based B-multiplier
bandgap voltage reference circuit in Figure 3.11 with a transistor size given by the SPICE in
the netlist in Appendix B, and that of the same circuit with optimized transistor sizes discussed
in this section, are shown in Figure 4.28 (solid line for the original voltage reference circuit
and dotted line for the circuit with optimized transistor sizes). Comparing the two curves
reveals that the noise power of the voltage reference circuit with optimized transistor sizes
can reduce the noise power at low frequency. The flickering noise spectral corner has reduced
from 100 Hz to 10 Hz with the flicker noise in the low frequency has been reduced. At the
frequency range from 10 Hz to 100 kHz, the output noise has been reduced from a maximum
of over 300 1V to less than 90 pV. The drawback of the optimization is the increased operating
current, which rises from 27 pA to 57 pA.

The output noise can also be reduced by connecting a large capacitor to Vggr, which acts
as a lowpass filter with low corner frequency. However, given the constraints on silicon area
imposed by modern CMOS integrated circuits, using large on-chip capacitors is often not
viable. The situation is exacerbated in the sub-1V voltage reference circuit, where the noise to
nominal reference voltage ratio is large because of the small magnitude of the nominal voltage.
As aresult, itis more important than just a list of analytical expressions, the analytically derived
transistor sizings are the key to alleviating the noise problem in voltage reference circuit.

4.8 Voltage Reference Circuit Trimming

Any devices incorporated in an integrated circuit will generally deviate from the designed
values due to variation in the manufacturing environment. Such manufacturing variation
is also known as process variation, which will translate to reference voltage variation. To
achieve the accuracy required by the voltage reference design specification beyond the limits
of the manufacturing condition, it is common practice to calibrate the fabricated circuit by
“trimming”, which is a post-fabrication circuit adjustment technique. Note that the voltage
reference circuit is required to meet the required accuracy specification, therefore the trimming
circuit has to exploit available knowledge about the dependency of the error to the performance
of the voltage reference circuit. Previous sections in this chapter have already demonstrated
the many sources of errors affecting the reference voltage, which implies there are many
ways to trim the reference voltage. However, trimming at more than one circuit element is
very expensive, in both silicon area and post-processing time. Therefore, a typical trimming
procedure only provides the calibration of one circuit element to adjust a particular parameter
of the reference voltage circuit. Although this approach cannot give a voltage reference
circuit with optimal performance, it can provide a voltage reference circuit with acceptable
performance at an acceptable cost in most cases. The decision over which element to be
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trimmed is mostly application specific, therefore we have no intention of discussing it here.
On the other hand, we would like to point out that due to the nature of the bandgap voltage
reference circuit topology, the correctional circuits are most commonly constructed in the
form of resistor array for modulated domain trimming, BJT transistor array for voltage domain
trimming, and current mirror transistor array for current domain trimming. These trimming
techniques will be discussed in Section 4.8.3, Section 4.8.4, and Section 4.8.5, respectively.
Note that even if a particular trimming element is selected, there are still a number of ways
to calibrate that part of the circuit. Among the large number of trimming methods available
nowadays, we shall discuss the two most commonly applied trimming methods in this section.
In particular, we shall focus on the discussion of resistor value calibration, while the discussed
method can be applied to the calibration of component values of other electron devices. The
first method is laser trimming of a thin film metal resistor. The second method is selective
open circuit of a metal fuse by a large current which results in a corrected circuit.

Consider the voltage domain trimming through calibration of a resistor value, which can be
achieved by (i) using a digital string of 1s and Os (a trim code) that control on-chip switches
to open and/or short-circuit a number of binary weighted resistors connected in series, or (ii)
reshaping and therefore resizing the resistor with a laser beam. The accuracy of the former
is limited by the smallest value of the element in the binary weighted resistor chain. In other
words, it is determined by the resistance that corresponds to the least significant bit (LSB) of
the trim code. Reducing the LSB resistance to obtain high resolution while maintaining the
trim-range of the overall resistance to be the same typically translates into the employment
of a large number of trim bits which are always constrained by silicon area and test-time
boundaries. Furthermore, connected to each end of a fuse are two probe pads, or known as
trimming pads, roughly a square with 70 um per each side. Through these probe pads, a current
in the order of mA is applied to selected fuses and by so doing blows open the fuse. However,
these probe pads are extremely large when compared to the size of the resistor. Furthermore,
the number of probe pads increases linearly with the number of trimming elements. Therefore,
with the trimming precision directly related to the number of trimming elements, it becomes
clear that in order to achieve precise reference voltage, more silicon area is needed. This
poses a design paradox on both precision and cost in the design of the high precision voltage
reference circuit.

Laser trimming, on the other hand, is more accurate and area efficient and therefore is oftenly
used in high performance voltage reference circuits. However, the laser energy sufficient to
trim metal film can often cause substrate damage, and hence lower the yield of the functional
device. Moreover, the inherent cost in test time and equipment often prohibits the application
of laser trimming to the voltage reference circuit. In the following we shall discuss the metal
fuse (also known as “linked” fuse) trimming technique, which is usually applied in voltage
reference circuits due to cost considerations and which can also provide the adequate accuracy
required by the final application of the trimmed voltage reference circuit.

4.8.1 Linked Fuse Resistor Trimming
Traditional metal fuse is typically fabricated from aluminum in a “blow-tie” configuration as

shown in Figure 4.29. As can be seen from the figure, the linked fuse resistor contains a metal
fuse with resistance Ry, and a resistor with resistance R;,;,, connected in parallel between
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Figure 4.29 A typical linked fuse resistor.

the two trimming pads. When the fuse is intact, the resistance observed between nodes (A, B)
is approximately equal to Ry, which is usually considered to be zero because of the low
resistance of the metal fuse connection. The metal fuse can be blown open by applying a high
current between the trimming pads. When the current flows through the fuse induces a current
density higher than that which can be supported by the metal structure of the fuse and it heats up.
When enough heat has built up on the fuse, it will melt the metal and blow open the fuse. After
the fuse is blown open, the resistance observed between nodes A and B will equal Ry;,,. As a
result, the linked fuse resistor trimming structure is a “up-trimming” structure, which means
that the resistance increases with the fuse being broken. Anti-fuse resistor trimming structures
and CMOS switch structures exist that can achieve “down-trimming” structures, where the
trimmed resistance decreases with the fuse being broken. Of the two trimming structures, the
up-trimming structure is most commonly used. There are also two basic ways of trimming.
The first is known as “static-trimming” and is a means of adjusting the resistor value without
power being applied. The second is known as “dynamic-trimming” or “functional-trimming,’
which consists of adjusting a resistor to obtain a specified reference voltage (in terms of the
voltage reference circuit) while power is being applied to the circuit. Dynamic trimming will
be of importance to voltage reference circuit implementations because that refers to the actual
operating conditions.

Among various resistor trimming structures, linked fuse trimming is the process of selecting
a desired resistance from a series of geometrically increasing resistors fused together by the
metal fuse. For a trimming resistor network with M resistors, the resistance will increase
from R, to 2€R, that connects between the k and (k + 1)-th trimming pads, all the way to
2M=1 R, (similar to that shown in Figure 4.30). The precision is directly related to the number
of resistors in the linked resistor array. Therefore it becomes clear that in order to achieve
high precision resistor value, a large silicon area is required. As a result, this poses a design
dilemma on the cost (both the cost of the silicon area and the cost of the machine hours to
perform the trimming) and the output precision of the voltage reference circuit.

4.8.2 Resistor Trimming Circuit Analysis

Trimming is necessary to produce a predictable reference voltage. However, arbitrarily trim-
ming a circuit to any target voltage can be detrimental. There are two problems associated
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Figure 4.30 (a) Layout of linked fuse resistor array, and (b) the
associated schematic.

with the trimming circuit and procedure. First, we analyzed in Chapter 3 that there is only one
target voltage that achieves the lowest temperature coefficient. Hence the trimming circuit and
procedure should be designed to cover and be able to achieve this target voltage. Second, the
trimming circuit and procedure should be designed to achieve the target voltage with sufficient
accuracy. The trimming circuit has to set up with enough fuses, m, to obtain a particular
accuracy +£b% for the target voltage when the input voltage has a variation of £a%. Note
that a trimming circuit designed with more than enough fuses will occupy a large silicon area
and complicate the trimming procedure. Both of these will increase the cost of the voltage
reference circuits.

To understand how to design a suitable trimming circuit for a voltage reference circuit,
let’s consider a voltage divider implemented with trimming resistor that allows alterations
of the voltage ratio as shown in Figure 4.30(b). There are five fuses in the circuit, which
will control the connections of five dyadic encoded resistors. As a result, by blowing up the
appropriate fuses, the resistor that connects R, and Vyyr can have the resistance values of
mR, wherem =0, 1, ..., 31.Let’s denote the target voltage to be obtained from V7 through
this resistive sub-divider as y, with the desired input voltage as X, where y and x are used
to denote Vpyr and V;y respectively for simplicity in the analysis. The trimming circuit in
Figure 4.30(b) can obtain a different Vyyr from V;y by blowing different fuse sets. With five
fuses showing in the figure, we can obtain the following Voyr

Ry + R, + mR,
Vour = b1 R+m Vi,  m=0.1.....31, (4.43)
b

where the range of m of the resistance of the trimmed resistor is determined by m = 5, which
is 0 < m < 2° = 32. Such a voltage generation method can be analyzed by considering the
model

k =

%
y_ Tour (4.44)
X Vin
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In other words, the factor (R, + R, + mR,)/R;, in Equation 4.43 is equivalent to the factor k
in Equation 4.44. Without loss of generality, the desired output voltage is assumed to be equal
to (R, + R, + 2" 'R,)Vin /Ry, such that half of the fuses are required to be blown to obtain
the desired Voyr when V;y has no variation, that is V;y = x.

4.8.2.1 Model Analysis

For a given m, there exists 2" = N different Vyyr values for a given V;y. Without loss of

X

generality, let’s consider the set k; < ky < - -+ < k,. When the input voltage variation X = =
from the desired voltage X is limited to the range [1 — a, 1 4 a], we can choose an appropriate
ke, such that the output voltage variation § = £ from the desired output j with y = kyx is
limited to the range [1 — b, 1 4 b]. It can be observed from Equation 4.30 that when £ > 1,
we should choose k; > 1, while ¥ < 1, will require k, < 1. The boundary conditions for both
X and J to achieve their maximum variations are given by

ki(l4+a)—1=b, (4.45)

and 1 —ky(l —a) =b. (4.46)
where k, are given by

ki = ki + (€ — 1)Ak, t=1,2,...,N,
with Ak = (ky — k1)/(N —1).

With respect to each ky, there is a corresponding quantized region X, = [Xy 1, X¢2] in the
dynamic range of X. As aresult, k,X, € [1 — b, 1+ b]. In other words,

keXe1 —1=0,
| — ke s = b.

Solving the above two equations yields

Xe1 =0 4+Db)/ky, (4.47)
Xep =0 —=>0)/ks. (4.48)

We can observe that Equations 4.47 and 4.48 establish N regions of k: [£1,1, X12] [X2.1, £2.2]
<o+ [Xe1, Xe2] - [Xn.1, Xn.2]- At the same time, the boundary condition establishes X1 ; =
1 4+a, and Xy = 1 —a. As a result, the above N quantized regions in X can be considered
as X in one of the N sub-divided regions in the range of [1 — a, 1 + a]. In particular, if there
are no gaps between these N regions, then

X12 X215 X22 X X3 05000y X02 S Xpal 0y -v-s AN—12 = XN, 1-
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Together with the boundary condition that £, » < %,41,1, we shall obtain

(1 —b) _ (1 +0b)

< (4.49)
ke kot1
As aresult, k; can be obtained by Equations 4.45, 4.46 and 4.49 as
1—b (=] - (]
ke =|—— 0 —1)———= ¢=1,2,...,N. 4.50
¢ [1 n a] +( ) N1 (4.50)
Substituting Equation 4.50 into Equation 4.49 yields
(ky — k(1 + D) Eky — kn)
N > 4+ —F—-. 4.51
> T AR — (4.51)
Note that
ki —ky  2(b—a)
ki (d+b)(1—-a)

Furthermore, the variation of Vyyr cannot be larger than that of V;y in this voltage divider
circuit, therefore, 0 < b < a < 1. As a result,

ki —ky
ki

< 0.

Therefore, the right hand side of the inequality in Equation 4.51 will achieve its maximum
value when £ is the smallest, that is £ = 1. In other words, the minimum value of m is
given by

(a —b){1 —b)
b(1 —a)(1 +b)

min(N) = \\ + IJ + 1, (4.52)

where the floor operator, (|-]) will retain the largest integer smaller than the content.

In conclusion, to achieve a scaled output voltage with accuracy b from an input voltage
with accuracy #-a from a resistor network, we need to have at least m fuses for trimming, with
2™ > N, where N is given by Equation 4.52. With a given m, we shall obtain N = 2" which
will yield a trimming range given by Equation 4.50.

At the same time, this set of equations can also be used to explore the trimming accuracy
with a given number of fuses, and each trimming range within the trimming network. In order
to make use of this set of equations to find the input accuracy £b required to achieve a given
output voltage accuracy +a and the number of trimming sections m, we shall consider the
inequality X; » < X, ;. The boundary condition is obtained when £ » = X, 1, and together with
Equation 4.47, we can rewrite Equation 4.50 as

x> +eix+c¢=0, (4.53)
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where ¢c; = 2 — m,cl :2+%,c0: %,x =b,and N = 2", with m
being the number of fuses. One of the roots of Equation 4.53 is positive, while the other is
negative. The positive root should be chosen as b, which is the required input voltage accuracy
to achieve an output voltage with £a accuracy using m bits dyadic resistive divider trimming
structure. As an example, solving for x in Equation 4.53 with a 5-bit dyadic resistive divider
trimming network (i.e., 5 fuses) to achieve an output voltage accuracy equal to £15% will
require X = 0.000543, or ¥ = —1.09024. As a result, the required input voltage accuracy

is £0.543%.

4.8.3 Modulated Trimming

Resistor trimming is trimming the physical property of the resistance of a resistor in the opamp
based g-multiplier bandgap voltage reference circuit such that the output voltage of the voltage
reference circuit is altered to achieve the target voltage. Besides resistor trimming, there are a
number of components within the voltage reference circuit whose physical properties can be
trimmed to alter the output voltage of the voltage reference circuit. The physical properties
that can be trimmed include the voltage and current property of the devices. As a result, the
trimming methods are also known as “voltage trimming” and “current trimming”. These two
methods will be detailed in the following two sections.

Unlike voltage trimming and current trimming, resistor trimming has an indirect effect on the
output voltage of the voltage reference circuit. Trimming the resistor will affect the induced
voltage/current, and hence such trimming methods are known as “modulated trimming”.
Among all the resistors in the opamp based B-multiplier bandgap voltage reference circuit,
we shall consider the trimming of resistor R, that converts the PTAT current to PTAT voltage
to achieve the target voltage. Figure 4.31 shows a modulated trimming structure of R, with 3
fuses. In the same figure you can also find voltage domain trimming of Q, with 3 fuses and
current domain trimming of M3 with 3 fuses, which will be discussed in Section 4.8.4, and
4.8.5, respectively.

4.8.3.1 Trimming Procedure

In order to trim a resistor to achieve the target reference voltage, a procedure has to be perfected
in order to avoid over-trimming and ultimately scrapping the integrated circuit. This section
will describe a particular trimming procedure which is useful for trimming R; in Figure 4.31
along with discussions on how it was developed.

It can be observed from Equation 3.12 that the output voltage Vggr is linearly proportional
to R,. By rewriting Equation 3.13 as the following

y =mx + b, (4.54)

where a linear trimming model is adopted, such that y = Vggr, x = R, and b = Vpg,. Note
that b = Vg, is the y-intercept of the linear equation in Equation 4.54, and the slope m of the
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Figure 4.31 Opamp-based S-multiplier bandgap voltage reference circuit with
resistor array modulated trimming structure, BJT array voltage domain trimming
structure, and MOSFET array current domain trimming structure.

linear equation can be obtained from any two particular values of the (x, y) pair as

VREF k+1 — VREF i

Ry kvt — Rok
_ VRer k41 — Vrerx
AR: et 1

b

with Vger and R, being the measured reference voltage and resistance of R, at the k-th
trimming procedure, with k = 0 being the untrimmed value. As a result, an initial trim is
required in order to start making any calculation of the trim resistor value using the trimming
model in Equation 4.54. The parameter A R; ;4 denotes the difference of the resistance of R,
after the (k + 1)-th and k-th trimming. The y-intercept of Vzgr given by Equation 4.54 can be
solved as

— VREF k11

b= .
MRy 41
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The next trimming should then be made according to the calculated resistor value using the
model in Equation 4.54. Note that the following trimming procedure assumes the resistor ratio
does not change even thought the actual resistor values with the resistor array that makes up
R, can have large variations. Such an assumption is considered to be valid because the resistor
ratio can be fabricated with high accuracy, as discussed in Section 1.4.

Consider the case that the desired voltage is Vggr = 1.23 V. The trimming procedure would
aim at a particular resistance of R, that satisfies the trimming model in Equation 4.54 with the
desired Vggp. In other words, we are aimming at

1.23 —-b
X = ——.
m

The fuse needed to be blown in order to complete this trim is obtained by subtracting the
calculated x with the current resistive value, which is also known as AR5.

ARQ =X — RZ,k,

where the previous trimming procedure is k, and thus the current trimming procedure is k + 1.
As aresult, the fuse associated with the resistor R, ; that is closest to A R, will be blown open
in the k 4 1 trimming step. The SPICE simulation excerise in Exercise 4.8 shows an actual
trimming procedure to trim a bandgap voltage reference circuit to achieve a 1.23 V output,
along with a filler page for calculations and measurements that will allow the reader to fill in
the blanks when trimming the bandgap voltage reference circuit. In reality, the measurements,
calculations and table lookup are all performed by the ATE machine during wafer probing in
a similar manner as our hand calculations in the exercise.

4.8.4 Voltage Domain Trimming

Alternatively, the output voltage can be adjusted by changing the emitter area Ag, of Q».
The emitter area Ag, can be made trimmable by constructing the transistor from a parallel
corrections of sub-transistors with (dyadic)-scaled emitter areas, which can be disconnected
from the voltage reference circuit through linked fuses as shown in Figure 4.31, where the
case of three fuses is demonstrated.

By altering the number of parallel connected bipolar transistors to form Q», the transistor
emitter area ratio N will be altered. It can be observed from Equation 3.12 that the output
voltage Vger 1s logarithmically proportional to N. The trimming model can thus be developed
by rewriting Equation 3.13 as

y =mln(x) + b, (4.55)

where a linear trimming model is adopted with y = Vggp, x being the transistor emitter
area ratio N, and b = Vpg,. A trimming procedure similar to that in Section 4.8.3.1 can be
developed for voltage domain trimming.

A problem of this approach is that the voltage drop across the fuse may be comparable
with the small AVgg, ,. The worst case is that it is difficult if not impossible to reduce the
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resistance of the linked fuse. One possible solution is to use the linked fuse to switch on and
off a MOSFET switch, which will in turn connect/disconnect the bipolar transistors to the
voltage reference circuit. By making the MOSFET switch large enough, the on-resistance can
be made small enough such that the voltage drop across the switch can be neglected in the
actual circuit operation.

4.8.5 Current Domain Trimming

To minimize the effect of linked fuse resistance, we can also consider trimming the output
voltage by adjusting Ip7 47 that flows through R, and hence altering the PTAT voltage built
upon R,, such that Equation 3.12 can be rewritten as

R,
Vrer = R_NCVT In(N) + Vgg,,
1

where N, is the current ratio /3/1;. As aresult, the output voltage is linearly proportional to the
current ratio N.. The PTAT current /5 can be made programmable by switching a number of
(binary)-weighted current sources. The detail trimming circuit that trims a MOSFET array that
forms M3 which in turn alters /3 is shown in Figure 4.31. The linked fuses can be replaced by
small MOSFET switch with low on-resistance due to the high impedance output of the current
source. This will not lead to significant impact on the performance of the voltage reference
circuit, nor the trimming structure. Trimming of the bias current may therefore be preferable
over trimming of the emitter area.

4.9 Summary

More often than not, the accuracy of a voltage reference circuit imposes a fundamental limit on
the accuracy of the system it is used in. This makes it imperative to analyze the various sources
of error that degrade the performance of the voltage reference circuit with the ultimate aim of
devising viable techniques to mitigate, if not eliminate, the detrimental impact of those sources
of error. This chapter has presented analytical analysis on the most commonly observed error
sources in the opamp based S-multiplier bandgap voltage reference circuit presented in Chapter
3. Each of the analyzed error sources affect the reference voltage uniquely and therefore pose
a variegated set of challenges towards its compensation.

As an example, the opamp input offset voltage problem analyzed in Section 4.1.1 is imposed
by process variations which have a strong random component. In other words, the magnitude
of the error with respect to the nominal reference voltage induced by opamp input offset
voltage varies from one sample to the next. As a result, we have discussed various methods
to alleviate the opamp input offset voltage problem, these errors have been conventionally
reduced by trimming, which involves measuring the reference voltage on each IC sample
and tweaking circuit components using on-chip fuses till the reference voltage falls within its
accuracy specification. While trimming enjoys wide popularity because of its effectiveness,
the considerable increases in test time, silicon area, and ultimately manufacturing cost it incurs
has prompted designers to look into more cost-effective strategies to achieve high accuracy
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voltage reference circuits. After all, the trimming or other post-fabrication techniques do
not actually eliminate the problem, but just provide an expensive alternative way to achieve a
viable solution. Other error sources in the opamp based g-multiplier bandgap voltage reference
circuit discussed in previous sections can be summarized to derive the erratic Vggp as

V _RleN—i—V +RV—|—RV—|—RV1N
= —Vrin e — e>—Vrln
REF R T BE; R 0s 1R1 T 2R T

Arb],z R2
+ —=Vrln N (4.56)
BRi Ry ,3 )

Ry N
—_— n
R,

where the error parameter e, includes the mismatch error of the current mirror connected to
the opamp. The error parameter e¢; includes the variation of the resistor value ratio —, the
mismatch of the current mirror that causes mismatch of current flowing through R; and Ry,
and the variation of the NPN transistors emitter area ratio. The error parameter Ary,, is the
series resistance of M and M,, while the error parameter r;, is the resistance of the NPN
transistor measured from the emitter to the base. Besides the above static error sources, there
are dynamic error sources, which include the power supply noise discussed in Section 4.5 and
the device noise discussed in Section 4.7. It is clear from Equation 4.56 that a small R,/ R;
can help to reduce the sensitivity of Vggr towards each of the considered error sources. As a
result, various techniques in previous sections to obtain a reduced R,/R;, we have discussed
and thus obtain a high accuracy Vggr. However, a small R,/R; means the resistor size of R,
is much larger than that of R,. In the modern CMOS process, if R; is implemented with the
smallest calibrated resistor, the size of R; may still be too big that it cannot be implemented
economically.

Readers should also note that there are a large number of circuit analysis techniques that
might treat the error sources and hence the variation of reference voltage in the voltage
reference circuit differently. A number of voltage reference circuit error analysis are discussed
in (Song and Gray, 1983), which uses similar circuit analysis tools as those discussed in this
chapter with a different perspective on the design of high precision voltage reference circuit.
However, no matter what the analysis tools are, we are aiming at estimating the effects of
various component parameter variations, and hence deriving appropriate circuit topologies to
alleviate such effects. Besides analytical calculation, the SPICE simulator is another great tool
to estimate the performance of the voltage reference circuit under the influence of various
error sources. In particular, the SPICE simulator provides corner analysis, which is discussed
in Section 1.6, to estimate the impact of the process variations. Corner process parameters
present extremes, and therefore give rather precise predictions when compared to the fabricated
circuits. Various usages of the process corner simulation are applied extensively to obtain
an estimation of the variation of some particular circuit parameters, which will enable the
designers to design an appropriate trimming circuit for a given accuracy. The advantage of the
process corner simulation is best experienced by the reader though design examples, instead of
words alone. Therefore, we are not going to discuss it in this book. Instead, we shall move on to
discuss and compare different voltage reference circuit topologies in the next chapters, where
real examples with detailed analytical derivations will be presented. We will also discuss the
advantages and disadvantages of different voltage reference circuit topologies.
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Figure 4.32 (a) LDO Noise Model. (b) LDO with RC output filter for Exercise 4.1.

4.10 Exercises

Exercise 4.1  Figure 4.32(a) shows the equivalent noise model of a LDO, where Vi BG IS the

equivalent noise power generated by the bandgap, Vri £4 IS the equivalent noise power of the

error amplifier, and Vn% ry and Vn% gy are the noise powers of the feedback resistor Ry and R
respectively.

1. Derive the RMS output noise within the frequency range of 10 ~ 100 kHz for the LDO in
Figure 4.32(a).

2. A RC filter is added at the output of the LDO to reduce the noise power as shown in Figure
4.32(b). Derive the the RMS output noise after the RC filter.
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Figure 4.33 LDO P SRR analysis model for Exercise 4.3.

3. Discuss how to design such a RC filter to obtain an output voltage with low noise in the
frequency under consideration.

Exercised4.2 There are several free parameters in the design of the bandgap voltage reference
circuit in Figure 3.4, which include I5. Discuss a design strategy on Iz that will lead to a low
noise reference voltage, and the associated tradeoff.

Exercise 4.3  This exercise will show that the PSR R of the LDO regulator circuit shown in
Figure 4.33 can be approximated as a 1 zero 2 poles system. Consider the equivalent small
signal model of the LDO regulator as shown in Figure 4.34, where the equivalent small signal
model of the error amplifier is the same as that discussed in Figure 4.19, and the small signal
model of the LDO core circuit is shown in Figure 4.35. The transfer functions h(s) and o/(s)
are written with respect to vqq and vg of the error amplifier respectively. The B(s) is the

A 4

\ 4

B(s)

\ 4

h 2(S ) Vout

Figure 4.34 Small signal model of the LDO
regulator circuit for Exercise 4.3.
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Figure 4.35 Small signal model of the
LDO core circuit for Exercise 4.3.

input output transfer function of the LDO core circuit from the opamp output, and hy(s) is the
transfer function of vgg to the LDO core circuit observed at the LDO.

1.
2.

3.

4.

Derive the PSRR of the LDO, which equals =**.

If the close loop gain of the opamp is assumed to be a I pole system, derive ig and a(s) with
respect to the differential gain Gg of the input signal vg to the opamp, and the equivalent
output resistance r,,; of the opamp (refer to Figure 4.19).

If the system h(s) is assumed to be a I pole and 1 zero system, derive the system transfer
JSunction of hy(s) with respect to the gain G, of the power supply noise at the opamp.

If the systems B(s) and h,(s) are both assumed to be a I pole systems, derive the system
transfer function of B(s) and hy(s), with respect to the resistance Rps .y of the pass element
of the LDO circuit.

If we approximate the equivalent poles a(s) with that of h\(s), and the equivalent poles of
B(s) with that of h,(s), show that the PSR R(s) of the LDO circuit is a I zero 2 pole system,
and derive PSRR(0), the PSRR Of the LDO circuit at DC point.

Exercise 4.4  The trimming resistor array should be designed with respect to process vari-
ation. Consider the design of a binary weighted resistor array as shown in Figure 4.36 that

RLSB RMSB RMIN

Figure 4.36 Binary weighted trimming resistor array with NMOS switch for
Exercise 4.4.
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Figure 4.37 (a) Noise model of a Widlar current source, and (b) its equivalent noise model
for Exercise 4.5.

is required to cover a £40% error variation, where the NMOS switches are used as the
controlling bits.

Determine the maximum and minimum resistance that should be attained by the trimming
resistor array when the desired resistance is 200 KS2.

Determine Ry sp and Ry sp of a 7-bit binary weighted resistor array.

Determine the trimming accurate that can be achieved by this resistor array in percentage
of variation from the desired value of 200 k2.

Exercise 4.5 Figure 4.37(a) shows the equivalent noise diagram of a Widlar current source.
Similarly Figure 4.37(b) shows the equivalent noise diagram of Figure 4.37(a) where the
equivalent output current noise is being modeled as an equivalent noise voltage acting on the
gate of M y».

~

Derive the equivalent output current noise of the Widlar current source.

Derive the equivalent noise voltage Vnzeq.

Assume Syn1 = Sunz and Sy p1 = Sy pa, expand the derived % using the noise model

presented in Section 4.7, and show that

a. W/L of PMOS transistors have to be bigger than that of NMOS transistors with L of
PMOS being longer than that of NMOS to reduce the output current noise.

b. A low resistance R helps to reduce the output current noise.
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Figure 4.38 Obtaining a low
reference voltage using applying
a resistive divider on the output
of conventional bandgap voltage
reference circuit in Exercise 4.6.

Exercise 4.6  This problem investigates the application of resistors divided to obtain a

low reference voltage from the conventional bandgap voltage reference circuit. Refer to
Figure 4.38, the output voltage is given by

V, =V, i
o = VREF R+ R

The output voltage V, will have noise contributed by Vggr, Ry, and R,. Show that R = R| + R;

can be determined from Vnz’ rer When Vrprp contributes 80% of the noise in 'V, and hence

determine R; and R, with respect to Vn% rEF When the output voltage is 1/3 of Vggr.

i | " 4
| —{ [
—
oy © o
l. R; R,
My,
_| 0> 03

Figure 4.39 Schematic of bandgap voltage reference circuit for Exercise 4.8.
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Table 4.2 Device sizes for the bandgap voltage reference circuit in Figure 4.40 for problem 4.8.

M, M,, M; W/L=10 um/1 pm

01, 03 Emitter Area Ratio with respect to unit sized BJT, Ap=1
0> Emitter Area Ratio with respect to unit sized BJT, Ap=8
R 9 kQ

Ry 81.7 k2

My, Ms, M7, Mg W/L=8 um/0.3 um

Mg W/L=32 um/0.3 pm

My, Mg W/L=2 pm/0.18 pum

M W/L=16.7 pum/0.3 um

C 150 fF

Ipias 20 pA

. e v, V,
Exercise 4.7  Compute the sensitivity parameters S ICREF and S MliEF of the bandgap volt-
1

age reference circuit in Figure 3.4, where Mg = %. Based on your derivation, deter-
mine an explanation of which circuit component parameter in this voltage reference cir-
cuit is more important to be trimmed in order to achieve high accuracy on the reference

voltage.

Exercise 4.8  Trimming procedure Figure 4.39 shows a complete schematic of a bandgap
voltage reference circuit which has the same structure as that shown in Figure 3.4, in which
transistors My to My, form the opamp and current bias circuits. The purpose of this exercise
is to trim R, of the circuit in Figure 4.39 to obtain a desired output voltage (1.23 V). Perform
SPICE simulation of the bandgap voltage reference circuit in Figure 4.39 with the device
parameter given in Table 4.2. Then follow the following trim procedure.

1. Take the output reading with no trimming, such that Ry, = 60 kK2 and record the data
in Table 4.3. By opening up each fuse, a 6.3 k2 resistor (where we assume the process
variation will induce a maximum 20% resistance variation) will be added to R,.

2. Measure Vggr, and fill in Table 4.3 together with the analytical calculation of the slop m,
intercept b, and AR,.

3. Choose the most appropriate number of fuses to cut.

a. If there is no fuse that can be cut without over-trimming, the trimming is complete.
Please go to procedure 4.
b. Cut the chosen fuses and then go to procedure 2.

4. The trimming is complete. Record the final measured Vggr and compute the output voltage

variation. Is it smaller than 2%?

Table 4.3 Trimming table for problem 4.8.

VRer(V) m b AR, R,
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Figure 4.40 Current domain trimming with
MOSFET switches that can be turned on and off by
external input signal (7, 11, T5).

Exercise 4.9  Consider the current domain trimming in Figure 4.31 with the fuses replaced
by MOSFET switches as shown in Figure 4.40. Under nominal conditions, the different Vggp
can be generated from the control logic as shown in Table 4.4.

1. Select the initial (Ty, Ty, T>) to achieve the maximum trimmable region.

2. Given that the untrimmed reference voltage is 1.21 V, derive the trimming scheme to
achieve the desired 1.23 V (also record the trimming step in your answer).

Table 4.4 Trimming table for circuit in Figure 4.41.

T, T, Ty Vrer (V)
0 0 0 1.30
0 0 1 1.29
0 1 0 1.28
0 1 1 1.27
1 0 0 1.26
1 0 1 1.25
1 1 0 1.24
1 1 1 1.23
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Figure 4.41 Modulated trimming with fuses connected parallel resistors for Exercise 4.10.

Exercise 4.10  Consider the modulated trimming with fuses connecting parallel resistors
in Figure 4.31 as shown in Figure 4.41. The modulated trimming structure is designed to
accomodate a Vggr with —0.4% ~ 6% variation from the nominal condition.

The trimming procedure is detailed in the following:

(a) if Vger is within (Y, Z)V, close S1, S2 and S3;
(b) if Vger is within (X, Y)V, close S2 and S3;
(c) if Vggr is within (W, X)V, close S3.

1. Derive W, X, Y, and Z if the nominate is Vggr = 1.23 V.
2. Show that the trimmed Vggr can achieve an accuracy of £1% with respect to that of the
nominal condition.

Exercise 4.11  Besides opening the fuses in a resistor network in Figure 4.41, another way
to achieve modulated trimming is to use series connected resistors by opening up bypass fuses
as shown in Figure 4.42. This modulated trimming structure operates by trimming the resistor
through opening up fuses Fy, F», F5 such that R4, Rs, and Rg are connected to the overall
resistor string. As a result, the trimming Vggp never exceeds the nominal value, and therefore
this trimming can only work with Vggp being lower than the nominal value.

The trimming network can achieve a trimming accuracy of £1% with nominal Vggr =
1.23V.

The trimming procedure is detailed in the following:
(a) if Vrer is within (Y, Z)V, cut fuse F;;
(b) if Vger is within (X, Y)V, cut fuses F) and F5;
(c) if Vger is within (W, X)V, cut fuses Fy, F, and F3.

1. Derive W, X, Y, and Z.
2. Determine the acceptable input voltage variation in % of this trimming network.
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Bandgap
Core

VREF

Figure 442 Modulated trimming using
series connected resistors with fuse
bypass for Exercise 4.11.

Exercise 4.12  (Voltage divider) It is easiest to construct a high accuracy voltage divider
with 1 M input impedance from four resistors 1 k2, 9 k2, 90 k2, and 900 k2 as shown
in Figure 4.43(a). However, the CMOS process may not provide calibrated standard resistors
with arbitrary resistances that fit the required resistance values in the schematic.

1. Consider the case where the CMOS process only provides calibrated resistors of values
10 , 1 k€2, 10 k2 100 k€2, 1 M2, and 10 M2. Construct a voltage divider with similar
voltage division ratio and similar input impedance as that in Figure 4.43(a) with the
topology shown in Figure 4.43(b).

2. Compute the maximum voltage variation at each of the voltage divider output nodes in
Figure 4.43(b) when compared to that in Figure 4.43(a), and show that it is smaller or
equal to 0.01%, assuming that the resistors in both schematics are of 1% accuracy.

3. In order to minimize the silicon space, one of the resistors associated with each output node
will be constructed with resistors with 5% variation, while others will be of 1% variation.
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Figure 4.43 Voltage divider (a) with high accuracy resistors with arbitrary
resistance, (b) with high accuracy resistors with limited resistance values.

Please label which resistors can be constructed with 5% variation while the overall voltage
divider can still achieve a high voltage division accuracy.

Exercise 4.13  (Opamp with finite gain) Consider the voltage reference circuit in Figure 4.44,
where opamp has finite gain A, zero input offset Vos = 0 'V, and a stable voltage difference
between the two input terminals measured as AV when the close loop circuit is at equilibrium.

1. Derive Vggr in terms of Vg, AVpg, ,, AV, and the resistor ratio R3 /R, only.
2. Note that Vggr = AAV, derive Vggp in terms of A, Vg, Vr, BJT area ratio N, and resistor
ratio R3/ R, only.
3. Discuss the following cases:
a. the effect of large gain A,
b. the effect of an opamp with gain A dependent on temperature, and
c. the effect of an opamp with gain A dependent on Vpp.

Exercise 4.14  (Opamp with both finite gain and offset voltage) Consider the voltage
reference circuit in Figure 4.44, where the opamp has finite gain A and input offset
voltage V.

1. Derive Vggr in terms of opamp gain A, AVpgg, ,, resistor ratio R3/ Ry and opamp input
offset V.

2. Discuss how does the sign of the opamp input offset voltage V., affects the design of opamp
gain A to achieve a precise reference voltage.
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Figure 4.44 The schematic of a
voltage reference circuit, where the
opamp has finite gain and input offset.
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Temperature Compensation
Techniques

The fundamental circuit topology to remedy the temperature dependency of the voltage refer-
ence circuit is the mutual compensation between the PTAT and CTAT voltage/current sources.
These temperature dependent factors can be constructed in either voltage or current forms.
In either case, the temperature compensated voltage reference circuit can be considered to
consist of three sub-circuits. The first sub-circuit generates the PTAT voltage/current, while
the second sub-circuit generates the CTAT voltage/current. The two temperature dependent
voltages/currents are summed by the third sub-circuit, which will also provide the I-V conver-
sion. As an example, the third sub-circuit of the opamp based S-multiplier bandgap voltage
reference circuit in Chapter 3 performs the summing operation by means of converting the
PTAT current to voltage using a resistor, and then the PTAT voltage is super-positioned on
top of a CTAT voltage to generate a temperature compensated reference voltage. There are a
large number of circuit topologies to perform the summation operation and each has its own
pros and cons. Similarly, there are a large number of circuit topologies to generate the PTAT
and CTAT voltages/currents. Furthermore, depending on their availability in the fabrication
process, different electron devices are employed in each topology to generate stable CTAT and
PTAT voltages and currents. Previous chapters discussed the application of the base-emitter
voltage (Vpg) of the bipolar transistor and the A Vpg between two bipolar transistors with dif-
ferent current density to generate the CTAT and PTAT voltages in the voltage reference circuit.
This is because they are commonly available in most of the CMOS fabrication processes.
Some of the foundries have multi-threshold voltages CMOS process, where MOSFET with
different threshold voltages can be fabricated, and the threshold voltages are tightly controlled
over process variation and thus the threshold voltage difference between two types of MOS-
FETs can be used to generate an accurate reference voltage with low temperature sensitivity.
The temperature dependency of the gate-to-source voltage (Vgs) of the MOSFET can also
be used as a temperature dependent component to generate an accurate reference voltage.
The following sections will discuss some of the important voltage reference circuit topologies
where different electron devices are employed to generate the PTAT and CTAT voltages.
Since no circuit is infallible, the importance of understanding the method cannot be overem-
phasized. It is in fact the rationale behind learning about analog circuits and hence temperature
compensated reference voltage generation methods. Each temperature compensation tech-
nique presented in this chapter is explained in detail together with its strengths, weaknesses,

CMOS Voltage References: An Analytical and Practical Perspective, First Edition. Chi-Wah Kok and Wing-Shan Tam.
© 2013 John Wiley & Sons Singapore Pte. Ltd. Published 2013 by John Wiley & Sons Singapore Pte. Ltd.
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and possible implementation difficulties. The hand computation that follows the individual
temperature compensation technique illustrates the inner working of the method. The choice
of methods is tilted toward relevance to practical implementation in modern CMOS foundries.
Methods requiring overly complex fabrication and post-fabrication processes were rejected
regardless of their efficiency and robustness. This decision, which was taken with great
reluctance, is to keep with our intention to avoid emphasis on process and post-fabrication
developments. Instead of concentrating on the theoretical development of voltage reference
circuit, we shall discuss practical circuits that employ different temperature compensation
techniques which we considered to be important. Note that the selection of temperature
compensation methods presented in this book was also influenced by current practice. This
disqualified several well-known historic methods that have been overtaken by more recent
developments. Nevertheless, classical methods will be discussed in the first few sections to
illustrate the development progress of voltage reference circuits over the last four decades.

5.1 Vi — AV Compensation

One of the earliest Vg — A Vpg compensated bandgap voltage reference circuits is the Widlar
bandgap voltage reference circuit introduced by Robert Widlar in 1971 (Widlar, 1971). The
thermal voltage (V7) extracted from the A Vgg of two BITs with different emitter areas and
hence different current densities will form the PTAT voltage, while the base-emitter voltage
(Ve) of the BJT will form the CTAT voltage. The circuit is simple but it is not easy to
implement in modern CMOS process nor to control the output because the BJTs implemented
in the CMOS process are sensitive to process variation. Nevertheless, we shall discuss this
classical bandgap voltage reference circuit in detail, because of its simplicity, while still
covering everything that we need to know about the Vgr — A Vpp compensation technique.

A simplified Widlar bandgap voltage reference circuit that is suitable for CMOS implemen-
tation is shown in Figure 5.1. Similar to the V7 extraction circuit discussed in Section 1.1,
the emitter area of Q; is constructed to be N times larger than that of Q;. The difference in
current density will establish a voltage across Rz, which equals AVpg, ,.

Vee, = VBE, + L R3,

AVgg,, = Ve, — Ve, = LR3 (5.1
I I,
= VT 11’1( ) — VT In
JsAE, JsAE,
1
Vo (_Uv) | (5.2)
163

If we assume I; = I,, then

AVgg,, = Vr In(N), (5.3)

which is the same as that derived in Equation 1.13. The PTAT voltage is obtained from scaling
Vr as that in Equation 5.3. The scaled V7 can be easily extracted in the current domain.
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Figure 5.1 A simplified Widlar bandgap voltage reference circuit (Widlar,
1971).

Consider Equations 5.1 and 5.3, which can be rewritten as

A VBE1 5 VT ll'l(N)
L, = — = .

5.4
R, R, (4

The current /I, will form a PTAT current. This PTAT current is converted back to PTAT
voltage over R, which is then summed with the CTAT voltage Vg, by super-position to
generate Vggr.

Vrer = Ve, + LR

R
= Vi, + R—ZVT In(N). (5.5)
3

The Vggr obtained in Equation 5.5 has the same form as that obtained by Equation 3.12 for
the opamp based A-multiplier bandgap voltage reference circuit. We can observe that the
weighting factor M in Equation 3.12 is now given by Ilg—: In(N). Using the analogy in Section
3.2.1, anear-zero T C reference voltage can be obtained by properly tuning the parameters R»,
R3,and N until M = %2 In(N) = 19.22. Consider the case of N = 8, which yields £2 = 9.24.
To ensure the bipolar transistors are properly biased, the collector currents of O and Q»
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should be at least 6 pA. In other words, I, in Equation 5.4 should be 6 pA. As a result,
Equation 5.4 yields R3; = 8.97 k2, and R, = ﬁf% = 82.9 kQ. Since I, = I,, therefore, R| =
R, = 82.9 k2. Finally, the Vzgr obtained from Equation 5.5 equals 1.23 V, which is the
bandgap voltage of silicon similar to that of the opamp based g-multiplier bandgap voltage
reference circuit.

The above analysis of the output voltage is valid if and only if /; = I. In other words the
currents flowing through the two bipolar transistors are the same. Otherwise, there will be an
output voltage drift. In reality, severe voltage drift is observed in the Widlar bangap voltage
reference circuit, due to the fact that the BJTs Q; and Q3 are required to have much larger
emitter sizes than that of Q», to have Is, = Is, = I5,. As aresult, there will be an observable
difference between I; and I,. Furthermore, the current gain 8 of the BJT implemented by the
CMOS process is small. Thus the situation of /; # I, is further worsened by the fact that the
base currents of both BJTs with small 8 are not negligible. Since 8 varies with temperature,
therefore, the base current will also vary with temperature. As a result, the output voltage drift
caused by the base current will be temperature dependent, which will increase the temperature
coefficient of the voltage reference circuit. These problems can be alleviated by tuning R; to
equalize both the voltages and currents over Q| and Q,. However, the tuning range of R; is
very narrow and this makes it difficult if not impossible to achieve the “proper” value. Lastly,
even with proper tuning of the resistor R;, the currents flowing through the two BJTs are
supply voltage dependent. As a result, when the supply voltage fluctuates, these two currents
will fluctuate too, which reduces the output voltage stability and affects the line regulation,
the PSRR, and the temperature coefficient of the voltage reference circuit. To improve the
performance of the Widlar bandgap voltage reference circuit, a sub-circuit can be implemented
to ensure the two currents I, = I;. A.P. Brokaw presented one such circuit to equalize I| = I,
which will be discussed in Section 5.1.1.

5.1.1 Brokaw Bandgap Voltage Reference

A.P.Brokaw in 1974 (Brokaw, 1974) applied an opamp to maintain the currents flowing through
the bipolar transistors in the Widlar bandgap voltage reference circuit equal. A simplified
schematic of the Brokaw bandgap voltage reference circuit is shown in Figure 5.2. Similar to
that of the Widlar bandgap voltage reference circuit, the emitter area of the bipolar transistor
0, is made to be N times larger than that of O, thereby resulting in different current density to
produce A Vpg. The Vr extracted from the A Ve forms a PTAT voltage. To create a stable and
controllable A Vg, the currents I} and I, are made equal by means of an opamp configured to
form an inverted feedback loop. Assume the gain of the opamp is large, the two input nodes at
A and B are virtually short-circuited because of the inverted feedback loop, and thus V4 = V3.
By selecting R4 = Rp, the currents flowing through Q; and Q, will be clamped to be the
same by the opamp, and thus I} = I, = I. As a result, the currents flowing through R, and
R; will be I and 21, respectively. The KVL loop formed by Q, Q», and R; yields

IRy, = Vgg, — Vgg,
= AVBEM = VT IH(N)
AVBELZ VT hl(N)

I = =
R, Ry

(5.6)
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Figure 5.2 A simplified Brokaw bandgap voltage reference
circuit (Brokaw, 1974).

Furthermore

2R
= L n(N) vy (5.7)
R,

As aresult, V) is a scaled version of the PTAT thermal voltage V7. The reference voltage taken

from the base of Q; is the sum of the CTAT base-emitter voltage Vpg, and the scaled PTAT
voltage V.

Vrer = Ve, + Vi
2R1 In N

=V, — V. 5.8
BE, T R T (5.8)

It can be observed that Equation 5.8 has the same form as Equation 3.12 with M = 2% In(N),
and hence a near-zero TC Vggr can be obtained by adjusting R;, R,, and N to achieve
M = 19.22, which will yield Vggr = 1.23 V. Consider the case of N = 8§, where M = 19.22,
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which implies 3 R — 4.62. To ensure the bipolar transistors are properly biased, / was chosen to
be 6 HA, thus V1 = Vrer — Vg, = 1.23 —0.73 =05=2] x Ry =2 x 6 uR;. As aresult,
R, =41.67k2,and R, = R;/4.62 = 9.02 k2. Lastly, the two undetermined resistors R4 and
Rp have to satisfy R4 = Rp. Furthermore, the KVL atnode B yields I x Rg = Vpp — Vggr —
Ves, . With the opamp that dynamically biases the two BJTs, it will be difficult to determine
Vep,. However, as a rule of thumb, the forward biased BJT usually has Vg ~ 0.9 V, thus
Vep can be estimated to be approximately equal to 0.2 V (with Vgg =~ 0.7 V), which helps to
determine R4 and Rp. In this case, if the dynamic range of Vpp is given a priori, Rp should
be determined with the smallest (Vpp (min)), such as to ensure that there will be enough voltage
headroom for the overall circuit to operate properly over the entire Vpp operating range. As
an example,

VoD (miny = IRA + Vg, + IRy + 2IR; (5.9
> 610 Ry + 0.9 + 611 9.02k + 2 x 611 x 41,67k, (5.10)

3> 61 Ry + 1.454, (.11)

R4 < 257.6k, (5.12)

where by considering Vpp pin = 3 V, will yield the minimum R4 = Rp = 257.6 k2. The
above will conclude our design of the Brokaw bandgap voltage reference circuit.

The Brokaw bandgap voltage reference circuit is simple and the compensation performance
can be easily adjusted by post-processing, such as trimming the resistors R; and R;, thus
overcoming the process variation problem. On the other hand, trimming the resistors R; and
R in the Widlar bandgap voltage reference circuit alters the currents flowing through the
BJTs and hence the performance of the voltage reference circuit. As a result, adjusting the
performance of the Widlar bandgap voltage reference circuit by trimming is not as easy to
implement as it seems. Nevertheless, a Brokaw bandgap voltage reference circuit that applies
an opamp has the advantage of a large output driving power, which makes it suitable to be
applied in circuits with heavy loads, while the Widlar bandgap voltage reference circuit requires
an extra buffer stage to provide the driving power for large loads. However, this extra driving
capability comes with the penalty of a large quiescent current and a high minimum operating
voltage when compared to that of the Widlar bandgap voltage reference circuit presented in
Section 5.1, which makes the Brokaw bandgap voltage reference circuit unfavorable in low
power and low voltage applications.

5.1.2 B-Multiplier Vzz — AVyy Compensation

One of the reasons that the Brokaw bandgap voltage reference circuit is able to achieve good
performance is the inverted feedback loop formed by the opamp, which ensures the currents
flowing through both BJTs are equal. There are other techniques that can maintain the currents
flowing through the two BJTs to be equal. One of the effective techniques is the g-multiplier
circuit, which is a self-biasing circuit, and thus has very good Vpp variation immunity. An
example of the S-multiplier circuit implemented by opamp to extract the thermal voltage
contained in A Vpg has been presented in Chapter 3, which is commonly adopted in a lot of
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PTAT
current
source

Figure 5.3 Schematic of S-multiplier based Vpr — AVpg
bandgap voltage reference circuit (Song and Gray, 1983).

CMOS application circuits. Without an opamp, a simple B-multiplier circuit as shown in Figure
5.3 can be used to extract the thermal voltage contained in A Vpg, , (Laber et al., 1987; SanSen
et al., 1988). This simple S-multiplier circuit not only reduces the power consumption, it also
lowers the voltage headroom required to operate the circuit, while still providing adequate
capabilities to clamp the currents flowing through the two arms of the f-multiplier circuit to
be the same.

Consider the B-multiplier circuit in Figure 5.3, which generates a PTAT current /. This
PTAT current is mirrored to the voltage sum reference voltage output sub-circuit by M5 and
converted to a PTAT voltage through resistor R,, which is summed with the CTAT voltage
Ve, to obtain a near-zero T C reference voltage. The B-multiplier bandgap voltage reference
circuit has the same output stage as that of the opamp based S-multiplier bandgap voltage
reference circuit. The major difference is the generation of the PTAT current /. The transistor
M, M,, M3, and M, form two current mirrors. Since M3 and M, have the same Vg, by
selecting S3 = S4, we shall obtain Ip, = Ip,. As aresult, the currents flowing through M, and
M, should be the same. If we do not consider the short channel effect, the drain voltages of M3
and M, will be the same. Since the gates of M| and M, are connected together, by selecting
S1 = S», we shall obtain Ip, = Ip,. Asaresult, I} = I,. Again, if we do not consider the short
channel effect, the drain voltage of M| and M, will be the same, which yields

Ve, = Ve, + Ri 12,
_ (Ve —Vep,)  AVpgg,

I
2 R, R,

(5.13)
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Since I} = Ipg, = Ipg, = I», and the emitter area ratio of the two BJTs Q; and Q; equals N,
it follows that

AVBE12 VT InN
L=5L= — = .
R, R,

Thus I, is a PTAT current. This PTAT current is copied by the current mirror formed by M3,
M, and Ms. If S4 = S5, we shall obtain

VT InN

Is = ;
Ry

which is proportional to Vr and is independent with Vpp. The bandgap voltage reference
circuit can be constructed with this PTAT current using the same CTAT voltage sum output
stage as that in the conventional bandgap voltage reference circuit in Section 3.2.1. Such a
bandgap voltage reference circuit was proposed by Song in (Song and Gray, 1983), where the
schematic is shown in Figure 5.3. The reference voltage is given by

R
VREF = 15R2 + VBE3 = R—ZVT InN + VBE3~ (514)
1

It can be observed that Equation 5.14 has the same form as Equation 3.12 with M = % InN,
and hence the performance of the above bandgap voltage reference circuit should be compa-
rable to that of the opamp based B-multiplier voltage reference circuit except that the PSRR
may be lower. This is because the B-multiplier in Figure 5.3 has a smaller loop gain than that
of the opamp-based B-multiplier, which affects its ability to maintain the stability of the two
currents flowing through Q| and Q, when V), varies.

Note that the implementation of the planar BJTs using the CMOS process always consumes
a large silicon area. There are other PTAT current sources which do not require planar BJT. The
most common PTAT current generators include Widlar current source, and peaking current
source. We shall discuss the first and its variant in a sequel, together with their application
in voltage reference circuits, while the latter will be discussed in Chapter 6 for the sub-1V
bandgap voltage reference circuits.

Last but not least, the actual design of the S-multiplier PTAT current source starts from
recognizing that Equation 5.14 implies R; and R; have the same values as that in Section 3.13.
Furthermore, to ensure proper biasing of the BJTs, the Igg of each bipolar transistor should
be larger than or equal to 6 pA in the process under consideration. As a result, the transistor
sizes for M| ~ M5, and their W /L ratios should be chosen to be large enough to carry at least
|Ips| = 6 nA with the MOSFET biased at saturation such that there will be enough current to
supply to the BJTs.

5.1.2.1 Cascode Current Mirror

The transistors M3, My, and Ms of the S-multiplier PTAT current source in Figure 5.3 will
suffer from channel length modulation for a similar reason that discussed in Section 4.2
for the opamp based B-multiplier bandgap voltage reference circuit in Figure 3.4. This is
because of the voltage differences between the Vpg of M3 and that of M, and Ms. Similar to
Section 4.2.2, the channel length modulation problem can be alleviated by using a cascode
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PTAT
current ng | | M, | My
source ‘ | | |
M3j | | [ M, | M
| | |

Figure 5.4 Schematic of a channel length modulation effect
reduced voltage reference circuit using cascode current mirror.
(Tzanateas et al., 1979)

current mirror. Figure 5.4 shows the modified g-multiplier bandgap voltage reference circuit
with cascode current mirror. This circuit was first presented in (Tzanateas et al., 1979). The
cascode current mirror can promote PSRR, and alleviate the problems caused by different
Vps of the transistors in the current mirror. However, the intrinsic difference between the Vpg
voltages of the MOSFETs in the current mirror cannot be resolved by the cascode current
mirror. The following section will present a modification of the circuit in Figure 3.4 to
enhance the line regulation of the voltage reference circuit by eliminating the intrinsic Vpg
voltage difference between the MOSFETS in the current mirror.

5.1.2.2 Channel Length Modulation Effect Alleviation

To alleviate the channel length modulation problem of the current mirror in the S-multiplier,
we have to maintain the voltages at all the sources, drain, and gate nodes of M3 and M, as equal.
Figure 5.5 shows the schematic of a modified B-multiplier bandgap voltage reference circuit
with a channel length modulation effect free current mirror M3 and M,. The channel length
modulation problem of My is alleviated by not connecting M, as a diode connected MOSFET.
As a result, the node voltage of the drain of M, is now free from the Vs constraint of the
PMOS transistor. If we further adjust the W/L ratio of Mg and M5, such that Vs, = Vs, .
Then the KVL of the transistors M, M, and Mg yields

Vp, = Vg, = Vs, + Vs, = Vs, + Vgs, = Vbp,.
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Figure 5.5 Schematic of a channel length modulation effect free
B-multiplier, and the associated bandgap voltage reference circuit.

In other words, Vp, = Vp, = Vp, = Vp,. Furthermore, the source and gate of M3 and M, are
connected, and thus the two transistors are working in exactly the same condition. Therefore,
the current mirror is free from the channel length modulation problem, and perfectly generates
Ips, = Ips,.

The core of the bandgap voltage reference circuit in Figure 5.5 is the AVpg voltage built
up on R;. There are two currents Ipg, and Ipg, flowing through Q. The current Ipg, from Mg
depends on Vg, , which is currently an unknown. Fortunately, the transistors M4 and M7 form
a current mirror pair, and thus Isp, and Isp, are linearly related with respect to the width to
length ratios of the two transistors. Furthermore, Isp, = Ips,. Therefore, the total current that
flows through Q) can be obtained as

S S Sy + S
Ips, + Ips, = —S3 Ips, + —S7 Ips, = ( 3 : 7) Ips,. (5.15)
4 4 4

where we use the fact that M; and M, form a current mirror transistor pair, and thus Ipg,
is linearly related to Ips, with respect to the width and length ratio of the two transistors. If
we select

Sy 4+ §7 = Sy,
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then we shall obtain Iy, = Ig,. If we further select S5 = S4, then Vggr 1s given by Equation
5.14 with output voltage Vzgr = 1.23 V. As a result, at least in theory, the performance of
the bandgap voltage reference circuit in Figure 5.5 has an output comparable to that of Figure
5.3. The devices in the circuit in Figure 5.5 can be designed in a similar manner as that in
Figure 5.3.

The channel length modulation effect of the current mirror in the schematic of Figure 5.5
is almost perfectly eliminated, except that the width to length ratio of Mg and M7 can only be
obtained by brute force and through extensive trial and error. Furthermore, a closer look at the
schematic in Figure 5.5 will find that instead of having M, connected as a diode, its now M7
being connected as a diode in the current mirror formed by M7, M3, M4, and Ms. As a result,
M7 will be subject to the channel length modulation problem. On the other hand, by carefully
selecting S; << S3, S4, Ss, the channel length modulation effect of M7 on the output voltage
variation caused by the variation of /7 due to Vpp variation can be minimized and neglected in
the analysis. As an example, the channel length modulation induced current variation is usually
within 10% of the desired current value. Therefore, if the MOSFET W /L ratios S3, S4, and Ss
are chosen to be one hundred times larger than S7, then the reference voltage variation induced
by channel length modulation of M5 due to input voltage variation will be small enough to be
neglected. As a result, except for being difficult to obtain the optimal ratio between Sg and S7,
this circuit can still be effectively applied to alleviate the channel length modulation problem
of the current mirror in the f-multiplier circuit by selecting S7 << S3, S4, S5 as a design rule
of thumb.

5.2 Widlar PTAT Current Source and V;; Compensation

Besides A Vg, there are a number of self-biased V7 extraction circuits that can be applied in
the design of the voltage reference circuit. Among a large number of self-biased topologies pre-
sented in literature, we shall concentrate on the S-multiplier based self-biased current source.
Furthermore, within various B-multiplier PTAT current sources, we shall limit ourselves to
the self-biased Widlar PTAT current source (Widlar, 1971) (we shall call such a current source
circuit a Widlar PTAT current source or simply Widlar current source in this book, as it is
a generally accepted name for this circuit), and its variants in this section and the following
subsections. We shall discuss their pros and cons, and possible remedies for each problem. We
shall also discuss their applications in the Widlar-Vgg compensation based bandgap voltage
reference circuit.

Figure 5.6 shows the schematic of a Widlar current source (a PTAT current generator), which
looks like the B-multiplier A Vg circuit in Figure 5.3 without the BJTs. Such a current source
has been applied to implement voltage reference circuit (Tzanateas et al., 1979), which resem-
bles a similar schematic as the B-multiplier bandgap voltage reference circuit in Section 5.1.
The transistors M3, M4 and M;, M, form two pairs of current mirrors, such that the cur-
rents flowing into M; and M, are the same. The Widlar current source makes use of the
AVgs from a pair of MOSFETSs working in subthreshold mode as the temperature dependent
PTAT source. Similar to the AVgg property studied in Section 1.2.2.1, the Widlar current
source explores the difference in the current density Ipg between M| and M, with S| # S,
to generate AVgs,,. The AVgs, , will be converted to a current I, by resistor Ry. If I; is
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Figure 5.6 Schematics of Widlar current source (inside the
dotted box) (Widlar, 1971), and the associated bandgap voltage
reference circuit (Tzanateas et al., 1979).

selected to bias M; to work in subthreshold mode, then the (/;, Vis,) relationship is given
by Equation 1.18 as

Vs
Il = ID,leak exXp §_VI

T

n VGS,

= ID jeakS1 €Xp ——.
¢Vr

We can obtain Vs, by rearranging the above equation as

I
VGS = é‘VT ln<A ) . (516)
1 Ip tearS1
Similarly, we shall obtain
v, ;v1( b ) (5.17)
GS, = ¢Vrin| = . .
’ Ip tear S2

Since the gates of M; and M, are connected, the difference between Vs, and Vs, will be
observed as the voltage across R;.

LRy = Vgs, — Vgs, = AVgs,,
IS, I
§TH<IS> §TH(I > (5.18)

291 2



Temperature Compensation Techniques 177

where N = % is the transistor size ratio between M, and M;. If we choose S5 = S4, then

the current mirror formed by M3 and M4 will have I} = I,, and thus Equation 5.18 can be
rewritten as
_ AVgs,,  §Vr

— In(N). (5.19)

I
’ Ry Ry

This PTAT current can be copied by transistor Ms which is configured to form a current mirror
transistor pair with M. When this PTAT current is applied to the same output stage of the
conventional opamp-based S-multiplier voltage reference circuit as shown in Figure 5.6, a
Widlar- Vg voltage reference circuit will be obtained, which is first presented in (Tzanateas
et al., 1979). The output voltage is given by

R
VrEF = R—2§ In(N)Vr + Vgg,. (5.20)
I

It can be observed that Equation 5.20 has the same form as Equation 3.12 with M = % ¢ In(N).
As a result, at least in theory, the performance of the bandgap voltage reference circuit in
Figure 5.6 is comparable to that of the opamp based S-multiplier bandgap voltage reference
circuit. To determine the component values in the schematic, we should note that Equation
3.12 implies near-zero T C reference voltage at T = T,,) 1s obtained with M = 19.22,
and the associated Vggr = 1.23 V. The BJT Q; will be properly biased with Is = 6 UA,
and thus Ry = (Vger — Vpg,)/Is = (1.23 — 0.73) /6 = 82.9 kQ. If we select N = 8§, then
Ry = Ryt In(N)/M = 82.9 k(1.5)In(8)/19.22 = 13.45 k2. At the same time, the transistor
sizes for M| ~ M, should be chosen such that their W/L ratios are large enough to carry at
least 50 nA to correctly bias the MOSFET to work at the subthreshold region. As a result, the
transistor size ratio is required to be approximately Ss5/S3 = 6 n/50 n=120.

The Widlar current source based voltage reference circuit has the advantage of consuming
very little power where the total current consumption of the circuitis I3 + I4 + Is > 50 n +
50n+ 6 p=6.1 pA. While that of the B-multiplier Vzr — A Vpg bandgap voltage reference
circuit in Figure 5.3 has a total current consumption of I, + I, + I3 > 18 pA. Furthermore,
the Widlar current source based voltage reference circuit can operate at a lower Vpp, thus
further reducing the power dissipation. However, M3 in Figure 5.6 will suffer from the channel
length modulation effect, and hence lower the PSRR. This problem is found to be severe in
the Widlar current source when compared to that of the opamp-based g-multiplier A Vg PTAT
current source. This is because both M3 and M, are biased to work in the subthreshold mode in
the Widlar current source, and thus the two transistors M3 and M, do not form a proper current
mirror. Finally, the Vpp required to operate the Widlar- Vg bandgap voltage reference circuit
is constrained by the output voltage Vgzgr = 1.23 V, which is still larger than that required
for the sub-1V reference voltage. In Chapter 6, the peaking current source will be introduced,
which is shown to have the ability of achieving stable output voltage with sub-1V Vpp.

5.3 Vs Based Temperature Compensation

The bandgap voltage reference circuits presented in previous sections utilize the compensation
between PTAT voltage and CTAT Vg voltage to generate a near-zero 7 C reference voltage.
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Since the Vg voltage of the BJT is highly process dependent, and the BJT usually occupies a
comparatively large silicon area. Any extra costs and efforts attempting to alleviate the adverse
effect of the process variation problem of the BJT will result in increased silicon area. A BJT
free Widlar PTAT source (a AV current source) presented in Section 5.2 can be used to
partially alleviate the problem. In this section, we shall present a BJT free CTAT source that
makes use of Vg as the PTAT source. However, due to the finite output resistance of the
MOSFETs, the Vg based CTAT source has a low PSRR, and thus lowers the PSRR of the
bandgap voltage reference circuit constructed by the AVgs — Vs compensation technique. A
channel length modulation effect alleviation technique will be presented at Section 5.3.1.1 to
improve the PSRR of the AVgs — Vs based voltage reference circuit.

5.3.1 Vg Current Source

Figure 5.7 shows the schematic of a Vg current source which exhibits a CTAT property
(bounded within the CTAT dashed box). The circuit makes use of a resistor connected in
parallel to the gate and source terminals of a MOSFET to generate a CTAT current. To
understand how it works, let’s start examining the circuit from the transistors Ms, M7, and My
which are configured to form current mirror pairs. By selecting S5 = S7 = S, the currents
passing through all transistors Ms ~ My will be the same. Consider the case of Mg being
biased at saturation, such that Ipg, is given by Equation 1.26 as

1
IDS6 = EI’LnCO.x,nS6(VGS6 - Vth,n)z-

PTAT CTAT Current Sum Output Stage

; o
AAE | AFHE B HE

M8 L 2 VREF
] - o

I

R;

Figure 5.7 Schematic of a Vg base CTAT current source, and the associated
Ves — AVgs compensation bandgap voltage reference circuit.
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Rearranging the terms in the equation yields

21 DS

Vos: = Vinn _.
@5 e * Mncox,nS6

If Mg is designed to have Ips, << ,Cox.nSs, then
VGss = Vinn-

Without considering the short channel effect, the current mirror Ms and M ensures that
Isp, = Isp,. Furthermore Isp, = Ips,, therefore,

Vs Vinn
Isp, = Ips, = — =~ ;a : (5.21)
2 2

Section 1.2.5.1 has shown that V;;, , has CTAT property, and hence the current I5p, is also
CTAT. This temperature dependent current source is also known as threshold voltage self-
biasing current source. The current I5p, derived in Equation 5.21 is shown to be independent
of the supply voltage. However, in practice this is seldom the case because of the finite output
resistance of the MOSFETs. On the other hand, the self-biasing structure that implements
a cascoding M5 and M7 helps to reduce the supply voltage sensitivity. As a result, this Vg
current source yields a low supply voltage sensitivity that is applicable for constructing a
useful voltage reference circuit. This Vg based CTAT current can be used in conjunction with
the Widlar PTAT current source in Section 5.2 to generate a near-zero 7' C reference voltage.
Figure 5.7 shows the complete AVgs — Vs voltage reference circuit. The CTAT current is
copied by the current mirror formed by M7 and My, while the PTAT current is copied by the
current mirror formed by M4 and M,,. These two currents are summed and converted to a
voltage by resistor R3. As a result, the output voltage is given by the sum of the two scaled
currents in Equation 5.21 and 5.19 over resistor R3 as

Rz S R; S
VreF = —3ﬁ§ In(N)Vr + _3_9Vth,n

Ry S4 Ry §7
R3 Sy ((R2 87 S10
= —— | ——=——¢InMN)Vr + Vip, ) - 5.22
R2S7(R1S954§ (N)Vr th,) (5.22)
It can be observed that Equation 5.22 has a similar form as Equation 3.12 with Vg being
replaced by V;;, , and M = 2—? g—; SS—‘f{ In(N). As a result the stability of the temperature com-

pensated reference voltage is determined by the matching between the resistors R, and R, the
transistors M4 and M, the transistors M; and My, and the stability of V;; ,. The first three
requirements are similar to those required by the Widlar- Vg bandgap voltage reference circuit
in Section 5.2. The last requirement on the threshold voltage of the MOSFET in the CMOS
process is usually tightly controlled, and thus V;; , will experience smaller process variation
than that of Vgg. As a result, the voltage reference circuit in Figure 5.7 should have better
stability than that in Section 5.2. However, the matching between resistors R3 and R,, and the
transistors M7 and Mo, will affect the absolute output voltage of the voltage reference circuit.
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As a result, in view of the absolute output voltage variation, the circuit in Figure 5.7 is less
favorable than that presented in Section 5.2 because of the possible extra matching problem
between R, and Ri, and M7 and My. Nevertheless, because of the area efficient layout due
to the lack of BJT device, the voltage reference circuit in Figure 5.7 has been employed in a
large number of practical circuits. A number of modifications have been presented in literature
to further improve the performance of the circuit in Figure 5.7, including the improvement of
the PSRR of the voltage reference circuit by alleviating the channel length modulation effect
suffered by the current mirror transistors in the CTAT source, which will be presented in the
next section.

Last but not least, it is noted that a sub-1V Vggr may be obtained by properly scaling
% g—j However, the operating voltage of the Vg CTAT current source is limited by Vs, +
Vs, + Vops + Vsg, = 0.7 x 3+ 0.1 = 2.2 V. Therefore, for the process under consideration
in this book, Vpp is required to be higher then 2.2 V for the CTAT current source to obtain a
stable output. As a result, the circuit in Figure 5.7 cannot be used as a sub-1V supply voltage
reference circuit.

5.3.1.1 Channel Length Modulation Effect Alleviation

Using a similar technique as that presented in Section 5.1.2.2, the channel length modulation
effect can be alleviated by releasing the node voltage of the drain of the PMOS M, from the
Vs voltage constraint. As a result, the current mirrors of both the PTAT and CTAT current
sources can be designed to be free from the channel length modulation problem. While the
derivation on the voltages and currents of such a channel length modulation alleviated Widlar
current source is left as an exercise for the readers (Exercise 5.6), we shall present in this section
a different method to alleviate the channel length modulation problem of the CTAT source.
Figure 5.8 shows the modified A Vs — Vs compensated voltage reference circuit compared
to the CTAT source in Figure 5.7. To alleviate the channel length modulation problem of the
current mirror of the CTAT source, the CTAT source in Figure 5.8 has an extra current [}

M, | My

1E]
g
=
g
=
+

0—{ j\/[gllg ¢]H @}_0_{ %¢[2 c Vrer
R, R, §R3

v

Figure 5.8 Vg and Widlar current source compensation (Lin and Huang, 2006).



Temperature Compensation Techniques 181

mirrored from I of the A Vg current source to inject into the Vg current source. As a result,
the CTAT current /g will be modified as

Vs,

I =
8 R,

— 1.

Since I; = Ig, therefore, the reference voltage is modified as

Verr = (207, + 21\ &
REF S44 S77 3

S10 So (Vs
— (2042 —In))R
(54 4+S7(R2 ”)) ’
S1o So (Vess  Su
— (200, ¢ 2 (2GS 2y )R
(54 4+57<R2 Sy 4)) ’
S0 So Sii So VGs,
= — — —— ) L — Rs. 5.23
((54 S7S4>4+S7 R2> : (5:23)

VG, . . . . o
%, in Equation 5.21 into Equation 5.23 will yield

If we substitute /4 in Equation 5.4 and

S So S R So R
Veer — (ﬁ B _9i) B evimn 4+ 28y,

S4 S7 S4 R, S7 R,
R3 Sg Sl() S7 Sll R2
= —— — — — — | —=¢VrInN+ Vy, ). 5.24
R S (<S4 5, S4>R1§ T zh,) (5.24)
It can be observed that Equation 5.24 has a similar form Equation 3.12 with Vg being
replaced by Vi, ,, and M = (i—lfg—; — SS—T) g—fé’ In N. As a result, this modified circuit has the

same performance as that in Section 3.1, at least in theory.

The only difference between the schematics in Figure 5.7 and Figure 5.8 is that the current
I in the schematic of Figure 5.8 forms a negative term in Vggr in Equation 5.24. In this
case, when M, suffers from a channel length modulation effect, the effective S4 will alter,
and the term SS—‘fg—; in M will increase or decrease depending on the effective value of S
after the channel length modulation effect. Assume the variation of the effective value of S,
affected by channel length modulation is S4(1 — €g,). If we expand this term by Taylor series,
we shall obtain

Sio S7 S0 Sy

L ~2"1 ; 5.25
Sil—es) S5 Ss Syl T 6:2)

where we assume 0 < €5, << 1, such that 6§4 ~ (0 with n > 2. On the other hand, when the

second term %‘ is expanded by Taylor series with the value of S4 being applied.

St St
— ~ —(1 . 5.26
Sa(l —e€5,) 84 (1 +es) (526)
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As a result, the channel length modulation problem can be alleviated when the variation in
Equation 5.25 is being compensated by Equation 5.26, which can be achieved by selecting a
set of appropriate transistor sizes for M7, My, Mo, and My, such that

Su_ oSS
Sy TS, Sy
S
St = Sio—. (5.27)
AYS

In other words, when S;; is chosen to satisfy Equation 5.27, the voltage reference circuit in
Figure 5.8 will be free from the channel length modulation problem of M,. This technique is
first presented in (Lin and Huang, 2006), and is shown to be almost perfect for alleviating the
channel length modulation problem if the transistor sizes match well. Otherwise, the channel
length modulation problem will be worsened by the added current /. In reality, the transistor
size ratio will never match well, and thus the reference voltage will suffer from the incorrect
compensation current /;;. As a result, a trimming network is required to implement M;; in
order to generate the required /.

5.4 Summary

In this chapter, we have discussed various bandgap voltage reference circuit topologies with
a focus on their working principle and temperature dependency. Different voltage reference
circuit topologies employ different methods to extract the CTAT voltage (in the case of this
chapter, it will be the base-emitter voltage Vg, and the gate-to-source voltage Vg of MOSFET
biased at weak inversion), and the PTAT voltage. Furthermore, different circuit methodologies
are employed to perform the PTAT and CTAT voltage/current sources addition/subtraction.
The base-emitter voltage in the Widlar’s design is obtained from Q3, and a PTAT voltage is
super-positioned (summed) with the CTAT base-emitter voltage obtained by biasing Q3 and a
resistor with a current 7, which is PTAT. However, a portion of [ is not PTAT in the Widlar’s
design, which affects the mutual compensation result, and thus cannot be used to obtain the
reference voltage with a low temperature coefficient. The bandgap voltage reference circuit
proposed by A.P. Brokaw (Brokaw, 1974) eliminates the BJT base current problem of being
not completely PTAT by providing the current drive of the bases from the output of an opamp
with inputs obtained from two BJTs with different emitter areas. This circuit also has all
the advantages of the opamp based S-multiplier bandgap voltage reference circuit discussed
in Chapter 3 with a PTAT current that biases all the transistors. Furthermore, these kind of
opamp based voltage reference circuits have an additional merit in that they are able to drive
large loading because of the high driving power of the opamp. The Widlar voltage reference
circuit, however, cannot supply adequate power to subsequent circuits (output loading) without
affecting the biasing current /. As a result, a buffer stage is still required to generate Vzgr
before supplying it to subsequent circuits with low input impedances. Other disadvantages of
the opamp driven voltage reference circuits include large silicon area, high power consumption,
and high voltage headroom, etc.

Besides using the Vg to extract the temperature dependent voltage/current, in the late 1970s,
when weak-inversion MOSFETSs came into the picture of CMOS circuit design, bandgap
voltage reference circuits implemented with MOSFETs biased in the subthreshold region
were also proposed. In 1979, both Vittoz (Vittoz and Neyroud, 1979) and Tzanateas (Tzanateas
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etal., 1979), published CMOS bandgap voltage reference circuits, where the PTAT voltage was
realized by MOSFETs biased to work in the subthreshold region. As derived in Section 5.2,
the temperature coefficients of the CMOS bandgap voltage reference circuits using MOSFETs
in the subthreshold mode as temperature dependent devices can in theory achieve the same
temperature coefficients as the opamp-based S-multiplier bandgap voltage reference circuits
using Vpg. On the other hand, unlike the BJT based bandgap voltage reference circuits, The
process corner variation of the MOSFET threshold voltages will cause the voltage reference
circuit using MOSFETs biased in the subthreshold region a significant reference voltage
variation of up to £15% in the worst process corner. It should be noted that the effect of
process variation is inevitable and requires different means to compensate for various effects
on each component within the voltage reference circuit. This threshold voltage inaccuracy
makes the voltage reference circuit using MOSFET in the subthreshold region difficult to
apply in many applications. To overcome this problem, voltage reference circuits should
use a reflective/ratio of threshold voltages as in Section 7.5.3 and Exercise 5.11, or apply
special threshold voltage variation compensation techniques. The basic linear compensation
of the PTAT and CTAT voltages discussed in this chapter will be extended to include advance
curvature correction circuits in Chapter 7. Various curvature correction methodologies will
be studied, and we shall also demonstrate that the increased design complexity of the curvature
corrected bandgap voltage reference circuits can achieve better temperature compensation
results than those achieved using linear compensation methods.

The reader should expect there to be a large number of voltage reference circuits in both the
literature and practical implementations. Fortunately, most of the practical voltage reference
circuits are variants of the presented voltage reference circuits. This is because almost all
temperature depending devices can be applied to establish PTAT and CTAT sources, and any
voltage/current sum/subtracting circuits can be applied to achieve mutual temperature com-
pensation between the PTAT and CTAT sources, and hence generate near-zero 7 C reference
voltages. In particular, most of the voltage reference circuits considered in this Chapter are
bandgap voltage reference circuits that make use of the base-emitter voltage of the BJTs.
The performance of the silicon voltage reference circuit relies on the behavior of the silicon
bandgap voltage and the physical phenomena underlying the base-emitter voltage, as these
physical properties are largely the same for all the bandgap voltage reference circuits. There-
fore it has been shown that the temperature coefficient of the generated reference voltage is
largely the same for various bandgap voltage reference circuit topologies using the Vpg of
BJTs presented in this Chapter. However, some differences may exist because of the way of
implementation. Furthermore, different voltage reference circuit topologies should be adopted
based on the design requirements presented in Chapter 2 too.

5.5 Exercises

Exercise 5.1 When the amplifier gain is limited, the inverted configured opamp of the Kuijk
voltage reference circuit (Kuijk, 1973) shown in Figure 5.9 cannot achieve a virtual short
circuit between V. and V_, and there will be a AV difference between V. and V_.

1. Derive the output voltage with the consideration of AV.
2. Given the gain of the amplifier is A, determine the reference output voltage with A and
without AV.
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Figure 5.9 Kuijk voltage reference circuit (Kuijk,
1973) with limited gain opamp for Exercise 5.1.

Exercise 5.2  Derive the resistor ratio each of the following voltage reference circuits to
obtain a near-zero T C reference voltage of Vggr = 1.23V at T = T,,,, with all current mirror
ratio being 1:1, N = 8 and ¢ = 1.5.

1. Widlar voltage reference circuit given by Equation 5.5,

2. Brokaw voltage reference circuit given by Equation 5.8,

3. Widlar PTAT current source — Vg temperature compensated voltage reference circuit like
that described in Equation 5.20,

4. Vgs current source Vi compensation in Equation 5.22.

Exercise 5.3  The Kuijk bandgap voltage reference circuit is simple to construct and
can achieve low TC, however, the output voltage is easily affected by the output load. To
improve the output stability, an improved Kuijk bandgap voltage reference circuit is shown in
Figure 5.10. The circuit in Figure 5.10 is a variation of (Werking, 2006), which modified the
Kuijk bandgap voltage reference with an additional Q3 between Rz, R4, and Vpp. The base of
Q3 is biased from the output of the opamp which is aimed at obtaining a good PSRR. If we
choose Ry = Ry, it will ensure the feedback loop formed between Q3, R3, and Ry is stable,
and thus ensure that V.. and V_ of the opamp input are virtually short-circuited, and hence
have the same potential. Derive the output voltage Vggr of this circuit, and discuss what the
potential problem of such a circuit is.

Exercise 5.4  This exercise will demonstrate the minimum operation voltage limitation of
the Kuijk bandgap voltage reference circuit showing in circuit Figure 5.9.

1. Derive the minimum and maximum Vpg voltage in the temperature range of 0°C and
100°C.



Temperature Compensation Techniques 185

J

R; Ry

3

P O VREF'

il

O

0. 3

R,

R,

Figure 5.10 An improved Kuijk bandgap voltage
reference circuit obtained from a variant of (Werking,
2006) for Exercise 5.2.

2. Let Vo v and Vg, p be at least 0.2 'V, show that the Kuijk’s bandgap voltage reference
circuit cannot adopt an opamp with NMOS input stage if the operating temperature range
of the circuit is required to be [0°C, 100 °C].

3. Derive the minimum operating voltage of the Kuijk bandgap voltage reference circuit with
respect to an opamp with PMOS input stage.

Exercise 5.5  Estimate the minimum operating supply voltage for the bandgap voltage
reference circuit in Figure 5.3.

Exercise 5.6  Channel length modulation effect alleviation for Widlar PTAT current-Vgg
compensation voltage reference circuit.

To maintain I} = I, in the Widlar current source in Figure 5.6, we must alleviate the
channel length modulation problem by maintaining the voltages at all the sources, drain,
and gate nodes of M3 and My as equal. Figure 5.11(a) shows the schematic of a modified
Widlar current source which is free from the channel length modulation effect using the same
technique as described in Section 5.1.2.2. The following questions will guide you to derive the
working principle of the channel length modulation effect free Widlar current source.

1. Refer to Section 5.1.2.2, determine the design constraint on Vgs,, and use the KVL of the
transistors My, M,, and Mg to show that Vp, = Vp,.

2. Explain why the Widlar current source is free from the channel length modulation problem.

3. Derive AVgg, , in terms of Vr.
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Figure 5.11 (a) Schematic of channel length modulation effect free current source, and (b) the
associated bandgap voltage reference circuit for Exercises 5.6 and 5.7.

R

Derive the PTAT current Ipg, in term of Vr, the W/L ratio of transistors, {, and R, only.
A near-zero T C reference voltage can be obtained by feeding Iprar to a series connected R;
and Q1, output stage as shown in Figure 5.11(b). Derive Vggr in the form of a summation
of weighted Vy and weighted Vg, and show that it can achieve a similar performance to
that of the conventional opamp based B-multiplier bandgap voltage reference circuit.

6. Determine the transistor size ratio to achieve Vggr = 2—?; Vr + Vag,.

7. List the implementation (fabrication) limitations of this voltage reference circuit.

-

Exercise 5.7  Derive the minimum Vpp required for the channel length modulation free
Widlar current source in Figure 5.11 to operate properly. Also derive the maximum Vpp that
can operate the circuit without damaging the device.

Exercise 5.8 As discussed in Chapter 3, any temperature sensitive devices can be used
to construct a temperature insensitive voltage reference circuit. This exercise will study the
application of a temperature sensitive resistor to construct a temperature insensitive voltage
reference circuit. The circuit under consideration is shown in Figure 5.12, which is similar
to that in Figure 5.11. The resistors Ry and R, are both temperature sensitive resistors
but they are allowed to have different temperature coefficients. Assume My, M,, and Mg
are biased to work in subthreshold region, and M5, My, Ms, and M, form perfect current
MIrrors.

1. Derive Vggp in terms of Ry Ry, Vr, ¢, and the W /L ratios of the transistors only.

2. Discuss how M3 and My help to stabilize Vgpr with respect to Vpp variations.

3. Determine if Ry has to be CTAT or PTAT in order to achieve a near-zero T C Vggp.

4. Determine the temperature coefficient of % required to achieve a near-zero T C Vggp.
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Figure 5.12 Temperature insensitive voltage reference circuit using
temperature sensitive resistors R,, with the PTAT source generated by the
schematic in Figure 5.11 and a temperature sensitive resistor R, for
Exercise 5.8.

Exercise 5.9  Consider the Kujik voltage reference circuit (Kuijk, 1973) with Ry = R, in
Figure 5.9.

~

Derive Vggr in terms of Vpg,, Vr, emitter area ratio N between Q> and Q1, R, and R3.

It has been showed in Exercise 5.1 that the opamp gain plays an important role in the
stability of the reference voltage. The loop gain in particular is the major factor. Derive the
loop gain B, and B, as noted in Figure 5.9 in terms of N, and resistors alone (the resistors
are assumed to be selected to achieve near-zero T C at 300 K). Discuss the stability of this
circuit.

Using the noise model in Figure 5. 13, derive the output noise voltage of the voltage reference
circuit.

Identify the noise amplification effect of the resistors for the computed output noise, and
suggest solutions to reduce the noise amplification effect of each resistor.

Exercise 5.10 (V,;, extraction circuit) Besides the Vs current source, Vi, can be extracted
from the schematic shown in Figure 5.14 to form a CTAT current source.

w N

Derive Vi, V, and V3 in terms of the threshold voltages Vyy,, Vii,, and Vyy,, of the transistors
M, M>, and M5 alone.

Assume all the threshold voltages are identical and equal V;y, derive the current I.
Assume the transistor sizes of My ~ Mg are the same, derive V.

Perform SPICE simulation of the circuit and find a linear expression of the temperature
dependency of the threshold voltage V;,(T) in the temperature range of 200 K ~ 400 K.
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Figure 5.13 Noise model of Kujik voltage reference circuit.
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Figure 5.14 V,;, extraction circuit for Exercise
5.10.
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Figure 5.15 (Multi-threshold
voltage reference circuit) A voltage
reference circuit (modified from
(Ugajin, 2002)) that makes use of
transistors with different threshold
voltages for the analysis in
Exercise 5.11.

© Vrer

Exercise 5.11  (Multi-threshold voltages reference circuit.) Consider the voltage reference
circuit in Figure 5.15 (modified from (Ugajin, 2002)), where Mg is an enhancement mode
NMOS with V,;, > 0, and Mp is a depletion mode NMOS with V;;, < Q.

~

Derive Vg with respect to Vggr, R and R;.

Derive V4 with respect to Vggr, and the characteristics of the transistors Mp and Mg.

3. Derive the Vgpr with respect to Ry, Ry, and V. Also derive the condition to achieve Vggr
with near-zero T C .

4. What is the major disadvantage of this circuit when generating a reference voltage? The

details of such a voltage reference topology will be discussed in Section 7.5.

N
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Sub-1V Voltage Reference Circuit

The trend in integrated circuit fabrication since its inception has been a move towards decreas-
ing geometry size to increase circuit capacity, speed, and to reduce power consumption.
As transistor size decreases, the circuit functionality of a given area of substrate increases.
Smaller device size also yields lower parasitic capacitance which increases speed and decreases
power consumption. At the same time, operating voltage must also be scaled down due to
the increased electric field and reduced breakdown voltage caused by the higher doping pro-
file required by small device. Decreased operating voltage facilitates low power consumption
which is increasingly important as circuit complexity increases. However, the voltage reference
circuit becomes more difficult to design with low supply voltage.

The low operating voltage imposes two design constraints onto the voltage reference circuit.
The first constraint is the output of the voltage reference circuit. The output voltage of the
voltage reference circuit has to be lower than the supply voltage. The output voltage of most
of the conventional bandgap voltage reference circuits discussed in Chapters 3 and 5 is 1.23 V.
When the supply voltage is lowered to below 1 V, one wonders how to achieve a reference
voltage with magnitude below 1 V. The voltage reference circuit capable of generating a lower
output voltage is referred as sub-1V voltage reference circuit, which literally means the output
of the voltage reference circuit is lower than 1 V. Another design constraint is the operating
supply voltage. The voltage reference circuit is required to be able to work with a low supply
voltage. When the voltage reference circuit can operate at a supply voltage lower than 1V,
it is known as sub-1V supply voltage reference circuit. Obviously, a sub-1V supply voltage
reference circuit can only generate reference voltage that is lower than the supply voltage. As
a result, it is also a sub-1V voltage reference circuit. In the literature, there has been an abuse
of notation in using “sub-1V voltage reference circuit” for “sub-1V supply voltage reference
circuit.” Without ambiguity, this book will also abuse the use of the notation “sub-1V.” We
shall, however, use the notations in their full forms whenever the authors feel it is necessary.

Conventional bandgap voltage reference circuits presented in Chapter 3 and most of the
voltage reference circuits presented in Chapter 5 are neither suitable for low voltage applica-
tions, nor for generating low reference voltage. The constraint on achieving a sub-1V reference
voltage is the bandgap voltage itself. As discussed in Section 3.1 a near-zero 7C voltage can
be generated by properly scaling the PTAT thermal voltage V; with the weighting factor M,
and summing it up with the CTAT base-emitter voltage Vg of the bipolar transistor. The

value of the weighting factor M is closely related to the thermal coefficient of V7 (i.e., %)

CMOS Voltage References: An Analytical and Practical Perspective, First Edition. Chi-Wah Kok and Wing-Shan Tam.
© 2013 John Wiley & Sons Singapore Pte. Ltd. Published 2013 by John Wiley & Sons Singapore Pte. Ltd.
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and also the thermal coefficient of Vg (i.e., a?;%). For the CMOS process used in this book,

%l = 0.09 mV/K and |a§%| = 1.39 mV/K, hence the weighting factor M equals 19.22,
1.39

which has to be greater than 5. With M = 19.22, the bandgap voltage reference circuit
generates a Vgygr = 1.23 V. Intuitively, the reference voltage can be lowered to sub-1V by (1)
lowering the weighting factor M through reducing the magnitude difference between the ther-
mal coefficients of the CTAT term and the PTAT term; or (ii) using different thermal devices
to lower the induced thermal voltages.

There are a number of methods in the literature that can reduce the magnitude of the PTAT
and CTAT terms to obtain a low Vggp, such as resistive sub-division (Neuteboom, 1997).
There are also a lot of methods presented in the literature to reduce the thermal coefficients
of the PTAT and the CTAT terms, such as using depletion transistors (Annema, 1999) and
threshold voltage based compensation (Miller and MacEachern, 2006). The resistive sub-
division method has been employed in many voltage reference circuits to generate low Vzgp.
This is because such voltage reference circuits can be designed with the standard CMOS
process in a similar manner as that of the opamp based B-multiplier bandgap voltage reference
circuit. However, these circuits use multiple resistors which will inevitably increase the silicon
area of the voltage reference circuit.

Another method to achieve low Vggp is the threshold voltage compensation scheme which
makes use of the thermal properties of the threshold voltages Vy, , and V;;, , of MOSFETSs
with transistors biased in the saturation region. Compact voltage reference circuits can easily
be obtained by this technique, which is also robust to process variation. However, due to the
channel length modulation effect and supply voltage variation, without special considerations
such circuits usually suffer from a degraded P SRR performance. In addition to the reduction
of the magnitude of M, we may simply sum up two currents with identical but complemen-
tary temperature characteristics to develop a near-zero TC current as will be discussed in
Section 7.5. A reference voltage can be obtained by converting this near-zero 7C current to
voltage using an output resistor (Ripamonti et al., 1999). By adjusting the output resistor
value, an adjustable reference voltage can be obtained. In the following sections, we shall
review some of the CMOS process compatible techniques in the literature to achieve sub-1V
reference voltage, with detailed mathematical derivation and simulation results. We shall also
explore some of the possible improvements on different voltage reference circuits to obtain
low VREF‘

Besides the reference voltage has to be lower than 1V, as discussed in the previous paragraph,
the voltage reference circuits also face the problem of reduced voltage headroom. The minimum
operating supply voltage of the conventional opamp based S-multiplier bandgap voltage
reference circuit is required to be greater than 1 V (actually 1.7 V) due to two factors. (i)
The reference voltage is 1.23 V, which exceeds the 1 V supply voltage (as we have already
discussed in the previous paragraph). This can be alleviated by using the voltage sub-division
method to scale down the 1.23 V reference voltage, as will be detailed in the first half of
this chapter. (ii) The constraint in the design of low voltage PTAT current generation loop
where the minimum operating supply voltage is limited by either/both the common collector
structure of the BJT’s Vg voltage or the input common-mode voltage of the opamp. Note that
these limitations are part technology and part circuit topology. They can always be alleviated
using MOSFETs with low threshold voltages. However, such solutions are not elegant and are
expensive, and they do not actually solve the problem. On the other hand, the solution using
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advance circuit topology can enhance the performance of the voltage reference circuit. The
drawback is a more complicated circuit, which will consume more power. Advanced CMOS
process technology can also be applied in these circuit topologies, which will further push the
performance towards a new frontier. As a result, the following sections will concentrate on
the advanced circuit topologies that resolve various design problems of the sub-1V voltage
reference circuit. We start our discussion by first investigating the possible remedies for
the opamp based B-multiplier bandgap voltage reference circuit to generate a sub-1V reference
voltage, as it is still the most commonly applied voltage reference circuit. Then we shall move
on to discuss other circuit topologies.

6.1 Sub-1V Output Stage

It is simple to obtain a sub-1V output voltage reference circuit by resistive division with
the opamp based S-multiplier bandgap voltage reference circuit. However, you should have
learnt from Exercise 4.6 that there is a design tradeoff between sub-1V output and higher
output noise and lower load regulation problems. Instead, we can modify the output stage as
shown in Figure 6.1(a) to lower the reference voltage and avoid the above design tradeoff
problems (Pletersek 2005). The transistors M3 and M, in the output stage shown in Figure
6.1(a) are connected to M, in Figure 3.4 which will replace M3, Q,, and R, in Figure 3.4.
By doing this, the output of the voltage reference circuit is obtained as a resistive sub-divided
Ve, voltage, and thus the near-zero TC reference voltage of the circuit is lowered. Consider
the case where the output stage in Figure 6.1(a) can obtain a reference voltage lower than
Vee, that is Vggr < Vge. As a result, we can assume V>, > V|, we can observe from the
schematic that

Vi = (I3 + Lsg) Ry = Viger,
Vo = Vg,
Vo = Vi = I44R3 = Vg, — Vrer.

@ @
From From
bandgap | [M3 | M4 bandgap
core core
Iy
pllv, & vl
VrEF ® aAAY
Rs g
§R2 (0F)
@
(a) (b)

Figure 6.1 Output stages of the opamp based g-multiplier bandgap voltage reference circuit to
obtain a sub-1V reference voltage by (a) resistive Vpg sub-division (Pletersek, 2005), and (b)
modified resistive Vpg sub-division to maintain the current density on Q3 (Doyle et al., 2003).
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As aresult, we can rewrite Iy, in terms of Vggr and Vpg, as

The output voltage is thus obtained as

Veer = Vi = (I3 + 144) R
R>
= (R315 + Vg, — VREF)R—

R R3
_ R (_ NNV + vBE3) , ©.1)
Ry + R3 \ Ry

where we assume Ss : S3: S> = 1:1: 1. Itis clear that Vzgr obtained from Equation 6.1 has
the same form as that given by Equation 3.13 with M = R3 In N. As aresult, the output stage
in Figure 6.1(a) does not affect the performance of the opamp based B-multiplier bandgap
voltage reference circuit. Except that the output voltage can be further scaled by the resistor
ratio RzlfRz, and thus can achieve an arbitrary output voltage which verifies our original
assumption of Vgzgr < Vpg, while that of the conventional bandgap voltage reference circuit is
1.23 V. However, this arbitrary output voltage does have a constraint that needs to be satisfied.

Consider the case R, = R3, then

1 (R,
VREF =—[—1In NVT + VBE3 . (62)
2 \ Ry

which is exactly half of the 1.23 V, thatis 0.615 V in theory. In that case, the R, that can achieve
near-zero 7C in Equation 6.2 is given by 82.9 k2. Therefore, 14, = 1.29 pA, and the current
that passes through Q3 equals Iy, = 4.316 A, which is smaller than 5.6 pA in the case of the
conventional bandgap voltage reference circuit. The difference in current density will induce
a different Vg voltage. Since Vzgr depends on Vpg,, as a result, it makes it complicated to
analyse the output voltage Vggr analytically.

To avoid the change in current density on (3, and hence be able to properly bias Qs, the
output stage can be modified to the schematic shown in Figure 6.1(b) (Doyle et al., 2003),
where an extra resistor network formed by R3 and Ry is used to obtain Vggp. Again, assuming
V> > V), we can observe from the schematic that

Vo = Vg,
Vrer = 140(R3 + R2) + I3 Ry, (6.3)
Vo — Veer = L1 Ra. (6.4)

As aresult, we can rewrite Iy, in terms of Vpg, and Vggr.

VaE, — VrEF

Ly, =
4 R

(6.5)
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Substitute Equation 6.5 into Equation 6.3 yields

R3 + R
Vrer = (Vpe, — VREF)R— + LRy
4
Ry + R3 RyR4

T R+ R+ R BT R YR AR,

_(M><V +ﬂlnNV) (6.6)
Ry 4+ R34+ Ry PE T RI(R, + Ra) T '

As a result, the reference voltage obtained by the output stage in Figure 6.1(b) has the same
form as that of the conventional opamp based S-multiplier bandgap voltage reference circuit

in Equation 3.13 with M = % In N, except that the output voltage is being scaled by
. : Ro+R3 der =
the resistor ratio IRt R Consider the case Ry + R3; = Ry, then

V _1 R21 NVy +V,
= =1n ’
REF 2 \ R, T BE;

which is exactly half of that derived in Equation 3.12, that is 0.615 V in theory. Note that the
benefit of this circuit being /g, can be maintained to be the same as long as R3 + R4 remains
constant, while the output Vggr can be altered by varying the resistor ratio of R3 and Ry. In
that case, the current density of Qs will stay the same for different Vggr. The properly biased
Q3 will help to maintain Vpg, and thus improve the stability of Vggr.

Last but not least, changing the output stage can obtain a sub-1V output reference voltage.
However, there are other constraints on the minimum operating supply voltage of the opamp
based g-multiplier bandgap voltage reference circuit. The following sections will discuss those
constraints and the possible remedies that alleviate them to obtain a sub-1V supply voltage
reference circuit.

6.2 Voltage Headroom in Opamp Based S-multiplier Voltage Reference
Circuit

An obvious problem of the conventional opamp based B-multiplier bandgap voltage reference
circuit operating at low supply voltage is the voltage headroom. We have defined Vpgop in
Section 2.1.1, and discussed the possible relationship with the minimum operating supply
voltage required to operate the voltage reference circuit. This supply voltage limitation is
caused by the minimum operating supply voltage required to maintain the circuit in Figure
6.2 operating in the active region. This simple circuit consists of two NMOS transistors that
operate in the active region if and only if the NMOS transistor that connects to Vpp can
drive the gate of the NMOS transistor that connects to the ground, while remaining in the
active region to propagate a bias current. This requires the drain to source voltage of the top
NMOS to be greater than Vpyg 4. The gate to source voltage of the lower NMOS must be
Vin.n + Vps, sar Which pushes the minimum operating supply voltage to be greater than or equal
to Vth, n+ 2VDS, sat-

The above analysis when applied to a conventional NMOS differential pair architecture as
shown in Figure 6.3 will yield the worst case headroom of Vi, + 2Vpg . In other words,
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Figure 6.2 Operation of cascode NMOS
transistors.

the differential pair requires input biasing at or above Vy, + 2Vpg s, leaving no room for
an input signal to achieve a sub-1V circuit design. Similarly, the PMOS differential pair in
Figure 6.3 will perform the same. A quantitative analysis of the common mode input range
(CMIR) problem of opamp in the conventional opamp based B-multiplier bandgap voltage
reference circuit can be obtained by considering Figure 6.4 for opamp with NMOS and PMOS
differential input architectures. It can be observed that the structure of the differential circuit
poses certain limitations on the operating supply voltage. Figure 6.3 also shows a plot of
Vi~ and Vpp that marks the operating region of the operating amplifiers with both P and N
channel input stages. This graph is obtained by observing that the minimum operating voltage,
Vbpminy, 18 constrained by the CMIR of the differential input stage. Consider applying the
Vin and Vpp relationship depicted in Figure 6.4 for the P-channel MOSFET differential input
stage in Figure 6.3(b), the Vppguin) 1 given by

Voominy = Vee, + [Vin,pl +2VsD sar (6.7)

where the gate of the differential input transistor is connected to Q; with a voltage equal to
Vs, . Referring to the MOSFET parameters listed in Chapter 1, Vppniny = 0.73 + 0.47 + 2 x

2 V/h + 4VDS sat
e —
Vin v, +2V N-di
___________ |4 < th " <7 DS,sat input
4| }7 b ‘E : 7 range
25 ! /
- B
Vth +2 VDS,sat £ Vth T |
z I \
E I
| l g | N
A4 — Vin Anstable | *P-drl?frflgéput
input raingel : o
N-channel P-channel OV V[h 2 Vth
differential pair differential pair Supply Voltage, V,,, (V)

Figure 6.3 The common mode input range (CMIR) limitation of an opamp with N-channel and
P-channel MOSFET differential input stage, and the associated operating regions with respect
to input voltage and supply voltage.
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R;

(a) (b)

Figure 6.4 Opamp-based g-multiplier bandgap voltage reference circuits using an opamp with (a)
N-channel MOSFET differential input stage, and (b) P-channel MOSFET differential input stage.

(0.1) = 1.4 V. This explains the minimum operation voltage observed from the simulation
results shown in Figure 3.8.

6.2.1 Opamp with NMOS Input Stage

Alternatively, opamp with a N-channel MOSFET differential input stage can be considered
to alleviate the constraint on CMIR. Note that the minimum input common-mode voltage
Vemirgminy Of an amplifier with NMOS input stage when applied to the opamp based S-
multiplier bandgap voltage reference circuit must be less than Vpg, that is,

Vemiroming = Vi n + 2Vps, sar < VBE. (6.8)

To achieve a sub-1V supply voltage reference circuit, Vpponiny = Vemirgminy- This implies
Vin.n < 0.63 V is required for the voltage reference circuit to work with sub-1V supply voltage
(assuming Vg = 0.73 V, and Vpg s, = 50 mV). This is acceptable as NMOS devices with
Vin,n < 0.63 V can be easily found in many CMOS processes. However, since both Vpg and
Vin, n are CTAT voltages with 7C approximately equal to —1.73 mV /K and —0.8 mV /K respec-
tively, and since the magnitude of the 7C of Vg is larger than that of Vj;, ,, when the tempera-
ture increases, Vpg will decrease faster than Vy, ,. As a result, even at low temperatures when
Vinon + 2Vps, sae < Vg, itis possible that when the temperature is high, Vi, , + 2Vps sar > VaeE.
Thus the opamp may not be able to function properly, and may cause malfunctioning of the
bandgap voltage reference circuit. In other words, a low minimum input common-mode voltage
is being traded for a smaller operational temperature range.
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Figure 6.5 Voltage headroom and common mode input
range of P-channel MOSFET differential input pair with a
local boosted supply.

It is clear from the analysis of these two sections that the conventional opamp based S-
multiplier bandgap voltage reference circuit cannot operate with low Vpp (no matter if the
opamp uses PMOS or NMOS input transistor pairs). Even if it operates with low Vpp as in the
case of the circuit in Figure 6.4(a), it will have poor 7TC. To achieve a bandgap voltage reference
circuit that can operate in low supply voltage, the CMIR issue in the opamp has to be overcome.
Techniques to achieve rail-to-rail input operation of a differential pair are required to overcome
this worst-case condition at low supply voltages. Methods for maximizing the CMIR of the
differential pairs include increasing the differential pair supply voltage, V;; shifting, input level
shifting, and using bulk-driven MOSFET in the input stage etc. In the following, we shall first
discuss the pros and cons of the above remedies to the CMIR constraints, and then we shall
move forward to discuss a few popular low supply voltage bandgap voltage reference circuits.

6.2.2 Local Voltage Boosting

A simple way of overcoming low supply voltage problems is to create a boosted supply voltage
for a small portion of the circuitry which is most affected by the reduced supply voltage. This
is most appropriate for differential input stages. The input signal may use the entire supply
range by increasing the local voltage of a PMOS transistor input pair to Vy, , + 2Vpg . above
the supply voltage as shown in Figure 6.5. While boosting supply voltage for small circuit
can be effective, the voltage boost circuitry must be designed to avoid exceeding process
breakdown voltage and to minimize added noise, which makes it more complex to design and
less efficient. Even when this can be accomplished, lifetime reliability issues may arise due
to hot carrier injection when boosting local supplies. The power efficiency is an additional
limiting factor for supply boosted circuits.

6.2.3 Low V,, Transistor

If we bias QO with a very small current, Vg, can be lowered to 0.6 V. Similarly, if we lower
the biasing current of the differential input stage, Vsp s4: can be lowered to 0.05 V. In this case,
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if Vi, 1s smaller than 0.3 V, then Vppniny in Equation 6.7 will be less than 1 V. However,
such a low V;;, , will cause potential latch up problems. As an alternative, input level shifting
techniques, such as bulk-driven transistors, have been considered in the design of voltage
reference circuits.

6.2.4 Bulk-Driven Transistors

The ideal solution to the input stage obstacle for the opamp to operate at low supply voltage
is to use transistors with low Vj;,. Unfortunately, low Vy;, transistors are not available in most
CMOS processes. The Vy, is the gate to source voltage needed to accumulate enough charge to
create the channel depletion region. If the bulk to source voltage is positive, then the depletion
region charge will reduce, and thus lower the transistor Vy,. This change in V};, is commonly
known as the “body effect.”

The bulk-driven threshold voltage reduction technique can produce MOSFET with a low
equivalent Vy, for low voltage circuits. In the case of low supply voltage opamp, an approach
to obtain a low voltage differential input stage is to drive the bulk nodes of the input transistors
rather than the gates. The bulk-driven input allows a very wide input range which can include
the entire supply range at low voltages. Simple analytical analysis of an opamp with bulk-
driven NMOS input stage indicates that it is operational with supply voltages as low as
Vin,n + 2Vps, sar With the gates connected to ground.

However, the transconductance of a bulk driven transistor is about one tenth that of a gate
driven transistor in 0.18 wm process. This is a serious drawback in low voltage design. The
bulk driven transistor will also cause input referred noise and offset that are ten times higher
than that of a similarly sized gate driven transistor. This will increase the input offset voltage
problem of the voltage reference circuits discussed in Section 4.1.1. Furthermore, the total
capacitance of the bulk driven node is much higher than the gate capacitance due to the
depletion capacitance forms between the substrate, as well as the source, drain, and channel.
All the above have made low voltage opamp with bulk-driven transistor input stage not the
number one choice for low supply voltage voltage reference circuits.

6.3 Sub-1V Bandgap Voltage Reference by Resistive Division

These are many varieties of modification to the conventional opamp based B-multiplier
bandgap voltage reference circuit that serve to lower the minimum operating supply voltage.
Figure 6.6 shows a particular modification of the conventional opamp based B-multiplier
bandgap voltage reference circuit using resistive division. Instead of stacking two thermal
complementary voltages, this bandgap voltage reference circuit is a current sum circuit that
generates a near-zero 7C by converting a temperature independent current to the reference
voltage through a resistor. Such circuit architecture is first proposed by (Neuteboom et al.,
1997), while the schematic shown in Figure 6.6 is a similar but simpler circuit proposed by
(Banba et al., 1999). This simple circuit is easy to construct and has almost all the benefits
of the conventional opamp based g-multiplier bandgap voltage reference circuit.

The operation of the sub-1V opamp based g-multiplier bandgap voltage reference circuit
with resistive division is similar to the conventional opamp based g-multiplier bandgap voltage
reference circuit, where an opamp will form an inverted feedback loop to enforce the two input
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Figure 6.6 Sub-1V g-multiplier bandgap voltage reference circuit using
resistive division (variation of (Bana et al., 1999)).

nodes of the opamp having the same voltages. Consider the case of R, = R3,suchthat I} = I,
L, = I, and I}, = L. The current I, = I, + I, where I, and Iy, satisfy the following
equations.

Vo _ Vi _ Vs
Ry Ry R’
Ve —Vee, Ve, — Vee, AVpg,

Iy, = = =
2 R, R, Ry

12(1 -

with AVpg, , being the difference in the base-emitter voltages of the two bipolar transistors
0, and Q», which has the following expression.

AVgg,, = Vge, — Ve, = Vr In(N),

where N is the emitter area ratio between Q; and Q5. The current /, is mirrored to form /3
and therefore the output voltage of the bandgap voltage reference circuit is given by

Vrer = 3Ry
= (g + )Ry

_ Vs, . AVgE, , R
Rs R,

R4

R3
= — 1V —VrInN ). 6.9
R3(BE1+R1TH > (6.9)
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Figure 6.7 SPICE simulated line regulation of the Sub-1V
bandgap voltage reference circuit using resistive division.

It can be observed that Equation 6.9 has the same form as Equation 3.12 with M = % In(N).
As a result, the performance of this voltage reference circuit should be comparable to that
of the conventional opamp based B-multiplier bandgap voltage reference circuit, at least in
theory At the same time, we should also notice that the Vggr can be scaled by the resistor ratio
R , and thus achieve an arbitrary Vggr. As an example, consider the case of N = 8. A near-zero
TC reference voltage is obtained when = 9.24. To properly bias the BIT, I}, = I, are set
to be 6 pA. As a result, R; = 8.97 kSZ 'which implies R; = 82.9 kQ R,. The reference
voltage of this bandgap voltage reference circuit is thus given by & K1 23 V. If we would
like to achieve an output voltage exactly equal to 1 V, we must set Ry = 67.4 kQ. If we
would like to further reduce Vzgr to 744 mV, we must set R4 = 50.15 k2. SPICE simulation
results of this circuit with Vzgr designed to be 744 mV at () 1s given in Figure 6.7, where
the supply voltage varies between 0 ~ 3 V at T{,,,,. Figure 6.8 shows the reference voltage
variation with temperature variations between —50 ~ 150 °C and supply voltage equals to
1.8 V. Note that the output voltage depends on the resistor ratio, instead of a single resistor.
Thus with a proper layout to obtain matched resistor pair, the process variation problem of
the resistors will have a minimal effect on the reference voltage variation. As observed from
Figure 6.7, the minimum operating supply voltage of such a circuit is found to be 1.4 V, which
is almost the same as that of the conventional opamp based B-multiplier bandgap voltage
reference circuit. This is due to the limitation of the input common mode of the opamp. This
limitation makes the sub-1V opamp based g-multiplier bandgap voltage reference circuit with
resistive division not applicable for low supply voltage applications. Furthermore, compared
with the sub-1V output voltage reference circuit in Section 6.1, both circuits have almost the
same power consumption. As a result, this new circuit does not offer better performance than
the one in Section 6.1. Moreover, the susceptibility of the bandgap voltage reference circuit to
noise increases because of the low output impedance of the bandgap voltage reference circuit,
which is basically the output impedance of Mj3. Lastly, the transistor M3 has to be biased in
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Figure 6.8 SPICE simulated temperature dependency of the
Sub-1V bandgap voltage reference circuit using resistive division
with Vpp = 1.8 V.

saturation mode to form a proper current mirror, thus, the resistor value of R4 will be confined
to a certain region of value. Last but not least is the fact that the load regulation of the circuit
is very low (refer to Section 4.6) because of the low output impedance of the voltage reference
circuit which equals the output impedance of the current mirror.

Nevertheless, the resistive division technique does demonstrate that there are circuit topolo-
gies that can alleviate the common mode input voltage constraint of the opamp in the
opamp based B-multiplier circuit, and hence inspired a lot of sub-1V opamp based S-
multiplier bandgap voltage reference circuit designs. The following sections present mod-
ifications to this sub-1V bandgap voltage reference circuit by resistive division, where the
input voltage constraint to the opamp is lowered, and thus overcomes the input common
mode voltage range problem to achieve sub-1V opamp based B-multiplier bandgap voltage
reference circuits.

6.3.1 Resistive Divided Vg

Although the resistor factor g—;‘ can help to overcome the sub-1V output voltage problem, such
that the output voltage can be smaller than 1.23 V, the bandgap voltage reference circuit in
Figure 6.6 still cannot work with a sub-1V supply voltage. If a P-channel differential input
stage opamp is used, the supply voltage is limited by the input common mode voltage of the
opamp. As a result, the input voltage to the opamp has to be low enough to make sure the
P-channel input MOSFET pair are operating in the saturation region. Showing in Figure 6.9
is a modified bandgap voltage reference circuit in Figure 6.6 to lower the input voltages to
the opamp with the application of resistive voltage divider (Leung and Mok, 2002). Assume
Ris = Ry4 and R = R,5. When the opamp has large gain, the inverted feedback loop of
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Figure 6.9 Sub-1V bandgap voltage reference circuit by resistive divided Vpg
(Leung and Mok, 2002).

the amplifier will ensure V4 = Vp. As a result, I, = I»,, and thus V¢ = Vp. Furthermore,
the current mirror formed by M| and M, will ensure I} = I,. As a result, I}, = I,. We can
thus obtain

Vo = Iy R3 + Ve, = Ve, = Ve
Ly Ry = Vg, — Vg, = AVpg,,

1
L, = —((VrInN).
2 R3(Tn)

Let Ry = Ria + Rip = R, = Ry4 + Ryp. The current mirror formed by M, M, and M3 with
My :M,:Mz=1:1:1willensure Iz = I, = I, + I, which yields

Vrer = 3Ry
= (s + Ip)Rs4.

Note that
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As a result, the reference voltage is given by

Vegr = (225 +i(v InN) )R
REF — Rl R3 T 4

_ Ry R,

R] (VBE1 + R—VT lnN) (610)
It can be observed that Equation 6.10 has the same form as Equation 3.12 with M = R oL ln(N ).
Therefore, the voltage reference circuit in Figure 6.9 should be able to achieve a similar
performance as that of the conventional opamp based B-multiplier bandgap voltage reference
circuit. Similarly to Equation 6.9, the reference voltage can be adjusted by the resistor ratio
R4/ Ry, while a near-zero TC reference voltage can be achieved by the fine adjustment of the
resistor ratio R;/R3 such that M = % In(N) = 19.22. If the opamp input offset voltage is
considered,

R4

R, R,
Veer = R_1 VBE1 + R_3 Vr InN + R_”gVOS . (611)

It can be observed that the effect of the offset voltage Vpg has been amplified by a factor of

2
7R 0 order to minimize the offset voltage amplification effect, we can increase N which

will in turn reduce R 1/ R3.

The opamp based B-multiplier structure of this bandgap voltage reference circuit has limited
the minimum operating supply voltage to be the input common mode voltage of the opamp,
which must be low enough to ensure the P-channel input MOSFET pair are opreating in
the saturation region. The improvement of the circuit in Figure 6.9 means it will be able to
operate with a low supply voltage, which is based on changing the position of the opamp input
transistor pair, and hence the input voltage dynamic range. A feedback loop still exists, and
produces a PTAT voltage through the resistor R3. Meanwhile, the voltage between the supply
voltage and the input common mode voltage of the opamp is enlarged by the resistor ratio
of Ry4 over Rip (and R4 over R,p). This will ensure the P-channel MOSFET input pairs
are operating in the saturation region even if the supply voltage is under 1 V. The minimum
operating supply voltage of this voltage reference circuit is given by Equation 6.8 with the Vg
term being replaced by the resistive sub-divided Vpg term as

Rap
VDD(min) = (R_2> VBE1 + |Vth,p| + 2|VDS,sat|- (612)

As a result, the minimum operating supply voltage of the voltage reference circuit is being
lowered by a factor of R,z /R> acting on Vg, .

As an example consider the case of N = 8. A near-zero 7C reference voltage is obtained
w1th = 9.24. To properly bias the BJT, I}, = I, are set to be 6 pA. As a result, Ry =
8.97 kSZ Wthh implies R; = 82.8 k2 = R;. The reference voltage of this circuit is thus
given by 5.0 K1 23 V. If we would like to obtain a Vggr = 744 mV, we shall set Ry, =
50.15 k€2. Furthermore, if we would like the voltage reference circuit to operate at 1V.
According to Equation 6.12, we must set sz =1-047 —2 x 0.1 = 0.33, which implies



Sub-1V Voltage Reference Circuit 205

T T T
0.8 1 _
0.744V
0.6 —
>
044 .
o
>
0.2+ e
0.0 ' oy ' ' '
0 1 2 3

Supply Voltage (V)

Figure 6.10 SPICE simulated line regulation of the sub-1V
bandgap voltage reference circuit by resistive divided Vpg.

Ryp = 27.357 k2. The SPICE simulation result of this circuit designed with Vggr = 744 mV
at Tiuom) 1s shown in Figure 6.10, where the supply voltage varies between 0 ~ 3 V at T,,om).
As can be observed from the simulation result, the minimum operating supply voltage of
this voltage reference circuit is found to be 1.07 V, which is almost the same as that of the
analytical calculated value, and we can almost conclude that the circuit has alleviated all the
sub-1V voltage reference circuit design problems.

On the other hand, this circuit has a similar S-multiplier circuit structure as the conven-
tional opamp based B-multiplier bandgap voltage reference circuit, where the current mirror
transistors are directly connected to the temperature sensitive BJTs. As a result, when the
temperature varies from —20 °C to 100 °C, the Vg voltage of the BJT varies from 812.55 mV
to 646 mV, while the bandgap voltage reference circuit output stays almost the same. As a
result, the drain to source voltage between M, M,, and M3 will not be the same, and the
transistors in the current mirror will suffer from the channel length modulation effect. Hence
the above difference in source to drain voltage will cause the output current differences in
the current mirror formed by M;, M;, and M3. Although such current mirror output current
mismatch problems exist in all source-to-drain voltage conditions, when Vpp is high, Vsp,,
with £ =1, 2, 3, will be large, such that all three transistors are working far away from the
linear region. On the other hand, when Vpp is low and close to 1 V, M, will be working close
to the linear region. As aresult, the Isp current mismatch problem of the current mirror will be
severe (Section 4.2). Although the current mirror current mismatch problem can be corrected
by using a cascode current mirror, the extra layer of transistors in the cascode current mirror
will increase the minimum operating supply voltage. Therefore, cascode current mirror is not
applicable to correct the current mirror mismatch problem of the sub-1V voltage reference
circuit. In the following section, another modification is presented to alleviate the current
mirror mismatch problem by independently biasing the BJTs, instead of directly connecting
the MOSFETs of the current mirror in the S-multiplier circuit to the BJTs.
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Figure 6.11 Sub-1V bandgap voltage reference circuit by resistive
sub-division with independent biasing (Ker et al., 2006).

6.3.2 Independent Biased Resistive Divided Vg

To alleviate the channel length modulation effect that affects the performance of the current
mirror, and hence the performance of the overall voltage reference circuit, Figure 6.11 shows a
modified schematic of that in Figure 6.9, where the two BJTs are biased independently with two
independent current sources instead of the opamp driven current sources. The independent
biased resistive divided Vpg opamp based B-multiplier bandgap sub-1V voltage reference
circuit was first proposed by Ker er al. (2006). Similarly to the voltage reference circuit
in Section 6.3.1, resistive sub-division is applied to reduce the input voltage to the opamp.
Knowing that V, = V_ = V,, the KCL at nodes V| and V) yields the following two equations

VBEI_V1+V2_V1 v

= , (6.13)
Ri4 R3 Rip

Ve, — Va2 n Vrer — V2 _ Vs ' 6.14)
Rox R4 Rop

Consider the case where the transistors M; and M, have the same size, such that S| = 5.
Furthermore, Ri4 = Ry4 and R = R;p, then

AVoy Veer — V2 6.15)
R Ri '

where AV, = V, — V. If we subtract Equation 6.14 from 6.13 will obtain

AVBELZ — AVLz AVLQ

Ria Ry
AVgEg,, R

R+ Rip’

AV1,2 =
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where AV, = V| — V, and AVgg,, = Vpg, — Vpg,. The reference voltage can be rewritten
from Equation 6.15 as

Ry
Veer = — AV 1+ V2
R;

Ri Ryp Rip Ria Rip
= ——AVBEz_l + — (VBEZ + AVBEu)
R3 Ria + Rip Ris+ Rip R3; Ria+ Rip
R RisR AV,
=_—2— [(& + — ) — vBEZ] : (6.16)
Ris+ Rip Ris+ Rip R3

If the emitter area ratio of the two transistors O and Q» satisfies Ag, : Ag, = N : 1, then

AVBEZ,I = VBEZ — VBE. = VT hl(N)

As aresult, it can be observed that Equation 6.16 has the same form as Equation 3.12 with

R RiAR
M:(—4+ 1A718 )m(N),

Rs  R3(Ria + Rip)

and hence the performance of the above bandgap voltage reference circuit is compatible to
that of the conventional opamp based g-multiplier bandgap voltage reference circuit. As an
example, consider the case of N = 8. A near-zero TC reference voltage can be achieved by
selecting M = 19.22, which yields Vggr = RR—‘IBI.23 V. In this case,

Ry <R13> 1922 Ry

- —. (6.17)

To achieve Viypr = (RR—IIB) 1.23 < 1, Equation 6.17 will lead to

R 1
<ﬁ> <. (6.18)
R, 1.23

As a result, Equations 6.17 and 6.18 show that by carefully selecting of the resistor values,

such that
19.22 R4\ Rz - 1
In8 R3 RlA - 1. 3’

will yield a sub-1V opamp based g-multiplier bandgap voltage reference circuit. The minimum
operating supply voltage of the above voltage reference circuit is reduced to

VDD(min) =WV, + |Vth,p| + 2|VDS, sat|

Rip RiaRp AVpg,,
— | VBE,
R, R, R;

> + |Vth,p| + 2|VDS,sal|-

R4
= Vger — R_AVBEM + | Vin.pl + 2| Vps, sarl-
3
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Figure 6.12 Sub-1V opamp based S-multiplier bandgap voltage reference circuit by resistive
sub-division with independent biased Vg (Ker et al., 2006) using peaking current source.

Without going into the value of the resistor ratio, we can for sure be able to obtain a sub-1V
voltage reference circuit when the reference voltage is less than 1 — |V, ,| — 2| Vpsg sarl-

When implementing the circuit, any current source that can operate with sub-1V Vpp, can be
applied. As an example, Figure 6.12 shows the complete schematic of that of Figure 6.11 down
to the transistor level using a modified Widlar current source, known as the peaking current
source, which will be discussed in a sequel. Note that although the current generated by the
peaking current source is PTAT applying it to the sub-1V opamp based B-multiplier bandgap
voltage reference circuit by resistive sub-division with independent biased Vzg will not affect
the performance of the system as long as I} = I,, and the two current sources have the same
thermal property. This will require the two transistors Ms and M to satisfy S5 = Se. In this
case, the thermal property of the current sources that biased the two BJTs will be eliminated
by the subtraction action between the inversely connected opamp. Again, one of the major
sources of reference voltage variation will be the opamp input offset voltage Vps. With the
consideration of opamp input offset voltage, the Vggr is given by

R
VreF = R—4(AV2,1 —Vos) + V2
3

R RisR AV, R
1B |:(R4+ 1A K1B ) BE, | +VBE2]_R_4VOS-

~ Ria+Rip Ria+ Rip R3 3
It is clear that the offset voltage effect on Vggr can be reduced by reducing the resistor ratio
2—;‘. The reduced Vgzgr due to a reduced 2—‘3‘ can be compensated by an increased A Vg, |, which

can be achieved by enlarging the emitter area ratio N between Q; and Q,. The cost is the
large silicon size of the resulting bandgap voltage reference circuit.

Nevertheless, all resistive division voltage reference circuits require resistors with large
resistance to scale down the reference voltage, and to suppress the noise induced by opamp.
The use of resistors with large resistance causes the resistive division voltage reference circuit
to suffer from the problems of large silicon area and high sensitivity to process variation. If
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special layout techniques are applied to alleviate the process variation problem of the resistors,
it will further increase the silicon area due to the large number of resistors in the circuit.
Furthermore, almost all the resistors are inter-related, and thus matched layouts are required.
The matched layout will further increase the required silicon area. The production cost of
this kind of bandgap voltage reference circuit is high, which prohibits their implementation
in many real world applications. Moreover, all the above topologies that use opamp and a
current mirror will introduce various noise factors (as discussed in Chapter 4) to the voltage
reference circuit. Nevertheless, the design of a power efficient opamp that operates with a
sub-1V power supply is itself a difficult task. While the design of such a low supply operable
opamp is outside the scope of this book, readers can expect that the low voltage opamps are
both expensive to implement, and the implementation results are far from ideal. Readers are
advised to refer to other opamp design textbooks on this topic.

6.4 Peaking Current Source and V;; Compensation

Similar to the self-biasing voltage reference circuit discussed in Chapter 5, the Widlar current
source and Vpg compensation topology discussed in Section 5.2 have been shown to be able
to achieve low TC reference voltage. However, the PMOS M3 in Figure 5.6 will suffer from
the channel length modulation effect. The method presented in Section 5.1.2.2 can be used to
alleviate the channel length modulation effect of the Widlar current source, and we have left
that as an exercise (Exercise 5.5.6) for the reader to deduce the voltages and currents of the
working circuit in Figure 5.11. In this section, we shall present another variant of the Widlar
current source for low Vpp operation. The sub-1V supply voltage problem can be alleviated
by using the peaking current source (Kerns, 1986) as shown in the dotted box of Figure 6.13.
The peaking current source was first introduced by (Kwok, 1985) using bipolar technology.
The CMOS version of the peaking current source is similar to Widlar current source. They
both make use of the A Vg of two NMOS transistors M| and M, with different width to length
ratios working in the subthreshold region to generate a PTAT voltage. This PTAT voltage is
converted to current by a resistor. By placing this resistor between M| and M3, the channel
length modulation effect of Mj is alleviated.

The transistors M, M, and resistor R; form the peaking current source. The transistors
M5 and M, are connected to form a current mirror, and serve as B-multiplier to realize the
function of self-biasing for the transistor M| and M,. The transistors M3 and M, are designed
to make the drain currents of M; and M, functionally related by a peaked curve, then the
voltage across R; will be a PTAT voltage. The gate-source voltage difference of the PTAT
current source circuit in Figure 6.13 is given by

Ips, Ry = Vgs, — Vs, . (6.19)

Making use of the relationship between the subthreshold Ipg and Vpg in Equation 1.18, we
shall obtain

~ VGSI
Ips, = S11y exp <—> >
o ¢Vr

N VGS2
Ipg, = SHlyex .
DS, 210 p(;V )

T
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Figure 6.13 Schematic of peaking current source (inside the dotted box) (Kerns,
1986), and the associated bandgap voltage reference circuit.
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Thus

s Ves, — V.
Ips, = IDszs—j exp (—GSZ_ 7 GS‘) . (6.20)

Substituting Equation 6.19 into Equation 6.20 yields

S —Ips, R
Ips, = IDSZS—T exp (%) . (6.21)

The peaking circuit is designed to obtain Ipg, is at its peaking value. It can be achieved

. al . . C g . " .
by zeroing Igiz using Equation 6.21, yielding the design condition to maintain the current
1

peaking, which is given by
Ips, Ry =¢Vr. (6.22)

If Equation 6.22 is satisfied, then the drain currents of M and M, given by Equation 6.21 are
related by

IDS1 = ID52—€ . (623)
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On the other hand, the current mirror formed by M3 and M4 with S5 = S; will ensure the two
currents Ips, = Ips,, and thus Equation 6.23 will provide us the transistor size ratio of M,
and M, to achieve peaking as S»/S; = e. The current Ipg, that passes through R; under the
peaking condition is given by Equation 6.22, which is proportional to V7, that is, PTAT. It can
be observed that the peaking current source is easy to design, simple to realize, and can meet
both the low power and low voltage requirements.

Figure 6.13 shows an example of the peaking current voltage reference circuit. The PTAT
current generated by the peaking current source formed by M; ~ M, and R, is copied by
the current mirror formed by M, and Ms. This PTAT current is converted to a PTAT voltage
through R, and summed with a CTAT voltage Vpg, to generate a near-zero TC reference
voltage. The output voltage of the circuit in Figure 6.13 is given by

S
Vrer = Ipss Ry + Vg, = S_SIDSI Ry + Vg,
3
S5 R»
= ——CVr + Vgg,. 6.24
SR ¢Vr + Vag, (6.24)

Compared to the conventional bandgap voltage reference circuit in Equation 3.12, it can be
observed that Equation 6.24 resembles the same form with M = g—j%g. Hence at least in
theory, the reference voltage generated by the schematic in Figure 6.13 will have the same
performance as that of the conventional opamp based B-multiplier bandgap voltage reference
circuit. It is, however, a different CTAT source that is required to be applied together with the
peaking current source to create a sub-1V voltage reference circuit.

6.5 Weighted AV;; Compensation

Another device property that can be considered in the design of the voltage reference circuit
is the threshold voltage of a MOSFET. Section 5.3 has shown that the thermal property of
the MOSFET threshold voltage can be used to generate a near-zero 7C reference voltage. As
discussed in Section 1.2.5.1, the CTAT thermal property of the MOSFET threshold voltage
can be extracted by a weighted Vg circuit. The schematic in Figure 6.14 shows a particular
implementation of the sub-1V voltage reference circuit using the weighted AVgg circuit
topology which was first presented in (Leung and Mok, 2003). The circuit consists of a
low voltage peaking PTAT current source formed by M; ~ M, and R;. This PTAT current
is mirrored by M5 to bias the core of the voltage reference circuit, where Is is derived in
Equation 6.22 as

Ss¢Vr

Is =221
: S35 Ry

(6.25)

This current will bias the core of the voltage reference circuit, which is formed by Mg, M7,
R>, and Rj3, with Mg and M7 being PMOS and NMOS transistors respectively. It is valid to
assume the currents passing through R; and R; to be the same. As a result, the source voltage
of M will equal to a scaled voltage Vs, through the resistive voltage divider formed by
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Figure 6.14 Peak current source biased Vs voltage compensation
voltage reference circuit (Leung and Mok, 2003).

R, and R3. Finally, the reference voltage is obtained by subtracting Vs, from a weighted
VGS7 as

R
Vier = (1 + R_2> Ves, — Vs, |- (6.26)
3

If M and M5 are operating in the saturation region, Section 5.3 suggests that Equation 6.26
will extract the AV, of Mg and M5 and form Vggr. To investigate how to generate a near-zero
TC reference voltage, we shall expand Equation 6.26 as

Veer = A1Vigs, — | Vis |

= AV, Vinp + A = -
= A1 Vinn th,p 1 UnCox.nS7 [chox,pS6’

= Vi1 + Vi,

where A| = (1 + %), and V;; is the part with the threshold voltages, while V;, is the part with
the mobilities. Let’s first consider V;;,

Vit = AtViyn — Vinp
== Alvzh,n(Tr) - AI,Bth,n(T - Tr) - |Vzh,p(Tr)| + ﬂzh,p(T - Tr)-
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It is clear that V;; is temperature independent if

Alﬁth,n - ,Bth,p =0

Al = Pinp (6.27)
IBth,n
R
R _Pop (6.28)
Rs  Bmn

The above simple relationship established the condition on the resistor ratio R,/ R3 to achieve
a near-zero TC reference voltage. Now let’s consider V;,, the part with the mobilities.

A 1
Vio = V21 ( 1 )

\/Mncox,nS7 N \//’chox,pS6

A 1
= 2]3 — Cox,pS6

\/ ) (£) 7 Cony \/ ot (£)

It is clear that V;; is temperature independent if

T _ﬂth,p T _ﬂth,}’l
2
Al“p(Tr) (F) Cox,pS6 = I'Ln(Tr) (F) Cox,nS7

r r
& = A2 MP(T(VZW")) ( T )ﬂmun _'BMP Cox,P
S6 : //vn(T(n()m)) Cox,n

)

T(nom)

where T, = T(;om). Substituting A; from Equation 6.27 will yield the transistor size ratio for
Mg and M to achieve a near-zero TC reference voltage. With appropriate selection of the
component values, the reference voltage at 7, 1s given by

R,
VREF(T(nom)) = (1 + R_) Vth,n(T(nom)) - |Vth,p(T(nom))|7 (629)
3

and this near-zero TC temperature at 7{,,,) can be easily achieved by adjusting the resistor
ratio % to satisfy Equation 6.28. Note that the above derivation also reveals that theoretically
this weighted Vg voltage reference circuit is independent with the biasing current I3 as Vggp
in Equation 6.29 does not contain any terms that are related to I3. The I3 is therefore only
required to be large enough to bias the MOSFETs Mg and M5 to work in the saturation
region. To improve the power-supply rejection ratio, all the transistors should have long
channel lengths to avoid channel length modulation. This circuit is simple and compatible
with low supply voltage operation. Since the temperature dependency of the threshold voltage
is not perfectly linear, and a complete cancellation of the temperature dependency of 1, and

W, 18 not possible in a wide temperature range, a nonlinear temperature-dependent error is
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observed in the reference voltage. Last but not least, this voltage reference circuit requires
both Mg and M; to work in saturation mode. This implies a minimum operating supply
voltage must be maintained in order to prevent the current source Ms from being forced to
operate in the triode region. Therefore Vpp must be larger than (1 + %)VG S.sat.n + VsD.sar,p
or Vrer + Vin,p + Vs sar, p>» which is about 650 mV in the process considered in this book.

There is another problem associated with the assumption that the current passing through R,
and Rj is the same. To reduce the power consumption of the voltage reference circuit, R, and
Rj3 are chosen to have magnitude of 1 M2 which is comparable to the gate oxide resistivity.
As aresult, the finite gate to substrate resistance will result in almost 10% difference between
the computed and the actual Vgzgr when I, is not considered. On the other hand, when R,
and R; have small resistances, a large portion of the current /5 will pass through R, and Rj3,
leaving not enough current to bias the two transistors Mg and M5 to work in saturation mode
or an increased power consumption of the voltage reference circuit. As a result, the transistor
size of Ms, Mg, and M7, and the resistance of R, and R have to be designed with great care.

Finally, the authors would like to point out that this weighted A Vg compensation volt-
age reference circuit topology is a particular implementation of the multi-threshold volt-
age curvature compensated voltage reference circuit, which will be discussed in detail in
Section 7.5.3.

6.6 Summary

This chapter has discussed various sub-1V voltage reference circuits and topologies. Perhaps
the most restrictive obstacle for the sub-1V voltage reference circuit design is the MOSFET
threshold voltage. The Vy;, will affect the performance of the sub-1V voltage reference circuit.
Section 6.2 has considered the P-channel MOSFET differential input stage of the opamp alone.
The Vy, represents a headroom requirement which is roughly 70% of the target V;, 4+ 2Vpg sar
supply voltage. To bias any transistor in the active region, Vi, + Vpg sar 1S required which
approaches 85% of the target supply. If an N-channel MOSFET differential input stage is
being considered, the headroom will increase to Vy, + 2Vpg 4 Such a differential input stage
will require an input biasing at or above max(Vy,, 2Vps so/) leaving no room for an input
signal at the target supply voltage. Techniques for allowing rail-to-rail input operation of a
differential pair have been considered to be the solution for the Vj;, limitation at low supply
voltages. The ideal solution to the Vj;, obstacle is a depletion mode transistor, an N-channel
transistor with a negative V;;,, or P-channel transistor with a positive Vy,. Unfortunately,
depletion mode transistors are not available in most advanced CMOS processes. On the other
hand, the threshold voltage of the enhancement mode transistor depends on process parameters
such as oxide thickness, gate material, and doping levels, which cannot be altered easily. As a
result, the effective V;;, reduction in the standard process is limited to the use of floating-gate
structures or bulk voltage induced threshold voltage lowering.

Both floating-gate and bulk-driven techniques can be used to mimic the operation of deple-
tion mode transistors. At the same time, both techniques are standard MOSFET compatible.
However, the floating-gate transistor is implemented with an unconnected or “floating” gate
in parallel with a control gate, which will induce an extra masking step, and hence increase
the fabrication cost. As a result, the application of bulk-driven input design technique seems
very attractive. Consider the case of bulk-driven input architecture for the design of a low
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voltage opamp. The advantage of such a design technique is that it can achieve near rail-to-rail
operation, and hence has almost no head room problem. It is the case, however, that such an
opamp suffers from low transconductance and increased input referred noise, offset, and large
input capacitance (Blalock et al., 1998). As a result, one is not encouraged to design voltage
reference circuits using bulk-driven low voltage design techniques. Instead, traditional analog
circuit design techniques are applied with the exception that most of the MOSFETs are biased
to work in the subthreshold region.

On the other hand, unlike the requirement of process corners robustness for the design
of accurate bandgap voltage reference circuits, the problem of designing voltage reference
circuits with MOSFETs in the subthreshold is the process corner variation of the threshold
voltages. The threshold voltage variation may result in a significant reference voltage variation
of up to £15% in the worst process corner. This inaccuracy may make it difficult to apply in
many circuits. To overcome this problem, better compensation and post-processing trimming
have to be applied, which can help to reduce the variation to £0.7% or lower in the worst
process corner in most of the practical sub-1V voltage reference circuit. Even though more
components are required, the quality and post-processing cost of the final voltage reference
circuit can approach that of the conventional opamp based B-multiplier bandgap voltage
reference circuit. Most important, such a voltage reference circuit designed with traditional
analog technique can still keep working even if the threshold voltage get lowered in the future,
while process driven technique designed circuits will fail or will require a complete redesign
whenever a more advanced process is applied.

Without a special CMOS process, the thermal voltages of the electron devices, such as
Vi and Vg, etc., will be large, which makes it difficult to implement a sub-1V voltage
reference circuit. As a result, thermal voltage reduction techniques are required to make the
implementation of sub-1V voltage reference circuits feasible. The reduction can be done at
the sub-circuit that generates the thermal voltages, or at the summing circuit as presented
in Section 6.1. Other voltage reference circuit topologies, such as sum/difference of thermal
voltages with similar temperature characteristics, can also be used without the need to reduce
the thermal voltages of the electron devices, such as the voltage reference circuit presented in
Section 6.5 and Exercise 5.11. This kind of voltage reference circuit topology will be discussed
in detail in Chapter 7.

6.7 Exercises

Exercise 6.1 Why can the output voltage of the sub-1V opamp based B-multiplier bandgap
voltage reference circuit discussed in Section 6.3 not be designed to be smaller than 800 mV
if the circuit is to be operating in a temperature range of —30 ~ 70 °C?

Exercise 6.2  Given Vg =0.6 'V, Vi, , = 0.7V, and Vg5 n = Ve, p = 0.2V, find the mini-
mum stable Vpp to operate the opamp based B-multiplier bandgap voltage reference circuit in
Figure 6.6.

Exercise 6.3 The Brokaw bandgap voltage reference circuit is simple to construct and can
achieve low TC, however, the operating voltage is high. This is because the input to the opamp
equals Vgg which is lower than the common mode input of the opamp when Vpp is small.
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Figure 6.15 A modified Brokaw voltage reference circuit that can operate at
low Vpp for Exercise 6.3.

Figure 6.15 shows a modified Brokaw bandgap voltage reference circuit which can operate at
low Vpp. Two additional transistors are placed in series with the original transistors in the
Brokaw circuit, such that the input voltages at V. and V_ of the opamp are both one Vg higher,
and thus satisfy the common mode input voltage range requirement. Assume the circuit has
been properly started up, and has Rs, and R¢ properly chosen, such that Ips, = Ips, = 6 pA
to bias the two BJTs Q3 and Qg in the proper working region.

1. Derive the output voltage Vggr in the form of Vrer—_conv, and obtain M.
2. Find the output voltage that achieves near-zero TC at T = T(,om), and the corresponding
resistor ratios with N = 8.

Exercise 6.4  One of the major problems of the sub-1V opamp based B-multiplier bandgap
voltage reference circuit in Figure 6.6 is the extra resistors R, and Rs, which inevitability
increase the silicon area. Even worse is the resistivity for both resistors are usually large, and
thus their layout will consume a large silicon area. One method to alleviate this problem is to
share the resistor as shown in Figure 6.16.

1. Please derive the condition for the two circuits in Figure 6.6 and 6.16 to be compatible.
2. Please derive the best selection of Rs in Figure 6.16, and share your selection criteria.

Exercise 6.5  Using the technique presented in Section 4.5:

1. Derive the expression of the PSRR for the sub-1V opamp based B-multiplier bandgap
voltage reference circuit with resistive division in Figure 6.6.
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REF

Figure 6.16 Sub-1V opamp based g-multiplier bandgap voltage
reference circuit using resistive divided Vpg with shared resistors for
Exercise 6.4.

2. Discuss the difference between the PSRR expression of the conventional opamp based
B-multiplier bandgap voltage reference circuit in Equation 4.29, and that derived in 1,
which one is more robust to Vpp variations?

Exercise 6.6  Consider the schematic in Figure 6.17. The common gate node of M| and M,
is sufficient to keep Ms and Mg operating in triode region. The width of the MOSFET M;
and Mg are made to be very large to ensure they are operating in the subthreshold region,
and are configured as diode connected transistors. The Vs, forms the CTAT voltage; and the
Vps, forms the PTAT voltage as Mg is operating in the triode region. The reference voltage is
obtained as

Vrer = Visy + Vpss-

1. Expand Vggr using the basic equations in Chapter 1.
2. Assume

w(T) = puT™">,
Vi(T) = —0.002T + Vi 0 + b = —0.002T + c.

Derive the W/ L ratio of Mg with respect to that of Mg to obtain 8‘2‘# = 0.
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Figure 6.17 Sub-1V output voltage
bandgap voltage reference circuit
obtained from a modified Wildar voltage
reference circuit for the analysis in
Exercise 6.6.

Exercise 6.7 Our discussion on the output stage showed that the loading impedance driven
by the voltage reference circuit will alter the output voltage.

1. Derive the output voltage Vggr of an opamp-based B-multiplier bandgap voltage reference
circuit with an output stage as shown in Figure 6.18(a).

2. There are a few designs that add additional transistors My into the circuit as shown in
Figure 6.18(b). Discuss and explain the use of My in the circuit and choose the optimal 1,
for the circuit to maximize the performance of Vggr.

Exercise 6.8 (Sub-1V Kuijk’s bandgap voltage reference circuit by Vgg sub-division.) The
Ve sub-division technique discussed in Section 6.3.1 that achieves sub-1V output voltage
from the conventional opamp based B-multiplier bandgap voltage reference circuit can also
be applied seamlessly to other B-multiplier bandgap voltage reference circuits. Figure 6.19
shows the schematic of a modified Kuijk’s bandgap voltage reference circuit aimed at achieving
sub-1V reference voltage which was proposed in (Hazucha et al., 2007). This exercise will
guide you through the analytical analysis to understand how this circuit works.

1. Consider the two-port network Thevnin’s equivalent circuit of a resistive voltage divider in
Figure 6.20. Derive Vyy of the Thevenin’s equivalent circuit with Ry, = Rx//Ry.

2. The voltage reference circuit in Figure 6.19 can be analyzed by the divide and conquer
method, where the voltage reference circuit is divided into two core circuits as shown in
Figure 6.21(a) and (b). Use the two-port Thevenin’s equivalent circuit result in 1 to derive
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Figure 6.18 The influence of loading impedance driven by the opamp based g-multiplier bandgap
voltage reference circuit using (a) conventional output stage, and (b) modified output stage with

increased robustness for Exercise 6.7.

the Thevenin’s equivalent circuit for Figure 6.21(a) and (b) in terms of the supply voltages
K| and K, respectively.

6.21(a) and (b).

Qi

Derive the output currents I} and I, of the two Thevenin’s circuit as denoted in Figure

Assume an ideal opamp, derive the relationship of 1, /1, with kik, = ksky.

A4

-y

[
R]A R2A§

*——

Rip

3
R;c
0>
1 i N

§ R>c

A4

Figure 6.19 Schematic of a modified Kuijk bandgap voltage reference with Vpg

sub-division (Hazucha et al., 2007) to obtain sub-1V output voltage for Exercise 6.8.
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Ry Ve = Vi 'z

Vy o r—o o l 3]
Figure 6.20 A two port Thevnin’s equivalent circuit for conversion of the Vpg

sub-division circuit block of the modified Kuijk bandgap voltage reference
circuit in Figure 6.19.

5. With the derived current ratio, compute AV = V| — V).
6. Assume ky =k, = ks = ks =1, and Ry = Ry 4, and Ry = R, 4, show that

v, Ver o, + Vr2 (v 52
= n s
REF BE.Q, TR, R,
where N = ﬁg—’? is the emitter area ratio between Q| and Q».
0]

Exercise 6.9  Through this exercise, readers should gain an understanding of the high degree
of freedom found in combining various PTAT and CTAT sources together with an appropriate
output stage to form a sub-1V reference voltage. Figure 6.22 shows a modified peak current
voltage reference circuit in Figure 6.13 with a sub-1V output stage as shown in Figure 6.1(a).
Derive the expression for Vggr and show that it can be less than 1 V.

Exercise 6.10  Considers the voltage reference circuit in Figure 6.23. Assume Ry, = R3,,
Ry, = R3p, Rz = R3, + R3p, and Sy = S, = S5. Derive Vggr in terms of Ry, R3, Ry, Vr, N,
S4, and Ss only.

VR8EF K Vrer VReF K>Vrer

R;
§ Ri4 § R; .

Ris . V2
Vi g ——oV, R;
I
—| 0 l o Ric —| Qi 9
v v

(a) (b)

Figure 6.21 The equivalent circuit blocks of the modified Kuijk bandgap voltage reference with Vgg
sub-division shown in Figure 6.19.
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Figure 6.22 The schematic of a sub-1V peak current source based bandgap

voltage reference circuit for Exercise 6.9.
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Figure 6.23 Sub-1V opamp based g-multiplier bandgap voltage reference
circuit using resistor division (Leung and Mok, 2002) implemented with NPN
transistors for Exercise 6.10.
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7

High Order Curvature Correction

In theory, the voltage reference circuit can obtain a near-zero 7C voltage by the mutual com-
pensation of properly scaled CTAT and PTAT voltages. In practice, the CTAT and PTAT
voltage sources are seldom precisely linearly proportional to temperature. To understand the
temperature dependency of various voltage sources, let’s consider the Taylor series expansion
of the CTAT voltage Vge(T) in the opamp based B-multiplier bandgap voltage reference circuit
at T(,;om) as shown in Equation 7.1 in a sequel. We can observe that the Vzg(T') voltage has high
order temperature dependent terms. The opamp based g-multiplier bandgap voltage reference
circuit considered in previous chapters generates the reference voltage by linear combination
of the CTAT and PTAT voltages will be able to achieve mutual compensation of the first order
temperature dependent terms of the CTAT and PTAT voltages. As a result, the opamp based
B-multiplier bandgap voltage reference circuit is said to be a voltage reference circuit with
first order temperature compensation. Using a similar argument, most of the temperature com-
pensated voltage reference circuits presented in previous chapters are first order temperature
compensated voltage reference circuits. Since the first order temperature compensated voltage
reference circuit does not compensate the high order temperature dependent terms of the CTAT
and PTAT sources, as a result, when the PTAT and CTAT terms are nonlinear functions (the
reader will find that the terms “nonlinear” and a “high order” are used interchangeably in
this book) of the temperature, such as in the case of Vpp(T) and AVpg(T). The first order
temperature compensated voltage reference circuits will only be able to achieve a reference
voltage within a given voltage variation in a limited temperature range. This limitation becomes
obvious in the sub-1V supply/output voltage reference circuits (Banba et al., 1999; Hirose
et al., 2005). High performance voltage reference circuits that suppress the high order temper-
ature dependent terms between the mutual compensation of the CTAT and PTAT voltages can
reduce the TC of the obtained reference voltage over a wide temperature range. The variation
of the reference voltage due to temperature variation is also known as the “curvature error.”
The reduction of the high order temperature dependent terms of the reference voltage, or simply
the nonlinear terms of the reference voltage is therefore referred to as “curvature correction”
or “curvature compensation.” In the following, we shall first formally define the compensation
order of the high order temperature compensated voltage reference circuit. Various high order
temperature compensation techniques will be discussed in subsequent sections, which include
the piecewise temperature compensation, and mutual compensation of voltages with similar
temperature dependency, etc.

CMOS Voltage References: An Analytical and Practical Perspective, First Edition. Chi-Wah Kok and Wing-Shan Tam.
© 2013 John Wiley & Sons Singapore Pte. Ltd. Published 2013 by John Wiley & Sons Singapore Pte. Ltd.
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7.1 Compensation Order

The classical voltage reference circuit generates a near-zero 7C reference voltage through the
weighted sum of the CTAT and the PTAT voltages. By expanding the CTAT and PTAT voltages
into Taylor series at T = T{m) yield

VCTAT(T) =ay+a (T - T(n()m)) + ax (T - T(n()m))2 + a3 (T - T(m)m))3 + - (71)

Verar(T) = by + by (T — T(nom)) + by (T — T(nom))2 + b3 (T — T(nom))3 + - (7.2)

where a; and by are constant coefficients of the k-th order temperature dependent terms with
respect to T(,om). Even though the coefficients associated with the high order temperature
dependent terms may be small, they will become dominant sources of the curvature error at
temperature significantly higher or lower than 7. Consider the voltage reference circuit
obtained by the temperature dependent weighted sum of CTAT and PTAT voltage sources
where

Verer(T) = m(T)Verar(T) + n(T) Vprar(T). (7.3)

To achieve near-zero TC, we shall design m(T') or n(T') such that

m(T)a; + n(T)b; = 0, (7.4a)
m(T)ar + n(T)by, = 0, (7.4b)
m(T)a, + n(T)b; =~ 0, (7.4k)

In other words, the composite functions m (T ) Verar(T) + n(T) Vprar(T) are voltage functions
with high order temperature dependency. The order of the curvature compensation (temperature
compensation) method is therefore formally defined as the highest order of the temperature
dependent terms being nullified through the weighted sum in the system of equations in
Equation 7.1.

Note that the system of equations in Equation 7.1 is not only difficult to solve, it is also
difficult to implement. Various methods have been proposed to simplify the determination of
the temperature dependent weighting function m(7T') and n(T'), and the implementation of the
weighted sum system within an acceptable compensation error. These include:

1. First order temperature compensation: Where a; and by are assumed to be equal to zero for
k > 2.Inthis case, azero TC reference voltage is obtained whenm(7T) = 1l andn(T) = — Z—i
The B-multiplier bandgap voltage reference circuits, and most of the voltage reference

circuits discussed in Chapters 3, 5, and 6 are first order temperature compensated voltage



High Order Curvature Correction 225

reference circuits. Such systems are simple to design and implement. They also require a
minimal set of device model parameters (a; and b; alone will be enough) to complete the
design, and thus lower the requirement on device characterization. As a result, the simple
SPICE model provided by most of the foundries in today’s semiconductor industry can
be applied to assist in the design of first order compensated voltage reference circuits.
The drawback of the first order temperature compensation system is the poor curvature
compensation result due to the fact that the high order temperature dependent terms are
not compensated. As a result, the near-zero 7C reference voltage can only be obtained in a
very limited temperature range.

. Second order temperature compensation: Where a; and by are assumed to be equal to zero
for k > 3. In this case, a zero TC reference voltage obtained by solving Equation 7.4 for
m(T) and n(T) directly will yield a second order temperature function m(7") and n(T). This
scaling factor is difficult to design, and difficult to apply to scale Vepar(T) and Vprar(T') in
Equation 7.3. As a result, instead of solving m(T) and n(T) from the system of equations
in Equation 7.4, temperature independent constant values are adopted, such that m(7) = m
and n(T) = n. An additional second order temperature dependent voltage s(7" — T(,wm))2
(s is a constant, and we shall assume that a voltage sum voltage reference circuit is under
consideration for the ease of explanation while the same technique can also be applied to
current sum voltage reference circuits) is applied to compensate the curvature error obtained
from Equation 7.3, such that

2
Vrer(T) = mVerar(T) +nVppar(T) + s (T — T(nom)) ,

is a zero TC reference voltage. One of the possible designs to obtain a zero TC reference
voltage is to use

m(T) =1, (7.5)

1
n(T) = B (7.6)

Thus

VREF(T) = (00 + al(T - T(m)m)) + a2(T - T(nom))z)
a
- b_l (bO + bl(T - T(nom)) + bZ(T - T(nom))z)
1

+ S(T - T(nom))2

apby —aiby  a)by — a1by + sby

= T — Toom)>- 7.7
b + b ( (nom)) (7.7)

As a result, a zero TC Vggp(T) will be obtained when a;b; — a;b, + sby = 0, which will
in turn require s = ‘”bzb—“zbl Theoretically, high order temperature dependent terms can
be designed and induced into the voltage reference circuit to obtain high order curvature
compensated reference voltage with low TC over a wide temperature range. As a result,
it is tempting to induce high order temperature dependent terms with order higher than
2 to compensate the curvature error with orders higher than 2. However, the third order
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and higher order curvature correction are not practical because of the high sensitivity
of the compensation error with respect to device mismatch, and process variation, etc.
Due to the nature of the high order temperature dependency, a small error in the high
order temperature compensation will easily dominate the overall compensation error in
the temperature range under consideration, and thus cannot achieve a low 7C reference
voltage over a wide temperature range. Furthermore, the high device mismatch and process
variation sensitivity will lower the yield, or require a complicated post-fabrication trimming
procedure. Therefore, it is rare to find high order temperature compensated voltage reference
circuit with an order higher than 2 in practice.

3. Piecewise linear compensation: The temperature range of interest is divided into multi-
ple consecutive non-overlapping sections, and different temperature compensation circuits
are applied to different temperature sections. There are several advantages to perform-
ing temperature compensation in separate temperature sections. First, because the size
(the temperature range covered by each section) of each section is small, the curvature
of Verar(T) and Vppur(T) can be approximated to be linear in each section. As a result,
a simple temperature compensation technique can be applied. Even if zero TC cannot
be obtained in each section, the variation of the reference voltage with respect to each
temperature section will be small because of the small size of each section which limits
the temperature compensation error within each section. Furthermore, if we can alter the
directions (signs of the slope) of the temperature dependency of the reference voltages in
adjacent sections as shown in Figure 7.1, the variation of the reference voltage in adjacent
sections will not accumulate, and thus we can obtain a low 7C reference voltage over a
wide temperature range where the reference voltage variation in the whole temperature
range of interest will be close to that of the temperature section with the largest voltage
variation. This property is clearly observed in Figure 7.1. The idea is similar to the Alterna-
tion Theorem in approximation theory (Cheney, 1982). In practice, multi-section curvature
compensation can also be applied with high order temperature compensation within each
temperature section. In this case, the high order temperature compensation can also ben-
efit from the multi-section curvature compensation. This is because, in reality, it will be

Vrer
4 First Order
Compensation

/

Piecewise Linear
Compensation

-
-

Section 1 Section 2 Section 3 Section 4 T

Figure 7.1 Adjacent sections of multi-section curvature
compensation having alternate signs of the temperature coefficient
help to lower the temperature coefficient of the voltage reference
circuit over the entire temperature
range of interest.
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difficult to obtain current/voltage sources with temperature dependent orders higher than
2 for a wide temperature range. Instead, it is more practical to obtain a current/voltage
source that can approximate the desired order of temperature dependency within a limited
temperature range.

This “multi-section curvature compensation” technique is also known as the “multi-point
curvature compensation” and “piecewise linear compensation” technique. The last name
is the most popular, although in most cases there are high order temperature dependent
current/voltage terms being applied in the temperature compensation, instead of linear
temperature dependent current/voltage terms. Indeed, due to the naming convention of
Rincon-Mora (Rincon-Mora and Allen, 1998), since then the term piecewise linear com-
pensation has been commonly adopted in the literature.

Since the voltage variation can be reduced with a narrower temperature range, it is

tempting to sub-divide the temperature range of interest into many sections to obtain a
small TC over a wide temperature range. However, all the circuits used to generate the
curvature compensation current/voltage are sensitive to temperature and process variations.
Therefore, the temperature sub-division boundaries between each section are also sensitive
to temperature and process variations, and thus increasing the number of sections may
degrade the overall TC of the reference voltage due to the increasing inaccuracy in compen-
sation and variation of the temperature boundaries of each temperature section. A balance
between the number of sub-divided temperature sections and the desired 7C of the refer-
ence voltage is the key to the successful application of the piecewise linear compensation
technique.
. Weighted sum of voltage/current with similar temperature dependency: Without loss
of generality, this text will only discuss temperature dependent voltage sources, while
the discussions are useful to both temperature dependent voltage and current sources.
Two temperature dependent voltage sources, Vi(T) and V,(T') that have temperature
characteristics

Vi(T) = ap + a; (T - T(nom)) +az (T - T(nom))2 +as (T - T(nom))3 + e (7.8)
VZ(T) = bO + bl (T - T(nom)) + b2 (T - T(nom))2 + b3 (T - T(nom))3 + - (79)

are said to be similar in temperature dependency if a; = ¢ by for all £ > 1, where c is a
constant. In other words, the graph of V{(T') and V,(T) against temperature are a vertical
shift (and possible flip) of each other. These voltage sources can be used to construct a zero
TC reference voltage Vzer by weighted sum of Vi(T) and V,(T') as

Vrer(T) = m(T)Vi(T) + n(T)Vo(T),

with n(T) = —em(T). When m(T) = 1, Vggr = a9 — cby # 0 which is temperature inde-
pendent (where we assume that ag # cbhy, hence the vertical shift characteristics). These
two voltages Vi(T) and V,(T) are allowed to have high order temperature dependence,
in contrast to the monotonically increasing/decreasing voltage sources against tempera-
ture required in the first order temperature compensation topology for the generation of
Vrer with zero TC. The mutual compensation of voltage sources with similar temperature
dependence is therefore a generalization of the mutual compensation of the CTAT and PTAT
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voltages. Note that the mutual compensation of voltage sources with similar temperature
dependency should be able to provide more design freedom, while this method is also more
sensitive to device mismatch and process variation.

One of the major sources of compensation errors occurs when the two temperature
dependent voltage sources are not that “similar” to each other. This will occur when there
is device mismatch and process variation. Besides the potential temperature compensation
problem, the obtained reference voltage is also subject to higher nominal voltage variation.
This is because the reference voltage nominal value variation is the sum of nominal voltages
variation of individual voltage sources. Note that the voltage sources under consideration
are high order temperature dependent, and hence the temperature dependence is highly
unpredictable when compared to that of the first and second order temperature compensated
voltage reference circuits.

There are a large number of voltage reference circuits in the literature that do not fall into
any of the above discussed categories. Each of the voltage reference circuits has its own pros
and cons, and are designed to tackle different design and real world application problems.
However, for most of the practical design requirements, simple voltage reference circuits from
one of the above four categories should be sufficient. Furthermore, although almost all CTAT
and PTAT voltages that can be obtained in CMOS circuits contain high order temperature
dependent terms. The magnitude of the coefficients associated with the high order temperature
dependent terms are very small and could be ignored with respect to the temperature range of
interest. Therefore, for most practical applications, second order temperature compensation
will be sufficient to achieve the desired reference voltage performance. As a result, Section 7.2
will first discuss two different techniques to achieve second order temperature compensation
using the conventional opamp-based S-multiplier bandgap voltage reference circuit. Another
popular second order temperature compensation voltage reference circuit topology known as
BJT current subtraction will be discussed in Section 7.3. Section 7.4 will discuss the design
of voltage reference circuit with linear compensation using both addition and subtraction
of second order current sources at selected temperature locations from the PTAT current of
the conventional opamp based S-multiplier bandgap voltage reference circuit discussed in
Section 3.2.1 to achieve a reference voltage with low 7C over a wide temperature range. The
temperature compensated reference voltage obtained from the mutual compensation of devices
and circuits with similar temperature dependent voltage characteristics will be discussed in
Section 7.5. This chapter will conclude in Section 7.6 with a brief discussion on various high
order temperature compensation techniques in the literature.

7.2 Second Order Temperature Compensation

The limitation of the first order temperature compensation arises from the high order tempera-
ture dependent terms of the CTAT and PTAT voltages as shown in Equations 7.1 and 7.2. The
consequence is the near-zero TC reference voltage can only be achieved in a limited temper-
ature range, as shown in Figure 3.1. A low 7TC voltage reference circuit over a wide operable
temperature range can be obtained by second order temperature compensation. This can be
achieved in many ways. In this section, we shall discuss two effective methods by the addition
and subtraction of second order temperature dependent currents from the current sources of
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Figure 7.2 Illustration of second order temperature dependent voltage source n,(T")
(curve C) or ny(T)(curve B) to the bandgap voltage reference circuit output voltage
Ve + MV to obtain the 2"¢ order curvature compensated reference voltage
in sub-figure (c) and (a), respectively.

the B-multiplier to achieve second order temperature compensation. Figure 7.2 shows the
topological diagram to obtain a second order temperature compensated reference voltage by
the addition of second order temperature dependent voltages n(T) or n,(T) to the first order
temperature compensated bandgap voltage reference output voltage Vzg + M V. As you can
observe from the figure, the addition of a voltage with second order 7C at the appropriate
temperature region will be able to increase the reference voltage at the selected temperature
region, and thus achieve a low TC reference voltage over a wide temperature range.

Before the discussions of the second order temperature compensation methods, we shall
first discuss the construction of current source and current sink with second order 7C. A
current source with high order 7C can be conveniently obtained by BJTs. Subsequent sections
will present methods to insert this second order current source/sink into the opamp based
B-multiplier bandgap voltage reference circuits to obtain reference voltages with low 7C over
wide temperature ranges.

7.2.1 Second Order Current Source

In this section, we shall discuss the design of current sources with second order temperature
dependence that activate at a chosen temperature. Such current sources can exist in two forms:
a current sink as shown in Figure 7.3(a), and a current source as shown in Figure 7.3(b). (The
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Figure 7.3 The schematic of second order temperature dependent current sources in (a) current
sink form and (b) current source form.

current sink and source under concern are Ip y, and Ip u,, respectively.) Let’s first consider
the current sink in Figure 7.3(a) which consists of a resistor Ry driven by a PTAT current
source thus producing a PTAT voltage. This PTAT voltage will form the Vg 57, of the NMOS
transistor My . If we use the same PTAT current obtained from the opamp based g-multiplier,
we shall obtain

VT In N
Vas, = Ry——— (7.10)
1

When Vs, > Vina, the current Iy, sunk by transistor My will be large enough to influence
the rest of the circuit that it is plugged into. Consider the case where the rest of the circuit is
designed to obtain Vps > Vs — Vip, and Vs my = Vip,. As aresult, My will be working in
saturation, which yields

1
Ip.mty = 5 HnCoxnSuty (Vs — Vinn)?. (7.11)

The temperature dependence of Ip y, can be investigated by the temperature dependence of
its components. If we take time to review Section 1.2.4, we shall find that the temperature
dependence of the electron mobility is approximately a second order inverse temperature
dependent function, and that of the threshold voltage is a first order temperature function,
and finally Vs u, 1s obtained by the I-V conversion of Ippsr through Ry, which is assumed
to have near-zero 7C . Since Ippyr 1s a second order temperature dependent function (oth-
erwise second order temperature compensation will not be required), therefore Vg a7, will
also be a second order temperature dependent function. As a result, Equation 7.11 can be
approximated as

Ip.a, = coT (c1 + (T — To) + c3(T — Tr)*)?
=a (T —T)*+a (T —T)"+ay+a(T —T) +a T —T»)*,  (7.12)

where the temperature coefficient for electron mobility is lumped together with C,, ,, and Sy,
to form c, the temperature coefficients of the second order PTAT voltage Vs, and the first
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order PTAT voltage Vy, , are lumped to the second order polynomial with coefficients cj, ¢,
and c3. Finally, 75 is the activation temperature as detailed in Figure 7.2. After expanding and
rearranging the equation, the coefficients are grouped to and from (a_; and a,). If we refer
to Figure 7.2, it is clear that we require Ip », = 0 for T < T5. Let’s assume our design can
achieve this requirement, then we shall be able to observe that in the temperature range of
(T > T,), the negative order temperature coefficients will not have any significant contribution
to Ip um, - As aresult, we finally obtain

Ip.my ~ ag+a)(T — o) + ax(T — T»)?, for T > T».

For most of the CMOS process, the coefficients ag, a;, and a, are small, and thus the term
with the highest temperature coefficient will dominate I y, . This is especially true when the
temperature region of interest is at the high temperature region. As a result,

I :O, T§T2v
DMy Y o (T = T)?, T > To.

Now, it leaves to us to determine the circuit condition that will fulfill I s, = Oat7T < T,.Note
that Vs um, 1S given by Equation 7.10, therefore the inequality of the temperature requirement
are equivalent to

Ipa 1= 0, Vesmy < Vinn,
MV o (T — Ta)?, Vesmy > Vinn-

This is because there will be Ip p, > 0 flowing through the transistor if Vs u, satisfies
Table 1.1 for saturation operation. This will in turn require

VT InN
Ves.my = Ry R > Vinn
1
R Vinn
S S d e o (7.13)
RN kInN

As aresult, by adjusting either the resistor Ry, Ry or the BJT transistor emitter area ratio N of
the opamp based B-multiplier PTAT current source, we shall be able to adjust the temperature
position that will activate this second order temperature dependent current.

Similarly, the current source shown in Figure 7.3(b) that consists of a resistor Rp driven
by a PTAT current source to form Vs, will generate a current source I », with a second
order temperature dependence, such that

Ip., ~ by +by(Ty — T) + by(Ty — T), for T < Ty. (7.14)

As observed from Figure 3.1(b), this second order temperature dependent current source
should be activated at temperature range 7" < Tj. In other words

; (1 —T)*, T <T,
b.Mr ) — 0, T >T.
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Similarly, we can determine the circuit condition that fulfills Ip ), =0 at T > T} by
examining the equivalent condition

I X (Tl - T)Z’ VSG,MP > _th,]?’
PMr 1 =0, Vse.mp = —Vinp-

Note that Vs u, 1s given by

VT InN
Vse.mp = Rp——.

Ry
As a result, we shall obtain the activation temperature

_ Ri g Vi
" RpkInN’

1 (7.15)

These two current sinks/sources with second order temperature dependence can be applied
to compensate the high order temperature dependent terms of the reference voltage by appro-
priate selection of R;, Rp, Ry, and N. The following two sections will discuss two techniques
that apply these two current sinks and sources to the conventional opamp based S-multiplier
bandgap voltage reference circuit to achieve reference voltages with a low temperature coef-
ficient over a wide temperature range.

Besides the MOSFET transistors, the BJT can also be used to generate current with second
order temperature dependence, and be applied to compensate the high order temperature
dependent terms of the reference voltage. Section 7.3 will discuss the application of BJT
generated current sink with second order temperature dependence to compensate the high
order temperature dependent terms of the opamp based S-multiplier bandgap voltage reference
circuit.

7.2.2 Current Subtraction

The current sink in Figure 7.3(a) can be used to construct a second order temperature dependent
current subtraction circuit at a selected temperature range. Note that there are only two
important current paths in the opamp based S-multiplier bandgap voltage reference circuit,
which are the two current paths that pass through Q; and Q,. Figure 7.4 shows currents
can be injected into or extracted from the BJTs at nodes A and B respectively, to affect the
output voltage of the voltage reference circuit. The following sections will discuss the effects
of connecting the current source/sink with second order temperature dependency to node
A/B. Consider the schematic in Figure 7.5, which connects a current sink to node B. If Ry
is selected according to Equation 7.13 for a pre-selected temperature 7, as shown in Figure
7.2(c), then the second order temperature dependent current I 37, will be small when T < T,
and can be ignored. Therefore, in the temperature range (—oo, 7»], the voltage reference circuit
in Figure 7.5 will behave as a normal opamp based B-multiplier bandgap voltage reference
circuit discussed in Chapter 3. When the temperature reaches 7, Ip y, will be large enough
to affect the opamp based B-multiplier circuit by draining current from /5. In other words, the
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and subtraction through nodes A and B, respectively.
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Figure 7.5 The schematic of second order temperature compensated
voltage reference circuit by current subtraction with second order
temperature characteristics.
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current density of O, will be reduced and hence Vp will be reduced too. Since V4 # Vg will
upset the negative feedback loop of the opamp based B-multiplier, as a result, the opamp will
drive M, to increase I, until the voltage drop across R; and Q5 is the same as that of Q. In
other words, I will be increased to restore Vp to having the same potential as V4. Because
of the current mirror between M, and M3, the PTAT voltage across R, will increase, and thus
increase the output voltage Vggr. The higher the temperature, the larger the PTAT current Iy,
and thus the higher the PTAT voltage across Ry, which will in turn increase the amount of
current /3, and hence increase the voltage drop across R,. Finally, it will increase Vggr and
achieve high order temperature compensation.

We can determine 7, by examining the temperature dependent voltage in Figure 3.9. The
only question that remains is how to choose an appropriate resistance for Ry and W/L for
My . We can determine this analytically. Following the derivation in Chapters 1 and 3

Veer(T) = Vpe,(T) + M AV, ,(T)

V(l T)—I—V(T)T V1<T>
= YGo - BE: (nom) — pVrin
T(nom) ’ T(nom) T(nom)
To.(T Io (T
+Vrln (A> +MVTln< o )N), (7.16)
IQz(T(nom)) IQz(T)

where Equation 1.4 is substituted into Vzg(T) instead of Equation 1.7 because the collector
current is assumed to be high order temperature dependent. Similarly, Equation 1.14 is applied
in the case of AVpg, ,. The temperature dependence of Vzgr can be computed by differentiating
with respect to T', which yields

aV -V Ve, (Tiom k T k 1o (T
ree _ —Voo BE (T( ))—,o—(ln( >+1>+—ln< 0;(T) )
oT T(nom) T(nom) q T(nom) q I 03 (T(nom))

i o g (iem )
+MVy <1Q11(T) alng(T) - 1Q21(T) IQaz(TT)) . (7.17)
Note that
Io(T) = Io,(T) = Io,(T) + Ip.1,(T) = I(T). (7.18)

If we further assume Iy, >> Is, then we can simplify Equation 7.17 as

aV, V Tn()m -V k r k
REF _ BE (T(nom)) G0+(1_p)_ <1—|—ln( >>+—MlnN
oT T(nom) q T(nom) q

1 3lp(T) 1 3lg,(T)
+MVT<IQ1(T) 0T Ig(T) 9T ) 719
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where we assume the PTAT current 1p,(T) = go + 1T ~ g T for T >> 1. If we substitute
Equation 7.18 into Equation 7.19, we shall get

av, Ve, (Tinom) — Ve k T k
ReF VBE,(Ttnom)) G0 41— = (1+1H<T )>+—M1nN
(nom) q

orT B T(nom)
1 oI(T 1 ol(T)—1 T
v (1) (T) = Ip.ai, ()
I(T) oT I(T)— Ipm,(T) aT
Ve, (Thiom) — Vi k T k
~ Ve Tom) D1 —p)= <1+ln< ))—I——MlnN
T(nom) q (nom) q
Vr ol T
T D,MN( ) (720)
I(T) oT

Note that Equation 7.12 yields

Ip m,(T)

3T = a1 + 2a(T — T3),

which when substituted into Equation 7.20 yields

8V V 3 Tnom - V k T k
rer . Vo, (Toom) Y-t <1+ln< >>+—MlnN
oT T(nom) q T(nom) q

Vr
1(T)

+M (a1 + 2ax(T — T)).

Our target is to set up the proper a; and a,, such that there are two temperatures 7, and

Tinomy 1n the temperature range of interest [Ty, Tnax] With Tinemy < T2, and %lT:T‘(nom) =
0 VrER
aT

|r=7, = 0. Comparing the coefficients implies the following two functions

V Tnom -V T k
bt (Tiaom) = Voo )) +-MIN,
Ttnom) q

T(nam)

F(T) = +(1—p)§ (1+ln<

Vr
I(T)

F(T)=M (a1 + 2a)(T — Tr)),

have to satisfy

Fl(T(n()m)) = FZ(T(n()m)) = 0, (721)
Fi(T>) + F»(T>) = 0. (7.22)

The constraint in the Equation 7.21 is the same as that of the conventional opamp based S-
multiplier bandgap voltage reference circuit to achieve near-zero TC at T{,,). If this constraint
is satisfied, the Vggr will exhibit a local maximum at 7" = T{,,,,). The additional constraint
in Equation 7.22 will achieve a local minimum at 7" = 75, through second order temperature
compensation, since the coefficients a; and a, are functions of the size of the transistor M5
and the resistance of Rj3. For a given temperature dependent Vggp variation, Equations 7.21
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and 7.22 can be applied to determine 73, a;, and a, which in turn will determine R3 and Sy,
of My. When Equation 7.22 is satisfied, Vgzgr will exhibit a local minimum at 7 = 75.

With a large number of design parameters in Equations 7.21 and 7.22, the best way to fit Vggp
to a predetermined temperature response is to perform a least squares fitting which minimizes
the sum of squares difference between the temperature characteristic of Vggr and the expected
temperature characteristic curve. The typical targeted temperature characteristic curve is a
constant over the temperature range of interest. Such a technique was first proposed in (Cave,
2005) for piecewise linear temperature compensation voltage reference circuit topology, and is
general enough to take care of any practical situations. However, the above system of equations
are high order functions of temperature, and therefore cannot be solved analytically. Instead,
SPICE simulation has to be applied to perform the least squares fitting. In the worst case,
trial and error calculations with SPICE simulations are performed manually to achieve a low
temperature coefficient voltage reference circuit over a wide temperature range. However, the
analytical analysis should always be performed to ensure that it is possible for the circuit
topology under consideration to achieve the desired performance before going into the tedious
trial and error design loop.

7.2.3 Current Addition

The current source in Figure 7.3(b) can be used in opamp based B-multiplier second order
temperature compensated bandgap voltage reference circuit through current addition at node
A (negative input node of the opamp), which has the same effect as current subtraction at
node B (positive input node of the opamp) discussed in Section 7.2.2. Figure 7.6 shows a
second order curvature compensated bandgap voltage reference schematic that makes use of
the addition of second order temperature dependent current source. The Vggr(T) obtained by
this circuit has exactly the same form as that given by Equation 7.16, while 1y, (T') is being
modified in this circuit and is comparable to /o, (T) of Figure 7.5. The temperature sensitivity
of the circuit can be analyzed in a similar manner as that in Section 7.2.2 with the assumption
that Io, = 11 + Ip m, >> Ip m,,and Ip, = Ip, = I} = 1. As aresult,

aV Ve, (Thom) — Vi k T k
rer . VeE,(Toom) GO+(1—p)—(l+ln( >)+—M1nN
oT T(nom) q T(”l?m) q

Vr
— Mﬁ (di +2do(Ty = T)),

where Ip y,(T) = do 4+ di(T) — T)for T < T;. Our target is to properly set up d; and d», such
that there are two points T ar;d Ttnom) 1n the tgmperature range of interest [T}, Tinax] such

v, v, . )
that 75, < .Tl < Ttnom)s anq S T = Topomy = 5 |T=1, :.O. By comparing the coefficients
of the two differential equations, we shall obtain the following two functions

T k
+—-MInN,
Tnom) q

V Tnom - V k
F(T) = 25 (Towom) = Vao +(1—p)= (1 +ln(
Tnom) q

V.
Fy(T) = MT;)(dl +2dy(Ty — T)).
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Figure 7.6 The schematic of second order temperature compensated voltage reference circuit by
current addition with second order temperature characteristics.

which have to satisfy

Fl (T(nom)) = F3 (T(nom)) = 0’ (723)

Fi(Ty) — F3(T) = 0. (7.24)

Fi(T) is exactly the same as that in Section 7.2.2. As a result, satisfying Equation 7.23
will produce a Vggr with a local maximum at T = T(,,mm). The function F3(7') has the same
form as that of F»(7T) in Section 7.2.2 with a; changed to di, and T, changed to 7. When
Equation 7.24 is satisfied, Vggp will exhibit a local minimum at 7 = T7, since the coefficients
d, and d, are functions of the size of the transistor Mp and the resistance of Rp. Thus, for
a given temperature dependent Vzgr variation, Equations 7.23 and 7.24 can be applied to
determine 77, d;, and d, which in turn will determine Rp and Sy, of Mp. Similar to the
discussions in Section 7.2.2, the least squares fitting method can be applied to determine the
best Rp and Sp,, although the trial and error method using SPICE simulation will be more
convenient in practice.
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7.3 BJT Current Subtraction

As discussed in the introduction of Section 7.2, a current source with second order temperature
dependency can be conveniently obtained by the BJT in the same way as that in the output
stage of the opamp based B-multiplier bandgap voltage reference circuit. (The second-order
temperature dependent nature of the BJT Vg voltage is one of the major reasons why there is a
need to implement second order temperature compensation to obtain a low 7'C reference voltage
over a wide temperature range.) When this BJT current source is appropriately connected to the
voltage reference circuit, it forms a current sink and hence functions as second order current
subtraction circuit to achieve second order curvature correction similar to that in Section 7.2.2.
Consider the schematic of the opamp-based B-multiplier bandgap voltage reference circuit in
Figure 7.7 with the BJT current subtraction, which is first discussed in (Gunawan et al., 1993).
The resistors in the circuit satisfy R3 = Rg, R4 = R7, and Rs = Rg. The emitter areas of Qy,
0>, O3, and Q4 are in the ratio of 1 : N : 1 : 1. Note that the negative feedback configured
opamp will bias the input voltages to be the same, thus

Va = Vs.

Therefore, with Rs = Rg, the currents that flow through Rs and Rg will be the same and equal
to I,. Assume the opamp is ideal, no current will be flowing in/out of V. and V_. As a result,

O T @
M, M, M, M M;

VRE F

2

Figure 7.7 The schematic of opamp based S-multiplier bandgap voltage
reference circuit with BJT current subtraction to achieve
second order curvature correction (Gunawan et al., 1993).
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the currents that flow through R4 and R; will be the same, hence

Va=Vge, + bRy = LR7+ 1LR) + Vgg, = V3
Vee, = +11 Ry + Vgg,

Vae, — VaE,
I = Bh T EE
R,
11 _ AVBEIZ
R,
In(N
I = ( )VT
R,

Assume the opamp has infinite input impedance, where the input currents are close to zero.
Therefore the current flowing through R, equals that of Rs. Similarly, the current flowing
through R equals that of R;. As a result,

1

L= —
Ry + Rs

VBEI .

Furthermore, if S4 = S} = S, = S5, then the current mirror formed by My, M, M,, and M5
will have the same current flowing through each MOSFET. Since Ag, = Ag,, and Ig, = Io,,
therefore,

Vae, = VBE,-

As a result, the currents that flow through R; and Rg will be the same, and equal I3. If we
consider the KVL of O, R3 and Q3, which yields

I3R3 + Vg, = Vag,

Vee, — VB,
Iy = 25— TEE
R3
13 _ AVBEI 3
R3
)i In (T/ T(nom))
3= R,

The KCL at node C implies I = I} 4+ I, 4 I3, and the current mirror pair formed by M, and
M5 copies the current to the output branch. By selecting S, = S5, we shall obtain

Veer = IR
IH(N) 1 lIl(T/ T(nom))
= V. —V, —Vr )R
( R, ! Ri+ Rs B R3 Ty
R R4+ Rs
— In(N) | V- V
R4+ Rs (( R, n( )> r ¥ Ve

Ry + R T
1 V. 7.25
* ( R;3 ! (T(nom) )) T) ( )
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We may express Equation 7.25 as

Veer = K1 (KaVr + Vig, + K3 In(T / Tguom) V)
= K1 (Vrer-conv + K3 In(T / Tinom)) V) (7.26)

where K| = ﬁ, = R“RLIRS In(N) and K5 = R“RL;%. We can observe that K is equivalent
to the factor M in the conventional Vggr_cony given by Equation 3.5. Furthermore, it is
clear that when T = T,,,, the voltage reference obtained by Equation 7.26 will have the same
form as that of the conventional bandgap voltage reference circuit at 7(,,,). As a result, at least
in theory the voltage reference circuit in Figure 7.7 has compatible performance at 7 = T,
with that of the conventional opamp-based S-multiplier bandgap voltage reference circuit in
Figure 3.8 discussed in Chapter 3. At other temperatures, the high order temperature dependent
term K3 In(7'/ T,10m)) Vr Will compensate the second order temperature dependent term of Vpg, .
This is achieved by an appropriate selection of the resistor R to drive Q3. Consider the case
of & = 1 (the reader should refer to Section 1.1). As a result,

R4+ Rs
L R S
R3

R R
Ry = 4+ 5’
p—1

can be chosen to achieve high order curvature compensation.

Note that the high order temperature dependent term K3 In(7"/ T(0m)) Vr has the same form
as curve C in Figure 7.2, thus the high order curvature corrected Vggr in Equation 7.26 will
behave similarly to Figure 7.2(c).

7.4 Piecewise Linear Compensation

The second order temperature compensation of the opamp based S-multiplier bandgap voltage
reference circuit by both the addition/subtraction of a current sink/source with high order
temperature coefficients has been shown to be able to achieve a reference voltage with low
TC in Section 7.2. As a result, it is tempting to consider the application of both addition and
subtraction of currents with high order temperature dependency to achieve a reference voltage
with low TC over an even wider temperature range than those in Section 7.2.

Such temperature compensation technique is known as the piecewise linear compensation
method. To understand how to achieve piecewise linear compensation, let’s consider the tem-
perature compensation topology of various curvature compensation techniques of the opamp
based B-multiplier bandgap voltage reference circuit that we’ve studied so far, and which
is summarized in Figure 7.8. With reference to Figure 7.8, the conventional opamp based
B-multiplier voltage reference circuit has k;y = 1, ko, = M, k3 = k4 = 0. The second order
compensated voltage reference circuit in Section 7.2.3 has k; = 1, ky = M, k3 = ¢, and
ks = 0, where ¢, is the scaling constant of the second order temperature dependent source
n1(T). The second order compensated voltage reference circuit in Section 7.2.2 has k; = 1,
ky =M, k3 =0, and ks = ¢,. These two high order temperature compensated voltage
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ny(T) at T; Vrer

I’lg(T) at Tg k4

Figure 7.8 A topological overview of a three-section
curvature corrected opamp based S-multiplier bandgap
voltage reference by the addition of two second order
temperature dependent voltage sources.

reference circuits have illustrated the piecewise compensation technique with two distin-
guished temperature regions, which are [7,,;,, T1] and [T}, T,,,,] for the circuit in Section
7.2.2, and the temperature compensation result will behave like Figure 7.2(a). In the case
of the voltage reference circuit in Section 7.2.3, the temperature regions are [7,,;,, T»] and
[7%, Tnax ], and the temperature compensation result will behave like Figure 7.2(c). The piece-
wise linear compensation method will allow an arbitrary ki, k», k3, k4, n1(T), no(T), T7, and
T,. As a result, a three-section temperature compensation voltage reference circuit can be
achieved by selecting k; = 1, k, = M, ks = ¢, and k4 = ¢, in Figure 7.8. The temperature
region of interest is divided into three distinguished regions [7,,;,, T11, [T1, T>], and [T%, T,4x]
as shown in Figure 7.8. The temperature compensation result will behave like Figure 7.2(b).

The piecewise compensation will allow an arbitrary k;, k, k3, and ky, n((T), n(T) and
Ty, T,. As discussed at the end of Section 7.2.2, with such a large number of parameters,
the best way to fit such a large number of parameters to achieve a reference voltage with a
pre-determined temperature response is to perform a least squares fitting that minimizes the
sum of squares difference between the temperature varying Vzgr and the desired Vggr.

However, being too general also means that a lot of design freedom is required to implement
the obtained voltage reference. In reality, not only do such design freedoms not exist, there
are usually added design constraints due to the nature of the second order curvature correction
sources n; and n,. Fortunately, the divide and conquer method can be applied to simplify
the design. Knowing that the two second order current sources n1(7T) and n,(7) will act at
different temperature regions, we can therefore make use of the results in previous sections
(Section 7.2.2 and 7.2.3) to help to design ki, k>, k3, k4, T1, and T,. However, in order to
achieve the lowest TC, the reference voltage against temperature should exhibit equal ripple
property to that shown in Figure 7.9. As a result, in addition to the alternative slope, and
the maximum and minimum saddle points requirements in Equations 7.21, 7.22, 7.23, and
7.24, we shall also have the Vggp obtained in Section 7.2.2 at 7, has the same voltage
as the Vggp obtained in Section 7.2.3 at 77. Such that the equal ripple property will be
fulfilled.
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Figure 7.9 Illustration of the piecewise temperature
compensated reference voltage with three sections,
where the obtained reference voltage exhibits equal

ripple property.

Let Vggp (T) be the Vgygr obtained by the circuit in Figure 7.5 in Section 7.2.2, and Vggpo(T)
be the Vggr obtained by the circuit in Figure 7.6 in Section 7.2.3. In that case, the equal ripple
constraint can be stated as

Vrer1(T2) = Vrera(Th). (7.27)

Furthermore, at the two ends of the of the temperature range of interest [ 7,4, Tinin], We
shall have

VeREF,(Tnax) = VrREF,(Thin)- (7.28)

The obtained Vzgr(T') will exhibit equal ripple property as shown in Figure 7.9. Collabora-
tively, Equations 7.21, 7.22, 7.23, 7.24, 7.27, and 7.28 will be the complete design constraint
for the temperature compensation topology in Figure 7.8 to achieve the lowest temperature
coefficient. The overall schematic that implements the temperature compensation topology
in Figure 7.8 is shown in Figure 7.10, which is clearly a marriage of the two schematics in
Figures 7.5 and 7.6.
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Figure 7.10 Illustration of Iy, of the piecewise
compensated bandgap voltage reference circuit.



High Order Curvature Correction 243

7.5 Sum and Difference of Sources with Similar Temperature
Dependence

The first order temperature compensated voltage reference circuit that sums the PTAT and
CTAT sources has been shown to be able to obtain a reference voltage with a concave tem-
perature dependency. It is this concave shaped temperature characteristic that helps to provide
the low temperature coefficient within a limited temperature region (with reference to the
approximation theory, three extremes are required to provide the best 2"¢ order polyno-
mial approximation). Previous sections have discussed adding various high order temperature
dependent voltage/current sources to the core of the opamp based B-multiplier bandgap volt-
age reference circuit to achieve a reference voltage with low temperature coefficient over a
wide temperature range. On the other hand, it seems to be more intuitive to add a properly
scaled downward curvature first order temperature compensated voltage to a upward curva-
ture first order temperature compensated voltage as shown in Figure 7.11(a) to obtain a high
order curvature corrected reference voltage. In a similar analogy, a properly scaled downward
curvature first order temperature compensated voltage can be subtracted from a first order
temperature compensated voltage as shown in Figure 7.11(b) to obtain a high order curvature
corrected reference voltage. Actually, a general temperature compensation voltage reference
circuit involves the mutual compensation of voltage sources of similar temperature dependent.
The voltage reference circuit that makes use of NPN BJT and PNP BJT will provide two
voltage sources with a concave temperature dependence characteristic that are a shift from
each other, and hence similar. When these two voltage sources are subtracted from each other,
a low TC reference voltage over a wide temperature range can be obtained. Such implemen-
tation is very straightforward, and can be applied to any voltage reference circuit. As a result,
if sub-1V voltage reference circuits are applied to generate the voltage sources with similar
temperature dependence, we shall easily obtain a low TC sub-1V reference voltage. In the
following, we shall discuss the detailed design of such a voltage reference circuit, where the
opamp based SB-multiplier sub-1V voltage reference circuit discussed in Section 6.3.1 will

]1 [2 11 12
Sub-circuit
N current P
sources
T T T T
)q—/ [REFV
T
(a) (b)

Figure 7.11 Mutual compensation of voltages with similar temperature dependence: (a) voltage
addition, (b) voltage subtraction.
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be applied to generate the voltage sources with similar temperature dependency. The pros
and cons of this voltage reference circuit will be discussed in detail. The design flexibility of
this voltage reference circuit is traded for power efficiency in Section 7.5.3, where voltage
sources with similar temperature dependency are obtained from thermal devices with similar
but inversely dependent temperature characteristics.

7.5.1 Difference of Voltages with Similar Temperature Dependence

To understand and analyze the design and implementation of mutual compensation of voltage
sources with similar temperature dependency using conventional opamp based S-multiplier
bandgap voltage reference circuit, we shall consider a particular implementation by (Ker
etal.,2006). The sub-1V opamp based S-multiplier bandgap voltage reference by resistive sub-
division presented in Section 6.3.1 can be applied to design sub-circuit 1 shown in Figure 7.12.
The current Ipg, ,,, will have the characteristic concave shape with respect to the temperature
as investigated in Section 6.3.1. If a temperature compensation scheme by current subtraction
is applied, the similar temperature dependent source should be a current source of concave
shape with respect to temperature which is a shift of that of sub-circuit 1. The method presented
in Ker et al. (2006) to obtain such a shifted current source is by the use of opamp based S-
multiplier bandgap voltage reference circuit constructed with NPN transistors as shown in
sub-circuit 2 in Figure 7.12. While the derivation of the operation of the sub-1V current source
in sub-circuit 2 is left as exercise for the reader in Chapter 5, it should not be difficult for the
reader to understand that Iy, . is given by

I _ 1 (v + Ry N (7.29)
M; NPN — R BE, NPN R T NPN | - :
1,NPN 3,NPN
1 I MP”P
anpn MI MZ
R3bnpn Ranpn
R VrEF O—9—@
3anpn RZunpn
R g

M, M;
Mann M]npnl M3npn

Sub-circuit 2 >|< Current Addition

L
r

8 N
T 1

Sub-circuit 1

Figure 7.12 Sub-1V bandgap voltage reference by resistive sub-division with NMOS transistors
current mirror based S-multiplier, and the complete schematic (Ker et al., 20006).
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Similarly, we have derived in Section 6.3.1 that Iy, ,, 18 given by

I - ! Riee s 1o N 7.30
M pnp = Riovr VBE, pyp + mVT nNpnp | - (7.30)

Itis clear from the equation that /, , ,, has a similar temperature dependence as that of Iy, ,,
scaled by a factor K and a temperature shift. If both currents are designed to achieve zero
temperature coefficients at 7., then the difference between K [ My NPN and Iy, ,,, will has a
very low temperature sensitivity. The scaling factor K can be achieved by simple current mirror
as shown in the current addition sub-circuit in Figure 7.12. By selecting S; : S, = 1: K, and
S3 = S4, the output Vggr in Figure 7.12 is given by

Vrer = R4(K Irgrnpy — IREFPNP)

K 1
= Ry — (Vae, nen — Ve, prp)
Rinen  Ripnp

KInN, In N,
—I-VT( nANypy 10 PNP))_ (7.31)
R3 npv R3 npN

Knowing that the temperature dependence of Vg  NPN is similar to that of Vg, ,,,, therefore
Vg E,NPN — VBE, v, Will be a temperature independent term, and hence is Vggr obtained in
Equation 7.31. To investigate the minimum operating voltage of this voltage reference circuit,
we observed that the minimum supply voltage of the circuit in Figure 7.12 is the maximum
of that of the sub-circuits 1 and 2 in Figure 7.12. Both sub-circuits have a minimum operating
voltage lower than 1 V. As a result, the voltage reference circuit in Figure 7.12 is also a sub-1V
voltage reference circuit.

This topologically simple voltage reference circuit does pose several design difficulties.
The design problems include the search of the scaling factor K, and the mismatch of the
temperatures that achieve zero TC between the two bandgap voltage reference sub-circuits.
While trimming the current mirror formed by M; and M, can be applied to adjust K, post-
fabrication adjustment of the zero 7C temperature of the bandgap voltage reference sub-
circuit may jeopardize the concave shape of the temperature characteristics of Iggrypy and/or
Irerpnp, and hence created another curvature error source that affects the minimization of
the temperature coefficient of the overall obtained reference voltage over a wide temperature
range. To avoid this problem, it may be wise for us to use sub-circuits that have the same circuit
topology. The following section will discuss the generation of current sources with concave
and convex temperature characteristics using the same bandgap voltage circuit topology.

7.5.2  Sum of Voltages with Inverted Temperature Dependence

The conventional opamp based S-multiplier bandgap voltage reference circuit will produce a
reference voltage with a concave shape with respect to the temperature. The sum of voltages
with similar temperature dependence to obtain a near-zero 7C reference voltage would require
another opamp based g-multiplier bandgap voltage reference circuit that generates a reference
voltage with a convex (or downward concave) shape with respect to the temperature. This can
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Figure 7.13 Schematic of a high order temperature compensated voltage
reference circuit by sum of current sources with inverted temperature property
(Zhou et al., 2006).

be achieved by making use of resistors with different temperature property in the conventional
opamp based B-multiplier bandgap voltage reference circuit.

To invert the concave shaped temperature dependence of the reference voltage obtained
by the bandgap voltage reference circuit from downward to upward, we shall make use
of resistors with different temperature properties. Consider the voltage reference circuit in
Figure 7.13, which is formed by three sub-circuits. Sub-circuits 1 and 2 are conventional
opamp based B-multiplier current sources with R; and R3; implemented by non-silicide N+
poly resistor and non-silicide P+ diffused resistor, which have T¢r equal —1350 ppm/°C and
1410 ppm/°C, respectively. These two resistors not only have inverted temperature coefficients,
they also have close absolute values z of the T¢g. Consider the resistor value of R; and R;
expanded at T = Tj.

Ri(T) = Ri(To)(1 — M(T — Tp)), (7.32)
R3(T) = R3(To)(1 + Ao(T — Tp)), (7.33)

where A; and A are the absolute value of the temperature coefficients of R; and Rj, respec-
tively. With sub-circuits 1 and 2 are conventional opamp based B-multiplier bandgap voltage
reference circuits and sub-circuit 3 is a current adder, the voltage reference circuit in Figure 7.13
yields

1 1
V; =|— 4+ — | Ry In(N)V. VsE..
REF <R1 + R3) > In(N)Vr + Vi,

We notice that by equating the differentiation of Vggr with respect to T to zero at T = Tiyom)

aV 1 1 aV
REF _ (_ n _) Ry In(N) =L
T'=Tnom) Ry Rs o

oT

0 VBE,

=0,
aT

T= T(n()m)

T'=Tnom)
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will give us the resistor ratio to obtain a near-zero 7TC reference voltage at T = T(,om). In
particular

9%V, 1 1 32V 3%V,
e = <_ + —) RyIn(N) — = <0. (7.34)
oT T=Tnom Rl R3 oT T=Tnom) oT T=Tnom)
Since 382}/{ > (, therefore, it is clear that there exists factor A such that
T=T(nom)
0%V, 0%V,
ARy In(N) — = > 0. (7.35)
8 T T=T(nom) a T TZT(I’!OWL)

As a result, we can design Vg obtained by sub-circuits 1 and 3 to follow Equation 3.12.
Similarly, Vg gr> can be obtained by sub-circuits 2 and 3 that have the near-zero TC reference
voltage at T(,,,) while the second order derivative of Vg > has the opposite sign. Obviously
this can be achieved with A given by R% that satisfies Equation 7.35, R, given Equation 7.32,
and Rs given by Equation 7.33. With sub-circuit 3 acts as a current sum circuit, as a result,
the circuit will generate Vggr being a linear compensation of Vgzgr; and Vggp,. The similarity
between the temperature dependence of sub-circuits 1 and 2 can be adjusted by M3 and My,
which will in turn adjust the current mirrors containing M3 and My to alter the current values
of the current sources from sub-circuits 1 and 2, respectively. Such voltage reference circuit is
first proposed in (Zhou et al., 2006; Figure 7.13). Theoretically, this voltage reference circuit
has a similar curvature correction property as that in Section 7.5.1. However, since the same
circuit topology is applied to generate the voltage sources of similar temperature dependence
in this circuit, while different circuit topologies are applied to generate the voltage sources of
similar temperature dependence in the voltage reference circuit in Section 7.5.1, as a result,
this voltage reference circuit will suffer less from the device mismatch compensation error
problem and hence can achieve higher performance.

7.5.3  Multi-threshold Voltages Curvature Compensated Voltage Reference

The mutual compensation of voltage/current sources with similar temperature dependence
can produce reference voltages with very low temperatures. The drawback is the increase
in quiescent current of the voltage reference circuit. Note that each temperature dependent
voltage/current source is generated by one sub-circuit. In the case of Sections 7.5.1 and
7.5.2, each sub-circuit is itself a conventional opamp based B-multiplier bandgap voltage
reference circuit. Therefore, the mutual compensation of voltage/current sources with similar
temperature dependency voltage reference circuits in Sections 7.5.1 and 7.5.2 will be more
than twice that of the conventional opamp based B-multiplier bandgap voltage reference
circuit. The high power consumption will not only prohibit the implementation of the mutual
compensation of voltage/current sources with similar temperature dependence in power source
limited applications, such as battery operated devices, etc., it will also cause self-heating and
thus lower the temperature coefficient of the voltage reference circuit in actual implementation
when compared to that obtained from analytic analysis.

A typical method to lower the power consumption of the mutual compensation of voltage
sources with similar temperature dependence is to make use of device characteristics obtained
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from different devices that have similar temperature dependence instead of complicated cir-
cuits that generate voltage sources with similar temperature dependence. One of such device
characteristic is the threshold voltage of MOSFETs. The application of the threshold voltage
of MOSFET to design voltage reference circuits has been discussed in Section 5.3. Similar to
Section 5.3, the V;;, of the MOSFETs can be applied to construct CTAT current source for the
design of a BJT free voltage reference circuit. However, the threshold voltage is highly process
dependent and temperature sensitive. Thus a relative value rather than an absolute one should
be used, such that mutual compensation between the V;;, of two devices will alleviate the pro-
cess variation problem. As discussed in Section 1.2.4.1, the threshold voltage can be obtained
from the differential gate-source voltage of MOSFETsS biased at the saturation region. If there
exists MOSFETs that have different threshold voltages with similar temperature dependence,
and the threshold voltages are tightly controlled in the fabrication process, then, subtracting
the threshold voltage of one MOSFET from the other will yield a constant voltage difference
which can be used as a reference voltage. Since the threshold voltages of the MOSFETSs fab-
ricated by a similar process with different doping will have similar temperature dependence,
therefore subtracting the threshold voltages will help to nullify the high order temperature
coefficients by mutually compensating the high order temperature coefficients of the threshold
voltages as discussed in Section 7.5.1. Another benefit of subtracting the threshold voltage is
that it will hopefully nullify the process variation problem of the threshold voltage at the same
time, as we have already discussed earlier in this paragraph.

In the age of multi-threshold voltages CMOS process being expensive, the threshold voltage
difference obtained from the MOSFET in enhancement mode and in depletion mode can be
used to generate near-zero 7C voltage reference (Song and Kim, 1993). Nowadays, MOSFETSs
with different threshold voltages can be easily obtained via a multi-threshold voltages process,
in which an additional implantation is involved to tailor the threshold voltage of the selected
transistors. As a result, voltage reference circuits can be constructed from the threshold voltage
difference extracted from the gate-to-source voltage (Vis) of the transistors fabricated with
different threshold voltages. Although the absolute value of the extracted threshold voltage is
not easy to get accurate, the relative accuracy of the threshold voltage difference is shown to be
fairly high in (Maloberti, 2001), hence it can be used to generate an accurate reference voltage.

Figure 7.14 shows the circuit generating the threshold voltage difference from transistors
M, and M, (where a similar circuit has been presented in (Ugajin et al., 2002), and is a
modification from the voltage reference circuit proposed in (Blauschild et al., 1978) to work
with enhanced MOSFET devices alone). The transistors M; and M, have different threshold
voltages, V;,, and V;;,,, respectively. These transistors are biased at saturation. As a result, the
gate-to-source voltage drop of the two transistors is equal to Vy;, and V;,, on M; and M>,
respectively. Hence, the positive input of the opamp is —V;;,. Assume the opamp is ideal, the
feedback loop formed by the opamp and M, will guarantee the voltages at the positive input
terminal and the negative terminal to be identical, and thus

Veer — Vin, = —Vin,
Veer = —Vin, + Vinys (7.36)

where the gate-to-source voltage drop of M, is —V;y,.
This circuit works with any current source. Assume a low voltage opamp is being applied
in the schematic in Figure 7.14, a sub-1V voltage reference circuit can be easily obtained by
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Figure 7.14 Threshold difference reference circuit
(a modified voltage reference circuit from (Ugajin, 2002)).

VREF

making use of peak current sources to generate /; and /,. Figure 7.15 shows the schematic of
the complete voltage reference circuit with the core as that in Figure 7.14. The two current
sources I} and I, can be made the same by choosing S;3 = S4. Furthermore, the two transistors
M, and M, have to be biased to work at saturation. As a result, we can choose S3 and S,
appropriately, such that /; = I, = 6 HA in the process under concern. Such a multi-threshold
voltages temperature compensated voltage reference circuit is simple and can provide reference
voltages with low TC. It has been demonstrated as able to achieve 33.8 ppm/°C over a wide
temperature range of —50 °C to 75 °C by (Song and Kim, 1993). However, this method still has
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Figure 7.15 Schematic of the mutual compensation of voltage sources with similar
temperature dependency voltage reference circuit based on the multi-threshold voltages
MOSFETs (a modified voltage reference circuit from (Ugajin, 2002)).
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several drawbacks. First, although the multiple threshold voltages process is not as expensive
as before, it does require some special process steps which are not often available in standard
CMOS processes. Second, the absolute output voltage is not easy to control because of the
variation in the extra implantation steps required to obtain multiple threshold voltages. Post-
fabrication processing is often required to adjust the final value of the reference voltage.
Last, a dual supply is required for this circuit (note that the supply voltage in Figure 7.15 is
+Vpp), which is not easily available in a lot of applications, such as battery operated systems.
Nevertheless, the dual supply will also mean small supply voltage headroom.

In the next section, we shall show you how to obtain a mutual compensation of voltage
sources with similar temperature dependence voltage reference constructed with a differential
threshold voltage similar to that of Equation 7.36 obtained from the intrinsic threshold voltage
difference between Vy, , and Vy, , of NMOS and PMOS, respectively. Similar to the multi-
threshold voltages process, the threshold voltage of P-channel and N-channel MOSFETS in
the standard CMOS process tends to vary in the same direction and thus can form a pair of
voltage sources with similar temperature dependence.

7.5.3.1 Threshold Voltage Difference between PMOS and NMOS

The PMOS and NMOS transistors are the intrinsic multi-threshold voltages MOSFETsSs in
all commercial CMOS processes. This section will present a multi-threshold voltages based
voltage reference circuit using the difference between the threshold voltages of PMOS and
NMOS, which has a simple circuit, low power consumption, and a small silicon layout area. To
achieve the above design criteria, opamp cannot be applied in the voltage reference circuit. The
core of PMOS and NMOS threshold voltages extraction circuit is shown in Figure 7.16, where
Mg and M7 are PMOS and NMOS transistors respectively. Assume the current flowing through

VREF

Figure 7.16 Schematic of the
voltage reference core circuit based
on the PMOS and NMOS threshold

voltage differences (Kong, 2007).
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the two transistors is the same, and both transistors are biased at saturation. As a result Vzgp is
given by

Veer = Vs, — Vs,

— Vth,p Mpcox,p S6 th,n Lin Cox,nS7
V, Vinn + 21 ! ! (7.37)
= Vihp — Vihn 4 - :
p \//,Lp Cox,psﬁ \/Mn Cox,nS7
= Vth,p - Vth,n’ (7.38)

where I, is assumed to be small, and thus the square root of /4 is even smaller. Furthermore,
Se and S7 are designed to be large such that the terms inside the brackets in Equation 7.38 is
practically zero.

To construct a sub-1V voltage reference circuit, the two current sources in Figure 7.16 can
be implemented by peak current source, and the overall schematic is shown in Figure 7.17.
The current ratio can be easily obtained by choosing Sg = 2S5 and S9 = S19. The simulation
result of this circuit can achieve 60 ppm/°C over a wide temperature range of —50°C to
75°C. This result is not as good as that obtained in Section 7.5.3. This is because even though
the term associated with /14 in Equation 7.37 is small (but not zero, due to geometric and
process variation problems), it is still compatible with 60 ppm/°C, and thus the temperature
coefficients of I, which is a PTAT current, will limit the temperature performance of the
voltage reference circuit. Nevertheless, the lack of opamp in Figure 7.17 makes this circuit as
attractive as that in Figure 7.14.

Such voltage reference circuit is first proposed in (Kong, 2007) and there are other voltage
reference circuit constructions that are variations of the above presented voltage reference
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e .
1 [
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Figure 7.17 Voltage reference circuit based on the PMOS and NMOS threshold
voltage differences (Kong, 2007).
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circuit, such as that discussed in Section 6.5 which is first presented in (Leung and Mok,
2003). The circuit in Section 6.5 replaces the direct subtraction with a weighted difference
circuit. This improves the temperature compensation precision in exchange for the reference
voltage precision. A costly trimming circuit can be applied to adjust the resistivity ratio to
obtain the necessary variation requirement of the nominal value of the reference voltage.

7.6 Summary

The methods presented in this chapter have been implemented with various variations and
presented in the literature, which include the mutual compensation of voltage sources of sim-
ilar temperature dependency such as that presented in (Ker et al., 2006) which compensates a
concave first-order curvature compensated term with a convex first-order curvature compen-
sated term, where both terms have the same center temperature. Perfect compensation could
only be achieved if the curvature of these two terms are the exact opposite of each other and
the alignment of the center temperature is accurate. Moreover, such methods require the use
of resistors and opamps, which are not favorable. The thermal sensitive resistor compensation
techniques presented in (Zhou et al., 2006) achieves mutual compensation of voltage sources
with similar temperature dependency by using resistors with different 7Cs. This method
relieves the mis-alignment problem of the zero TC temperatures of the two voltage sources
by using voltage sources with the same circuit topology. The drawback is the increase in
silicon area because of the increased layout size of the resistors. Other higher order compen-
sation technique introduces high order temperature dependent source to the bandgap voltage
reference circuits to lower the temperature coefficients of the obtained reference voltage. In
(Song et al., 2004), a second order temperature dependent source obtained from the output
is fedback to bias the PNP transistor, thus creating a high-order temperature dependent PTAT
source that compensates the high order temperature dependent terms in the CTAT source. The
performance of such a compensation method greatly depends on the accuracy of the NPN
transistor model. In (Rincon-Mora and Allen, 1998), the nonlinear factor is implemented in
current-mode and it is added to the bandgap voltage reference circuit when the operating
temperature is higher than a pre-determined temperature, namely piecewise compensation.
The added current will cancel the second order temperature dependent term of the high order
temperature dependent thermal current of the MOSFETs. Theoretically, the higher the order
of the temperature compensation, the better the compensation. Based on this belief, a “third
order curvature correction” method is presented in (Leung and Mok, 2003). However, the
proposed third order compensation was in fact a second order compensation, because the
highest order of the PTAT voltage is only 2. However, no matter whether it is a “third-order”
or even a higher order temperature compensation method, the effectiveness of such compensa-
tion will be leveraged by the process variation problem (Falconi et al., 2005). Therefore, high
order temperature compensation methods with order higher than 2 are seldom found in real
world applications.

In 1978, Widlar proposed a configuration which exhibits an intended compensation of the
second-order temperature behavior. The principal difference from techniques presented in
previous references is that the transistors generating the base-emitter voltages are biased at
collector currents having different temperature dependencies. This results in different second-
order temperature behaviors obtained by the two base-emitter voltages and (partial) curvature
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correction by mutaul compensation becomes possible. In 1981, (Palmer and Dobkin, 1981)
presented a curvature corrected bandgap voltage reference circuit. The circuit adopted the
Widlar voltage reference circuit to form a linear temperature compensated voltage source as
the core. To achieve high order curvature correction, the current ratio of the current mirror
in the Widlar voltage reference is driven by temperature sensitive current sources, where one
branch of the current mirror is driven by a PTAT current source while the other branch is
driven by a CTAT current source. In a similar manner, (Gunawan et al., 1993) presented a high
order curvature compensated voltage reference circuit based on the voltage reference circuit
presented in (Hilbiber, 1964). The curvature correction was realized by biasing one of the
two BJT current paths with a PTAT current and a constant current derived from the reference
voltage to obtain a reference voltage with low TC.

A principally different way of curvature correction was discussed in Section 7.5. This tem-
perature compensation method makes use of the mutual compensation of voltage sources with
similar temperature dependence is considered to be the generalization of the mutual compen-
sation between PTAT and CTAT sources in the first order temperature compensation voltage
reference circuit. The voltage sources with similar temperature dependency can be constructed
by using devices with similar temperature dependency or through circuit topologies. The pros
and cons of these two methods are the post-fabrication trimming flexibility and the power
consumption of the overall voltage reference circuit while the voltage sources with similar
temperature dependency constructed by devices with similar temperature dependency have
the simplest circuitry and lowest power consumption, it is also difficult if not impossible to
perform post-fabrication procedures to adjust the similarity between the two voltage sources,
and hence this will result in large compensation error.

In comparison, it is the easiest to incorporate post-fabrication trimming circuitry into voltage
sources with similar temperature dependency constructed with smart circuit topology. Such
design and post-fabrication freedom is traded for high power consumption.

Among various voltage reference circuit topologies, the one that is considered to provide the
highest design and post-fabrication freedom, and achieves reference voltage with the lowest
TC, is the piecewise linear temperature compensation voltage reference circuit. However, the
voltage reference circuit also comes with the highest power consumption. In particular, when
the power consumption of the voltage reference is a major concern, the voltage summing circuit
topology can always achieve a lower power consumption than that of the current summing
circuit topology to design reference voltages with the same 7TC. On the other hand, even if the
same temperature sensitive devices are being applied, the current summing circuit topology
has been shown to be easier to manipulate than the voltage summing topology for voltage
reference circuit that generates reference voltage with similar temperature coefficients.

In the literature, there are many high order curvature compensated voltage reference circuits,
and some of them that are not discussed in this chapter are developed as exercises which will
guide the reader through the design procedure.

7.7 Exercises

Exercise 7.1  Figure 7.18 shows a modified opamp based B-multiplier bandgap voltage
reference with high order curvature compensation presented in (Malcovati et al., 2001).
Discussed in Chapter 3, there is a PTAT current passing through Q,, and the voltage across the
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Figure 7.18 Low TC bandgap voltage reference by compensating the high order
temperature dependent term of the Vg for Exercise 7.1.

BE nodes of Q- is given by Equation 1.7. Assume the current 1, is temperature independent,
then

Vee. (T) =V, 1 r Vee(T, r (9le T
BE,(T) = GO( —T)—l' BE( r)?_(p_ )? n<?>

r r r

~

Derive the current 14 that flows through Rjy.

2. Note that since the same values of current are extracted from Ip y, and Ip y,, therefore
the B-multiplier is not upset, but just required to provide the extra current to compensate
the extracted current. Consider the case where S; = S>» = S3 = Sa. As a result, the current
passing through Rs equals I} + I, + 14. Derive the output voltage Vggr.

3. Select the resistor ratio R,/ R4, such that the high order temperature dependent term in

Vrer can be alleviated.

Exercise 7.2  (Curvature correction by additional temperature dependent current.)

(a) Derive Vggr in Figure 7.19 in the same form as that of the conventional B-multiplier
bandgap voltage reference circuit.

(b) Alow TC voltage reference circuit in the low temperature range can be obtained by adding
a current to R3. What is the nature of this current?

(c) Show that I,¢ in Figure 7.20 satisfies the requirement in (b).

(d) Design and simulate the complete high order compensated voltage reference circuit.

Exercise 7.3  The sub-1V B-multiplier bandgap voltage reference circuit using resistive
division that was discussed in Section 6.3 can be modified as shown in Figure 7.21 to achieve
a low temperature coefficient through the addition of a temperature dependent current with



High Order Curvature Correction 255

Figure 7.19 Bandgap voltage reference circuit for
Exercise 7.2

high order temperature coefficient. Note that when the temperature increases, Vg, decreases,
and so does the gate voltage of My which is obtained from the resistive voltage divider formed
by R3 , and Rs . With proper transistor size scaling, the added current 14 will be large enough
to affect the output voltage of the voltage reference circuit only when My is biased at saturation.

1. Let K = R3,,/(R3., + R3p), derive the expression that shows the turn on temperature
Of M,.

2. Derive the expression of 14 in terms of K, and show that it has a second order temperature
characteristics.

From
bandgap
core

Figure 7.20 High order temperature dependent current
for high order curvature compensation of the bandgap
voltage reference circuit in Figure 7.19 for the analysis in
Exercise 7.2.
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Figure 7.21 Higher order temperature compensated sub-1V opamp based
bandgap voltage reference circuit by resistive division through the addition
of a second order current for Exercise 7.3.

Exercise 7.4  Figure 7.22 shows a traditional voltage reference circuit that achieves high
order temperature compensation by adding high order temperature dependent currents at

selected temperature reg

ions.

1. Derive I, in terms of Vger, Rx, Ry, Rz, VpEg,, and Rp.
2. Design and simulate the voltage reference circuit in Figure 7.9 with Vggr achieving zero

TCat25°C.
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Figure 7.22 Higher order temperature compensated voltage
reference circuit by injecting a nonlinear current into the traditional
voltage reference circuit for Exercise 7.4.
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3. The voltage reference circuit in Figure 7.9 is applied to the schematic in Figure 7.20 with-
out Qs, Ry, M, and M from the schematic, that is, with only I, added to Vggr, adjust Rp,
Ry, Ry, and Rz, such that Vggr achieves zero TC at both 25 °C and 50 °C.

4. Using the result in Exercise 7.4.3, consider both I, and 14 are added to Vggr as shown
in Figure 7.20, adjust R, and Ry, such that Vrgr achieves zero TC point at 25°C, 50 °C,
and 75 °C.
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CMOS Voltage Reterence
without Resistors

In Chapter 5, we reviewed different temperature compensation techniques to design voltage
reference circuits. The general technique is of the mutual compensation between weighted
PTAT and CTAT sources. The PTAT source and the CTAT source can be in the form of cur-
rents or voltages extracted from different thermal characteristics of semiconductor devices.
Let’s consider the opamp based g-multiplier bandgap voltage reference circuit which has been
thoughtfully analyzed in Chapter 3. The opamp based S-multiplier bandgap voltage reference
circuit adopts the basic Vgr — AVpr compensation topology to produce a temperature com-
pensated reference voltage by summing up the Vg and a weighted A Vg with the factor M
as depicted in Equation 3.3. The schematic of the opamp based g-multiplier bandgap voltage
reference circuit is shown in Figure 3.4, where AVpg builds on R; will be converted to a
PTAT current I, by performing voltage-to-current conversion with I, = AVgg/R;. The PTAT
current [, is copied from the core circuit to the output circuit by the current mirror formed by
M, and M5. The PTAT I, is converted back to a PTAT voltage and summed with the CTAT
voltage Vg, via resistor R,. This will complete the generation of temperature compensated
reference voltage Vrpr = Vg, + (g—f In(N))A Vg, where M = 2—? In(N) with N being the
ratio of current densities between Q; and Q5. It can be noted that the weighting factor M in
the voltage reference circuit is generated along with the extraction of the A Vg from the Vg
of two bipolar transistors biased to have different current densities. The extraction of the A Vpg
involves a voltage-to-current conversion followed by a current-to-voltage conversion. The
conversion sequence also scales the PTAT A Vpg to match the required mutual compensation
with the CTAT Vg and to generate a temperature compensated reference voltage. The use of
a resistor to perform the current-to-voltage and voltage-to-current conversion is simple and
almost perfectly linear. However, the use of resistors inevitably increases the chip size and it
also results in increased noise coupling from substrate. In this chapter, we shall review several
conversion methods based on the inverse function approach (Torrance et al., 1985), which is
found to be a common approach for voltage-to-current or current-to-voltage conversion with-
out using resistors, and how to apply such conversion methods to the design of resistor free
voltage reference circuits (Buck et al., 2002; Hirose et al., 2005, 2008; Oguey and Aebischer,
1997; Tam et al., 2010; Ming et al., 2010).

CMOS Voltage References: An Analytical and Practical Perspective, First Edition. Chi-Wah Kok and Wing-Shan Tam.
© 2013 John Wiley & Sons Singapore Pte. Ltd. Published 2013 by John Wiley & Sons Singapore Pte. Ltd.
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8.1 Generation of Weighted PTAT Source By Inverse Functions

The use of resistors is a simple and direct method to accomplish the voltage-to-current and
current-to-voltage conversion to generate a weighted PTAT source for the mutual compensation
with a CTAT source. Besides the resistors, the MOSFETSs can also achieve voltage-to-current
or current-to-voltage conversion. However, due to the squares-law characteristics of the MOS-
FETs, the conversions are nonlinear functions. Fortunately, the nonlinearity of the conversions
can be canceled by the inverse function approach. Therefore, MOSFET is a promising device
to take the role of resistors in linear voltage-to-current or current-to-voltage conversions, at
the same time suppressing the reliability problems and adverse effects caused by the resis-
tor. The inverse function approach refers to the use of an inverse function pair to achieve a
voltage-to-current and a current-to-voltage conversion (Torrance et al., 1985). The function
pair can be a transconductance function (voltage-to-current conversion) and a transimpedance
function (current-to-voltage conversion), in which these two functions are not necessarily
linear in nature, but they have to be inverse functions of the other, such that their nonlinear-
ity can be canceled out when the two functions are applied consecutively. Let’s denote the
inverse function pair as f1(-) and f,(-), where fi(-) and f,(-) can be nonlinear functions and
fz_l(-) = M fi(-), with M being a scalar constant.

8.1.1 Weighted Differential Circuit

The inverse function pair can be implemented by transconductance and transimpedance func-
tions realized by groups of matched differential pairs that utilize the squares-law characteristic
of NMOS transistors. Figure 8.1 shows the schematic of a weighted differential voltage circuit
that performs the inverse function pair. This circuit consists of two differential pairs formed
by (M, M,) and (M3, M) connecting by a pair of current mirrors formed by (M5, Mg). The
differential pair (M, M,) performs the voltage-to-current (V — I) conversion that converts
the difference of V; and V, into a current. It should be noted that the converted current is a
function of (V,-V}). Then, the converted current is copied to the second differential pair (M3,
M) by the current mirror (Ms, Mg). Finally, the second differential pair (M3, My) performs
the current-to-voltage (I — V') conversion to generate an output voltage Vo, which is therefore
a function of (V,-V}). Assume all threshold voltages of the transistors are identical, the output
voltage Vo can be derived by first considering the differential pair (M, M;), which obtains

1

Vi—Vy =/ + Vi, (8.1)
Ak
163

Vo —Vy = ABx + Vin,, (8.2)

where k = %Su UnCox with S, is the W/ L of a unit size transistor adopted in the circuit. Then,

v_v—/lz— I (8.3)
2 b ABk Ax’ '
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Figure 8.1 A weighted differential circuit: generation of

Vo = \/g(% — V) based on the inverse function
approach via the voltage-to-current followed by
current-to-voltage conversion, where A, C, and G
are the transistor ratios.

As a result, we have (V, — V;) as a function of /; and I,. With the current mirror (M5, M)

and the second differential pair (M3, M,), the following relations are obtained
I + I = Ipas,
I3 + Iy = Glpps,

I,=1Is=GIs = GI.

The second differential pair (M3, M) obtains

I3
V3 —Vz = a+‘/th3,

Iy
BCk

Vo—VZ = +Vth4-

(8.4)

(8.5)

(8.6)

8.7)

(8.8)
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Then,

LI—V—JI4— RE (8.9)
0 2=\ BCk Ck’ ’

Substitute Equations 8.4, 8.5, 8.6 into Equation 8.9 will yield

Gl \/G(IBIAS — 1)
Vo — V3 = - — 8.10
o 3 \/BCK Ck ( )
AGI AG(I — 1
_ \/ 2 _\/ (Ipias — 1) 8.11)
ABCk ACk
AG I 1
:J__J 2_%; (8.12)
C ABk Ak
AG
= ? (Vo — V). (8.13)

Consider V3 = 0, the output voltage Vyp =,/ % (Vo — V1), in which a weighted difference

voltage (V; — V,) is perfectly extracted. It should be noted that the extraction involves a
voltage-to-current conversion followed by a current-to-voltage conversion via two differential
pairs and a current mirror. It can also be noted that all the process, supply voltage, and
temperature dependent terms, for examples the threshold voltage Vj;, and the mobility u, are
canceled through this sequential conversion. Therefore, a perfect linear scaling of (V, — V})
can be obtained by the use of this weighted differential circuit and the scaling factor can be
easily adjusted by tuning the parameters A, C, and G. The linear extraction offered by the
weighted differential circuit makes it a suitable replacement of resistor for the extraction and
scaling of the difference voltage of thermal devices, which is important in the generation of
temperature compensated reference voltage.

8.1.2 Negative Impedance Converter

The negative impedance converter (NIC) is another circuit that can achieve voltage-to-current
and current-to-voltage conversions without the use of resistor. The NIC is a circuit block that
forms a negative relationship between the input impedance (Z;,) and the output impedance
(Zour) of a system, that is Z;, = —K(-)Z,u, or Zyyy = —K(-)Z;, where K (-) is not neces-
sarily linear with respect to its function parameters. Generally, the function parameters can
either be currents or voltages in the application of voltage-to-current or current-to-voltage
conversions. Thanks to the inverse-function approach, a linear function K (-) with respect to
voltage or current can be obtained from the NIC implemented in the CMOS process (Brennan
et al., 1988), in which the linearity is achieved by the mutual compensation of the nonlinear
inverse function pairs of the transconductance and transimpedance of MOSFETs (Torrance
et al., 1985).
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Figure 8.2 A two-port system illustrating (a) a current-controlled and (b) a
voltage-controlled negative impedance converter (NIC) for K = 1.

Before we go into the CMOS implementation of the NIC, let’s review the voltage-to-current
or current-to-voltage conversions in the NIC analytically by considering its representation
using a two-port system as shown Figure 8.2. The system has two ports, port 1 (1 — 1) and port
2 (2 — 2'), where these ports can be considered as the input port or output port, depending on
the external impedance, voltage polarity, and current direction applied to the ports. Therefore,
the two-port system can be classified as a current-controlled system (see Figure 8.2(a)) or a
voltage-controlled system (see Figure 8.2(b)), depending on the relationship between the two
ports, which will be detailed later. The two-port system can be formulated as a h-parameter

transfer function given by
V1 hit hi || i
.| = , 8.14
[12} |:h21 hzz][vz} ®.14)

where v, and i, are the voltage and current applied to port £. The transfer function parameters
hi1, hi2, o1, and hy; are free functions. To confine our discussions to linear voltage-to-current
conversion or current-to-voltage conversion, and without losing generality, let’s consider the
special case where 1| = hy; = 0and hphy; = K = 1, such as to yield a negative relationship
between Z;, and Z,,,. In this case, it is perfectly possible for h1; = hy; = —1lorh;, = hy =1
or some other values too.

In particular, Figure 8.2(a) shows the case of 1, = hy; = —1, which yields the relationship
of iy = —i, (note that the direction of the port currents is inverted) and v; = —v; (note that
the polarity of the port voltages is inverted). It should be noted that the current source at port 2
is defined as having the same direction as that of port current i; at port 1, whereas the voltage
source at port 1 has the inverted polarity as that of port voltage v, at port 2. Therefore, it forms
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the so-called current-controlled voltage inversion, which is also known as current-controlled
negative impedance (CCNIC). Figure 8.2(b) shows the case of h|, = hy; = 1, which yields
the relationship of i} = i, (note that the direction of the port currents is the same) and v; = v,
(note that the polarity of the port voltages is the same). It should be noted that the current
source at port 2 has current flowing in inverted direction when compared to the port current i;
at port 1, whereas the voltage source at port 1 has the same polarity as that of port voltage v,
at port 2. Therefore, it forms the so-called voltage-controlled current inversion, which is also
known as voltage-controlled negative impedance (VCNIC).

It should be noted that the two-port NIC can be configured to invert the polarity of the
induced voltage source or the direction of the induced current source by coupling differ-
ent impedance at both ports. Since the inversion in voltage polarity is current-controlled,
and the inversion in current direction is voltage-controlled, it can be observed that such a
system can be applied to perform voltage-to-current and current-to-voltage conversions. In
real practice, i1, and h;; are not precisely equal to zero and the 4 parameters are usually
in complex form. However, the negative resistance property of the NIC will form a stable
system even when port 1 is in open circuit (or high impedance) and port 2 is in short circuit
(or low impedance).

Figure 8.3 shows the basic CMOS implementation of a NIC circuit block. It is clear that
this circuit block is similar to the S-multiplier circuit. The four transistors, M to My, form a
close loop system that will either keep the currents at the two legs the same or the voltages
at the two ports the same, depending on the impedance at the two ports. MOSFET or bipolar
transistors can be used to provide the impedance to the NIC for the generation of a constant
voltage or current, instead of using resistors. Such voltage source and current source without
using resistors makes the design of resistorless voltage reference circuits possible.

T

-

20 o1

2' O l O 1'

Figure 8.3 CMOS
implementation of a negative
impedance converter.
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8.2 Resistorless Voltage and Current Sources

In Chapter 5, we reviewed the generation of a temperature compensated reference voltage
through the combination of different voltage sources and current sources. It should be noted
that voltage-to-current conversion, or vice versa, is inevitable in temperature compensation.
The use of a resistor is the simplest and easiest approach for linear conversion, because the
resistor is intrinsically linear. However, the use of a resistor will have inherent thermal noise,
dissipate more power, and occupy a large silicon area. To achieve a resistor free voltage
reference circuit design, resistorless voltage sources and current sources are needed. In the
following sections, we will present several resistorless voltage or current sources based on
the weighted differential circuit and the negative impedance converter. The output voltage
or current of the resistorless sources will have inherently different temperature dependency
which can be applied to design resistorless voltage reference circuits, where the associated
voltage reference circuits will be discussed in later sections.

8.2.1 Resistorless Voltage Source

Figure 8.4 shows a weighted differential circuit that generates a PTAT voltage Voyr, by setting
Vi = Vgg,, Vo = Vpg,, and V3 = 0 in Figure 8.1, where Vpg, and Vpg, are obtained from the
base-emitter voltages of the NPN transistors Q; and Q», respectively. Note that Q; and Q»,

Gly
C(W/L) CB(W/L)

Vour

(W/L)s | | G(W/L)s
M 51| 1 | Mg
é ®
Figure 8.4 Simplified schematic diagram of a first order bandgap

voltage reference circuit without resistor constructed with the
weighted differential voltage circuit.
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have identical emitter areas but are biased with different biasing currents. As a result, it is clear

from Equation 8.13 that
AG
Vour = T(VBEZ — VBE,)
AG

=y ¢ AV
[AG 1
= —ln( BEZ) VT
C IBE1
[AG
=,/ — )V
C n(Y)Vr

=MVr. (8.15)

As a result, Voyr 1s linearly dependent on V7 and is therefore a PTAT voltage. This PTAT
voltage generation technique is widely used in resistorless voltage reference circuit in the
literature. We shall discuss a landmark voltage reference circuit based on this circuit technique
in a later section.

8.2.2 Resistorless Current Source

Before discussing the resistorless current source, let’s review a conventional PTAT current
source built by a NIC and a resistor as shown in Figure 8.5. Compare Figure 8.5 with the
schematic shown in Figure 8.3, the port 1 is terminated with a resistor R and port 2 is shorted
to the ground. The NIC hence forms a stable system with the current flowing into the two legs

S

=<

Figure 8.5 PTAT current
sources built with resistor by
connecting a resistor to NIC.
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being identical. The transistor sizes of M| and M, are required to be identical so as to force the
currents in the two branches to be the same, while M3 and M, are designed to have different
sizes. It should be noted that M3 and My, in the current source in Figure 8.5, are biased current
mirrors in saturation, while M, and M, are biased in weak inversion, which is different from
that in the B-multiplier circuit. The voltage V is given by (Vittoz and Fellrath, 1977)

NERY
Ve = V71l , 8.16
R T n(S4Sz) ( )

where V7 is the thermal voltage and S, is the W/ L ratio of transistors M,. By Ohm’s law, the
output current of this current source is given by

V& Vr S35
I =—=—Ih|—]. 8.17
our = gD <S4S2> (8.17)

From Equation 8.17, Ipyr is a function of V7 which is a PTAT voltage. It should be noted that
the voltage V is insensitive to the supply voltage variation and the current level as long as M,
and M, are in weak inversion. Typically, this can be achieved when Vy is in the range of Vp
to 4VT .

This PTAT current source forms the basic structure for other resistorless current sources
in literature. Oguey and Aebischer (Oguey and Aebischer, 1997) proposed a PTAT current
source with MOSFET only by introducing a simple modification on the current source shown
in Figure 8.5 which replaces the resistor by a MOSFET. The modified schematic is shown in
Figure 8.6, where Mj5 is the transistor that replaces the resistor R in Figure 8.5. The NMOS
M is biased in strong inversion just below saturation. The additional MOSFETs Mg and M7

~ Biasing!
Circui

—Q

Figure 8.6 The resistor free constant current
source discussed in (Oguey and Aebischer, 1997),
which connects a self-biased MOSFET M5
to an NIC to replace the resistor in Figure 8.5.
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in Figure 8.6 form a biasing circuit, in which Mg forms part of the PMOS current mirror with
M, and M,. The current Ips, is copied by M7 to bias Ms. Thus both M and M7 are biased in
saturation mode and in strong inversion. Hence, the drain voltage of M5 is low and the output
current is given by (Oguey and Aebischer 1997)

2
lovr = = — (Vaias — Vins) ™, (8.18)

where $7 is the process transconductance of M5. Hence, the TC of Iyyr can be expressed as

1 91 20Vy. /0T
our _ ths/ . (8.19)
Ioyr 0T (VBias — Vins)
v,
As alThS < 0, therefore, the TC of Ipyr 1s always greater than 0, such that Ipyr in Oguey’s

current source is a PTAT current.

In 2005 (Hirose et al. 2005) proposed biasing M5 to operate in the linear mode with other
transistors in subthreshold mode; hence a near-zero 7C reference current can be obtained and
the current is given by

Lo Vbss
ouT =
Rons
S
= | Vos1 — Vos2 +nVrin 3,
1
W
xpuCox 7 (Vsias — Vins ) » (8.20)

where Roy,, Sx, n, and Vg x are the on-resistance, the aspect ratio, the subthreshold swing
parameter, and the offset voltage difference between the threshold voltage in strong inversion
and that in the subthreshold region, respectively. A particular Vpjsg is required to pursue a
near-zero 7C biasing current with respect to the technology used in this book. The near-zero
TC biasing current can be obtained at (Vpjas — Vip,) to be less than 1 V and the Vpjsg has to
be a PTAT voltage (Hirose et al., 2005), thereby compensating for the CTAT effect caused
by the threshold voltage and mobility. The generation of PTAT and CTAT currents using the
modified current source circuit proposed by Hirose et al. will be discussed in a later section.

8.3 First Order Compensated Resistorless Bandgap Voltage Reference
Circuit

The first order temperature compensated opamp based S-multiplier bandgap voltage reference
circuit presented in Chapter 3 performs voltage summing of a CTAT voltage with a weighted
PTAT voltage to obtain a near-zero 7C reference voltage. In general, the CTAT source and the
PTAT source can be either in the form of voltage or current as demonstrated in Chapter 5. The
same temperature compensation voltage reference circuit topology can also be applied in the
design of resistorless bandgap voltage reference circuits.
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8.3.1 Voltage Summation Based Resistorless Reference Circuit

The summation of a CTAT voltage and a weighted PTAT voltage is one of the simplest
temperature compensation methods. A CTAT voltage can be easily obtained from any PN
junction without the need of explicit extraction. However, a complicated extraction circuit
is always required for the generation of a PTAT voltage. The weighted differential circuit is
a suitable candidate for the extraction of a properly scaled PTAT voltage without the use of
resistor. In order to obtain a consistency presentation, like other Vgr — A Vg voltage reference
circuits presented in this book, the temperature dependent device will be constructed by diode
connected NPN transistors.

Figure 8.7 shows the schematic for a landmark first order temperature compensated voltage
reference circuit presented by Buck ef al. (2002). Buck’s voltage reference circuit was in fact
built from the weighted differential circuit but with the summation of an additional CTAT
voltage. The same as that in Figure 8.4, the bipolar transistors O and Q, are with the same
emitter area but biased with different currents in Figure 8.7. Furthermore, the gate of transistor
M3 is coupled to the diode connected Q,, hence the CTAT Vpg, is added to the PTAT voltage
given by Equation 8.15. As a result, the Vzgr is given by

AG
Vrer = Vie, +/ ?(AVBEZ,I) = Ve, + MVt = Vger—_conv- (8.21)
Note that when M = % In( g?) = 19.22, as described in Section 3.2.1, this temper-

1
ature compensated voltage reference circuit will achieve a near-zero TC reference voltage

e
Yic CI) Gl

A(W/L) ABWIL)|  COW/L) CB(W/L)

‘—I M, Mg I_‘_| M3 @_OVREF
EQ] ey 0,

1 1

(WIL)s\ | G(W/L)s
M M
_>|

1

Figure 8.7 Schematic of the bandgap voltage reference circuit
without resistor proposed by Buck et al. (2002).
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Vrer = 1.23 V. Further analysis on the performance of the resistorless bandgap voltage
reference circuit in Figure 8.7 will show that it is compatible with the opamp based B-
multiplier bandgap voltage reference circuit presented in Section 3.2.1, at least in theory.

8.3.2 Current Summation Based Resistorless Reference Circuit

Similarly to the voltage summation based reference circuit, a near-zero 7C current source can
also be obtained by summing up a PTAT current with a CTAT current. By combining current
sources acquiring different thermal properties, we can design a first order compensated current
reference circuit. Figure 8.8 shows an example of a first order temperature compensated current
reference circuit which consists of a PTAT current source, a CTAT current source, and a current
addition circuit. The PTAT current source formed by M| ~ M7 implements an Ogeuy’s current
source (Ogeuy et al., 1997). The CTAT current source formed by Mg ~ M5 is a modified
Ogeuy’s current source which is biased with a different biasing voltage Vpjas2, such that
a CTAT current Ic7a7 is generated (Hirose et al., 2008). The current mirrors formed by
(Mg — M,7) and (M3 — M) copy the Ippar and Icpar, respectively, to the current scaler and
adder circuit formed by M and M 7. The current adder circuit sums the Ipy4r and the Iezar
up to give a reference current Iggr with near-zero TC (i.e., loyr = Iprar + Icar). It should
be noted that the CTAT current source has a similar structure as that of PTAT current source
but with a different biasing circuit that generates Vpas 2.

8.4 Resistorless Sub-Bandgap Reference Circuit

We have reviewed the voltage summation based and current summation based resistorless
voltage reference circuits. It should be noted that the temperature compensation is not limited

7

l Iprag

Figure 8.8 Schematic of the current source based reference circuit.
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by voltage summation or by current summation. The temperature compensation can also
be achieved by combining two complementary thermal properties extracted either from the
voltage sources or from the current sources. It can be observed that there is a minimum
operating supply voltage requirement for the normal operation of those voltage reference
circuits or current reference circuits. For example, the minimum operating supply voltage
required for the voltage summation based resistorless reference circuit, the Buck’s voltage
reference circuit, has to be greater than its output voltage. A below 1 V biasing voltage
is needed to bias the Ogeuy’s current reference circuit to produce a near-zero 7C reference
current (Hirose et al., 2005). Therefore, the design of resistorless sub-bandgap reference circuit
is yet to develop. Lowering the output voltage of the reference circuit not only releases the
minimum operating supply voltage requirement, it also promotes the ease of integration of
such reference circuits to the design of low power systems.

In this section, we will focus on the techniques that lower the reference voltage to be less
than the bandgap voltage. Recall the general form of the first order compensation where

Vrer = Ve, + M V7. (8.22)
To achieve TC = avak# =0, M= aVBE/aVT. Since 3XT =—1.73mV/K and 2 =

0.09mV/K, M is required to be 19.22. Moreover, the CTAT voltage Vg, = 0.73V and
the PTAT voltage V; = 26 mV at room temperature. Therefore, the final reference voltage is
always close to the bandgap voltage at around 1.2 V. Clearly, the simple method to reduce

VrEF can be achieved if the CTAT voltage at room temperature can be lowered. Moreover, we
3 VT )

B 2

increases or the magmtude of the CTAT TC ( ) decreases, thus lowering the magmtude
of M that achieves a near-zero 7C reference Voltage (Sakurai and Sugimoto, 2007).

In addition to the Vg voltage of a bipolar transistor, the threshold voltage, V;;, of a MOSFET
is a possible CTAT voltage source that can be extracted. When compared to the Vgg, Vy;, has
lower voltage magnitude at room temperature in a standard CMOS process as discussed in
Chapter 1. Moreover, it also has a lower CTAT TC than that of V. Hence, the use of Vy,
as the CTAT voltage source is one of the common approaches to lower the final reference
voltage. The CTAT voltage can be further reduced by biasing the MOSFET into subthreshold
mode. However, the V};, varies upon its biasing current. Moreover, the noise immunity of the
CTAT voltage will be degraded if the MOSFET is biased in subthreshold mode. Hence, special
biasing techniques have to be considered to suppress the variation subject to supply voltage
change and noise, when the V;, of the MOSFET biased in subthreshold mode is adopted as
the CTAT device.

8.4.1 The Voltage Summation Approach

One of the easiest ways to achieve a sub-1V voltage reference circuit is to use a diode connected
MOSFET biased in the subthreshold mode to replace the diode connected BJT. However, the
noise level of the diode connected MOSFET biased in the subthreshold mode is so high that it
will tremendously affect the performance of the voltage reference circuit. To lower the noise
generated by the voltage reference circuit, Hirose et al. (2005) proposed performing voltage



272 CMOS Voltage References

SOE IR CP

L e A R L

I fzigi mi———-—%;fz
-

Figure 8.9 A simplified schematic of Hirose’s reference circuit (Hirose et al., 2005).

summation by stacking up n differential circuits as shown in Figure 8.9, where G = 1, and
A = C for each of the differential sub-circuits. As a result, the obtained Vggr equals the sum
of the gate-to-source voltage of Mp, (denoted as Vis,,) and the gate-to-gate voltages of the
differential pairs (denoted as A Vgy), and given by

Vrer = Visp, +(n — 1)AVgs,, 1, (8.23)

where the first (n — 1) stage of the differential circuit generates the (n — 1)AVgg,, ,, term in
Equation 8.23, while the last stage performs the summation with Vg, to generate Vggr. It
is clear that Hirose’s voltage reference circuit is a modified Buck’s voltage reference circuit
(Buck et al., 2002) discussed in Section 8.3.1. Instead of performing a series of voltage sums
through stacking differential circuits, Buck’s voltage reference circuit performs the scaling
directly through voltage multiplications. As we have learned from Section 1.7.2, the voltage
summation approach can achieve (n — 1)-time lower noise when compared to the voltage
multiplication appraoch of Buck’s voltage reference circuit.

The drawback of such a circuit is the high demand in the device matching requirement
across all n differential circuits. Second, although the use of the subthreshold mode transistor
helps to reduce the power consumption of the voltage reference circuit, the power supply
rejection ratio, and all sorts of noise immunity of the circuit will be inevitably degraded. Last
but not least, the generated reference voltage is obtained by first order compensation, hence,
the 7C will be small only within a limited temperature range. This is especially true because
of the highly nonlinear temperature dependency of Vg, ,, obtained from MOSFETSs biased
at the subthreshold region (Rincon-Mora, 2002). The situation is further worsened by the fact
that the voltage reference circuit is a sub-1V voltage reference circuit.
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The following section will discuss a CTAT voltage reduction scheme that makes use of BJT
as the thermal device to obtain sub-1V voltage reference such as to avoid all awkward circuit
problems with MOSFETs working in the subthreshold.

8.4.2 CTAT Voltage Reduction

To enhance the robustness of the voltage reference circuit and to pursue a better noise immunity,
an improved CTAT voltage reduction circuit was proposed by Tam et al. in 2010 (Tam et al.,
2010). Similarly, Tam’s voltage reference circuit modifies Buck’s voltage reference circuit
(Buck et al., 2002) presented in Section 8.3.1 by replacing the CTAT Vpg of the bipolar
transistors with the Vy;, of a MOSFET. However, Tam’s voltage reference circuit does not bias
the transistors in the subthreshold mode, such that the noise immunity and stability of the
reference voltage is compatible with that of the Buck’s voltage reference circuit with BJT as
CTAT voltage source. Moreover, Tam’s voltage reference circuit makes use of a self-biased
system to provide the required biasing current, such that no restriction of a dedicated current
source is needed. Figure 8.10 shows the schematic of the core circuitry of Tam’s voltage
reference circuit, which includes the sub-1V generation circuit, the CTAT voltage reduction
circuit, and a self-biased current source. Compared to the Buck’s voltage reference circuit, the
CTAT voltage Vpg, of the bipolar transistor Q», is not directly adopted as the CTAT voltage.
A CTAT voltage reduction circuit as shown in Figure 8.10 (the circuit inside the dotted box)
is implemented to manipulate the Vpg, and to generate a reduced CTAT voltage.

The CTAT voltage reduction circuit is formed by a differential pair with active current loads
and identical input voltages at both terminals. As a result, Vsyp = Vs, = Vin.n. The NMOS

Self-Biased
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Figure 8.10 Schematic of the sub-1V resistorless CTAT voltage reduction based bandgap voltage
reference circuit (Tam et al., 2010).
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. v,
transistor threshold voltage, Vi ,, equals 0.48 V at room temperature and has |—8t;“’| ~

0.779 mV /°C, which is smaller than 1.73 mV /°C of |8X%| and is closer to 0.09 mV/°C of
aa% |. Biasing the differential pair M7 and Mg at saturation mode will improve the gain, and

thus improve the line regulation of Vgyp. The CTAT voltage reduction circuit will satisfy

|Ves1l — [Vin,| < [Vbs, | (8.24)

Vx = Vo7 = Vinpl = Vx — Vinn (8.25)
Vo1 + Vinpl < Vi (8.26)

V61 < Vinn — | Vin,pl (8.27)

Vg7 <0.01V, (8.28)

where the threshold voltages of the NMOS and the PMOS are 0.48 V and —0.47 V, respectively,
the minimum voltage required to be presented at the gate terminal of M5 is found to be 0.01 V
as depicted in Equation 8.28. Therefore, a base-emitter connected NPN transistor which
provides Vgr = 0.73 V can be used to obtain the required voltage as shown in Figure 8.10.
With reference to Equation 8.21, the output voltage Vgzgr of the proposed sub-1V voltage
reference circuit in Figure 8.10 is given by

VREF = VSUB + v/ AG/C ln(NY)A VBEM, (829)

where N = Ag;/Ag; is the ratio of the emitter areas of Q; to that of Q», and Y = Ipg, /IpE,
is the ratio of the base-to-emitter currents of Q> to that of Q. Note that the CTAT and PTAT
voltages of this voltage reference circuit are given by Vsyp and AVpg, , respectively. The
same as for the other first order compensated circuit, a near-zero 7C reference voltage can be
obtained by a weighted sum of the CTAT and the PTAT terms, where the weighting factor
herein is given by M = ./AG/C In(NY). When the core circuit is properly biased by a current
source and with ¥ = 10 and N = 8, the required M is found to be 5.06, and the generated
Vrer = 635 mV. Note that the factor B is set to be greater than 1, thus biasing all the transistors
in the core circuit to operate in saturation mode.

8.4.2.1 Self-Biased Current Source

Compared to the Hirose’s voltage reference circuit, Tam’s voltage reference circuit can operate
with different current sources. However, to achieve better line regulation, a self-biased -
multiplier current source as shown in Figure 8.10 can be used. The MOSFET Mg is biased in
linear mode by Vggr, which forms a close loop circuit. The current source of the g —multiplier
circuit is proportional to the voltage-controlled on-resistance Rps,, oy Of Mpg, which is
given by

Rpsys.on = 1/[14nCox Ss(Vour — Vinn — Vr)1, (8.30)
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where ©,C,, and Spg are the process transconductance of the NMOS and the aspect
ratio of Mpg, respectively. A cascode current mirror formed by PMOS transistors
(Mg, Mgy, Mp3, Mpys), and a current mirror formed by NMOS transistors (Mps, Mpe, Mp7)
are adopted to enhance the line regulation of the voltage reference circuit further. Noted that
implementing the cascode current mirror will reduce the line regulation by half, but it will also
increase the minimum operating supply voltage of the voltage reference circuit.

Recall the subthreshold current equation, Equation 1.18, in Chapter 1. The subthreshold

current of MOSFET M, can be approximated as I, = S, Ip, exp( ZGVS;‘ ), where S, is the aspect
ratio, Ip, is the drain-to-substrate current, Vs, is the gate-to-source voltage. As a result, the
current that flows through both transistors Mpe and Mp7, which are biased in subthreshold

mode, is given by

I, = Sp7lp, exp(Vi/¢Vr), (8.31)

= Spelp, exp(Vi — V2)/¢ V7. (8.32)

This implies V, = ¢ Vr In(Spe/Sp7). Current I, is determined by the transistor ratio of the
current mirror formed with M g3 and M4 and constrained by the current flowing through Mpgs,
such that

SB3 Vi — Vg
I, = —0 = Spsl — ). 8.33
1=k Bs5Ip, eXp ( v, ) (8.33)

Substituting Equation 8.31 into Equation 8.33 will yield Vg = ¢ Vr In(3235). If we further

substitute I1 = Vg/Rpson, Vk = Vour — Vi, and solve for TC = ]—11%' = (0 we will obtain
aVl/’l,n
9T ~
Vrer — Vinn = T T T Vinn ~ 130 mV, (8.34)
nol — Vp oT
where the term 124 is being ignored because it is comparatively small. As a result,
woT g 1g p y

Vrer ~ 634 mV at T = Ti,,m), which is close to the voltage provided by the core circuit.
To obtain a near-zero TC reference voltage, the output of the voltage reference core circuit
has to be PTAT which will compensate the CTAT property of the B-multiplier current source.
In this case both the reference voltage, and the output of the B-multiplier current source will
have a near-zero TC.

8.4.2.2 Piecewise Curvature Compensation

Similarly to all first order temperature compensated voltage reference circuits, a small 7C can
only be obtained in a limited temperature range due to the high order temperature dependency
of the CTAT current source. To achieve a reference voltage with small 7C over a wide
temperature range, piecewise curvature compensation technique can be applied. Considering
the circuit in Figure 8.11, it generates a first order PTAT current, Icoyp. When the operating
temperature 7 equals or is greater than a pre-determined temperature T¢opp, Which is the
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Figure 8.11 Schematic of the piecewise curvature compensation
circuit of Tam’s reference (Tam et al., 2010).

temperature where the high order temperature dependent terms of the CTAT Vgyp begins to
dominate, the current at the output branch of the voltage reference circuit is subtracted by
Icomp, thus superimposing a first order PTAT voltage onto the output of the reference circuit
and compensating the high order temperature dependent terms of the CTAT term.

The Icomp is generated by subtracting a PTAT current (/s in Figure 8.10) with a near-zero
TC current (/; in Figure 8.10). Is and I; are copied from the core circuit to the piecewise
curvature compensation circuit by the current mirrors formed by (M3, M¢3) and (Mg, Mc7),
respectively. The current levels can be adjusted by the transistor size ratio of the current
mirror, such that Icoyp = Iye — Iyz > 0 for T > Teoyp. The PTAT current Icopp 1S copied
to the voltage reference core circuit by current mirror formed by Mcs ~ Mci1, such that
13 = I35+ Icomp and I4 = Iy — Icomp, Where I3 and 14 are the compensated currents flowing
through M3 and M, in Figure 8.10. As a result, the reference voltage becomes

[AG 2Icomp(1 — B™1)
V =V —AYV, . 8.35
REF suB + C BE + \/ 10, ConC(W/L) ( )

The compensation level can be adjusted by Ic-opp Where

) Pi-Uus —Im3) T = Tcomps
Icomp = { 0 T < Teoup. (8.36)
with
SB4SBs
Iz = Py - EpnCox SesVr (Vour — Vinn) In (8.37)
Sp3Sp7
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Figure 8.12 Layout of the sub-1V resistorless CTAT voltage reduction based
bandgap voltage reference circuit (Tam et al., 2010). The cell size 137.4
pum x 162.5 pm.

and
1
IM6 == P3 : EUpcoxAB . SZ(VBEZ - Vx - |Vth,p|)y (838)

where P; = %, P, = % and P; = W are the current mirror transistor size

R . MC11OMCY Mc25mct . MCTOMC4
ratios, which are also equal to the current ratios.

Figure 8.12 shows the silicon layout of the resistorless voltage reference circuit in Figure 8.10
using the 0.18 pm technology considered in this book. The silicon area of the circuit is
0.022 mm?. The layout of the circuit follows the matching and placement rules presented in
Chapter 4. The BJTs, as the major thermal devices in this circuit, are placed at the center
of the entire layout such as to avoid the situation being unable to sense any localized self
heating in the rest of the silicon when this voltage reference is applied as part of the circuit
in any SoC. With the introduction of piecewise curvature compensation circuit, a small 7C of
9.617 ppm/°C (or £0.0673%) in the temperature range of —10°C ~ 130°C was achieved.

Figure 8.13 shows the temperature dependency obtained from Vggr of the circuit at different
supply voltages from 1.5 V to 2.4 V. It is observed that the circuit shows a high order
temperature dependency. Consider the curve at Vpp = 1.8V, the Vg is observed to achieve
a local maximum at 60 °C, which is precisely where Tcopyp is chosen. The value of Teoyp
adjusted by the appropriate setting of P;, P», and Ps, which in our case were chosen to be
0.625, 1.667, and 0.6, respectively. The value of T¢pyp varies with Vpp which is caused
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Figure 8.13 Temperature dependency of Vrgr obtained from

the sub-1V resistorless CTAT voltage reduction based bandgap

voltage reference circuit (Tam et al., 2010) at different supply
voltages.

by the variation of the biasing current /;. This variation will also limit the line regulation
of the circuit which is measured to be 1.78% when the circuit is implemented without the
cascode current mirrors. With the introduction of cascode current mirrors, the line regulation
was reduced to 0.89%, much lower than that of the voltage reference circuits used in a
commercial integrated circuit which is around 2%. However, the minimum supply voltage
of the voltage reference circuit with cascode current mirror will be increased to Vppnin) =
Vour + | Vin,pl + Vpsss,sar + Vpss,,.sar ~ 1.408 'V, where Vpgp,, sar and Vpgp sar are
the Vps of Mp,, and Mp,, in saturation mode. This analytical Vppguin) value is shown to be
very close to the 1.5 V measured from the SPICE simulation.

Figure 8.14 shows the TC and PSRR of the reference voltages obtained by the voltage
reference circuit in Figure 8.10 under different supply voltages. It is found that the reference
voltage with the smallest 7C is obtained at Vpp = 1.8 V and is equal to 9.617 ppm/°C and
the maximum 7C is found to be 20.4 ppm/°C which is obtained when Vpp = 2.4 V. This
validates the efficiency of the piecewise temperature compensation circuit. In the same figure,
the PSRR of the reference voltage is observed to be lower than —34 dB under various Vpp,
and has an optimal value of —42.1 dB at Vpp = 1.8 V. Such a good performance in PSRR
is achieved by biasing most of the transistors in saturation mode with the application of
cascode current mirrors. The drawback is the increased minimum operating supply voltage.
The PSRR of the reference voltage degrades comparatively severely when the supply voltage
is lower than 1.6 V. The degradation is caused by insufficient supply voltage headroom which
hurts the linearity of the current mirrors. Large supply voltage headroom is required because
the cascode current mirrors have been adopted to promote the line regulation of the voltage
reference circuit. Though the PSRR is lower than —40 dB with supply voltage below 1.7 V,
this voltage reference circuit is able to achieve a PSRR lower than —34 dB with supply voltage
down to 1.5 V, which should be applicable to most of the applications implemented in the
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Figure 8.14 Plots of temperature coefficient (7C) and power supply
rejection ratio (PSRR) as functions of supply voltage (Vpp) for the
sub-1V resistorless CTAT voltage reduction based bandgap voltage

reference circuit (Tam et al., 2010).

0.18 pum process where the nominal supply voltage usually starts from 1.5 V. The simulated
root-mean-squares (RMS) noise measured at Vzgr at room temperature with 1.8 V supply
voltage over 1 Hz to 100 kHz was found to be 76.18 1tV /+/Hz, which is comparable to most
commercially available voltage reference circuits.

8.5 Summary

In this chapter, we have reviewed the pros and cons of constructing resistor free voltage
reference circuits. We have analyzed the operations of several exemplary resistor free voltage
reference circuits. Although the temperature compensation topologies of the presented circuits
are variants of the traditional Vpr — AVpp technique, when implemented with the inverse
function technique and negative impedance converter technique, the use of a resistor can be
avoided. Both of these techniques make use of the forward and inverse conversions between
current and voltage, or vice versa, to achieve the necessary scaling of the temperature sensitive
current or voltage required in the Vg — A Vpp compensation topology. In particular Buck’s
voltage reference circuit (Buck et al., 2002) makes use of the weighted differential circuit to
produce the inverse function pairs. However, the generated reference voltage is the same as
the bandgap voltage, and thus cannot be applied in sub-1V voltage reference circuit design.
To achieve sub-1V reference voltage, the Vg — A Vpg temperature compensation topology is
replaced with Vy;, — A Vg compensation with MOSFET biased in the subthreshold mode. Such
a voltage reference circuit has been discussed by Hirose et al. in (Hirose et al., 2005), where a
self-biasing circuit is applied to stabilize the subthreshold biased MOSFETs. The drawbacks
are the tight transistor matching requirement and the high susceptibility of the reference
voltage to thermal noise as the MOSFETs are biased at subthreshold (refer to Section 1.7.1,
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Figure 8.15 Sub-1V output voltage resistorless bandgap voltage reference for Exercise 8.1.

MOSFET: biased to work in the subthreshold mode will have high channel resistance, thus
generates high thermal noise). To tackle the high noise susceptibility problem, Hirose et al.
proposed to cascade n differential circuits to achieve the required weighting factor (n — 1)
through a series of voltage sums instead of directly applying a (n — 1)-weighted differential
circuit. The idea is similar to that presented in Section 1.7.1.1, where the sum of (n — 1)
identical independent sources can achieve a scaling factor of (n — 1) which has less thermal
noise than that obtained by scaling the source with an amplifier of gain (n — 1). To further
reduce the noise level in the generated reference voltage, the MOSFETSs cannot be biased to
work in subthreshold mode. Tam et al. (Tam et al., 2007, 2010) presented a voltage reference
circuit that modifies Hirose’s voltage reference circuit to have all the transistors biased in
linear or saturation mode, while still able to generate sub-1V reference voltage.

8.6 Exercises

Exercise 8.1 (Sub-1V voltage reference) The voltage scaling method using the transimpe-
dence circuit can be used to scale the CTAT voltage in the resistorless voltage reference circuit
in Figure 8.4 to generate a reference voltage that is lower than bandgap voltage. Figure 8.15
shows such a circuit.

1. Compute Vgsio — Viso, and Vigss — Vgsy, and write Vpy as a linear function of (Vgsg —
VGs7)-

Compute an expression for AVp,, = Vpy — Vpy as a linear function of Vgso — Visi.
Compute an expression for Vrpr as a linear function of Vpy and AVp, ,.

Describe how can we achieve a sub-1V reference voltage.

Choose an appropriate set of MOSFET sizes and current sources to generate SPICE
simulation results on Vpp versus Vggr.

SR WD
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Figure 8.16 Resistor free
voltage reference circuit for
Exercise 8.2.

6. Think of one reason why the constructed bandgap voltage reference circuit may not work
in real world implementation (hint: consider the operating current of each transistors).

Exercise 8.2  Figure 8.16 shows a resistor free voltage reference circuit consisting of
8 transistors My to Mg. Transistors M, to My are biased to be operated in the saturation
mode. Transistors Ms and Mg are biased in the triode mode, both behave as voltage controlled
resistors and further maintain the symmetry in the circuit. Transistors M7 and Mg are biased
to work in the subthreshold region and are connected to form a diode. Assume the gate bias
obtained from the common gate node of M| and M, is sufficient to keep Ms and Mg to operate
in triode region, derive the output Vggp.
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SPICE Model File

.PARAM

*1.8V core NMOS

+DTOX_NM =0 DXL _NM =0 DXW_NM =0
+DVTH_NM = 0 DCJ NM = 0 DCJSW_NM =0
+DCJSWG_NM =0 DCGDO_NM =0 DCGSO_NM =0
*

*1.8V core PMOS

+DTOX PM = 0 DXL_PM =0 DXW_PM =0
+DVTH_PM = 0 DCJ_PM = 0 DCJSW_PM =0
+DCJISWG_PM = 0 DCGDO_PM =0 DCGSO_PM =0
*

*1.8V CORE NPN

+DBF_NPN = 0.00 DIS NPN = 0.00 DNF_NPN = 0.00
+DCJE_NPN = 0.00 DCJC_NPN = 0.00

*

.model nm nmos
+LEVEL = 49

*

* GENERAL PARAMETERS
*

+LMIN = 1.5E-7 LMAX = 1.0E-5 WMIN = 1.9E-7
+WMAX = 1.0E-4 TNOM = 25.0 VERSION = 3.2

+TOX = ’3.87E-09+DTOX_NM’  TOXM = 3.87E-09 XJ = 1.60E-07
+NCH = 3.869E+17 LLN = 1.121 LWN = 0.920
+WLN = 1.060 WWN = 0.877 LINT = 1.576E-08
+LL = 2.635E-16 LW = -2.263E-16 LWL = -2.058E-22
+WINT = -1.445E-09 WL = -2.367E-16 WW = -3.641E-14
+WWL = -4.00E-21 MOBMOD = 1 BINUNIT = 2

+XL = ’1.0E-8+DXL_NM’ XW = '0.00+DXW_NM’ DWG = -5.96E-09
+DWB = 4.50E-09

* DIODE PARAMETERS

+ACM = 12 LDIF = 7.00E-08 HDIF = 2.00E-07
+RSH = 7.08 RD = 0.00 RS = 0.00

+RSC = 1.7 RDC = 1.7

*

* THRESHOLD VOLTAGE PARAMETERS

*

+VTHO = ’0.4018+DVTH_NM’ WVTHO = -2.971E-08 PVTHO = 5.00E-16
+K1 = 0.6801 WK1 = -2.4897E-08 PK1 = 1.30E-15
+K2 = -4.998E-02 K3 = 10.0 DVTO = 1.30
+DVT1 = 0.577 DVT2 = -0.172 DVTOW = 0.00

CMOS Voltage References: An Analytical and Practical Perspective, First Edition. Chi-Wah Kok and Wing-Shan Tam.
© 2013 John Wiley & Sons Singapore Pte. Ltd. Published 2013 by John Wiley & Sons Singapore Pte. Ltd.
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+DVT1W = 0.00 DVT2W = 0.00 NLX = 7.545E-08
+WO0 = 5.582E-07 K3B = -3.00

*

* MOBILITY PARAMETERS

*

+VSAT = 8.250E+04 PVSAT = -8.30E-10 UA = -1.03E-09

+LUA = 7.735E-19 PUA = -1.00E-24 UB = 2.3667E-18

+UC = 1.20E-10 PUC = 1.50E-24 RDSW = 55.55

+PRWB = -0.240 PRWG = 0.40 WR = 1.00

+U0 = 3.40E-02 LU0 = 2.306E-11 WUOo = -3.101E-09

+A0 = 0.830 KETA = -3.000E-03 LKETA = -1.700E-09

+Al = 0.00 A2 = 0.99 AGS = 0.32

+BO = 6.00E-08 Bl = 0.00

*

* SUBTHRESHOLD CURRENT PARAMETERS

*

+VOFF = -0.103 LVOFF = -3.30E-09 NFACTOR = 1.25

+LNFACTOR = 4.50E-08 CIT = 0.00 CDSC = 0.00

+CDSCB = 0.00 CDSCD = 1.00E-04 ETAO = 2.800E-02

+ETAB = -2.700E-02 DSUB = 0.4000000

*

* ROUT PARAMETERS

*

+PCLM = 1.20 PPCLM = 3.00E-15 PDIBLC1 = 2.50E-02
+PDIBLC2 = 3.80E-03 PPDIBLC2 = 2.70E-16 PDIBLCB = 0.00

+DROUT = 0.56 PSCBE1 = 3.45E+08 PSCBE2 = 1.00E-06

+PVAG = 0.00 DELTA = 1.00E-02 ALPHAO = 1.775E-08
+ALPHA1 = 0.176 LALPHAl = 7.625E-09 BETAO = 11.168

*

* TEMPERATURE EFFECTS PARAMETERS

*

+KT1 = -0.2573 KT2 = -4.00E-02 AT = 3.70E+04

+PAT = -7.50E-10 UTE = -1.55 UAlL = 1.76E-09

+LUAL = 6.00E-18 WUAL = -1.10E-16 PUA1 = -5.00E-25

+UB1 = -2.40E-18 ucCl = -1.00E-10 LUC1 = 1.7E-17

+PUC1 = -3.00E-24 KT1L = -1.00E-09 PRT = -55.00

*

* CAPACITANCE PARAMETERS

*

+CJ = '9.68E-04+DCJ_NM’ MJ = 0.346 PB = 0.7
+CJISW = '7.95E-11+DCJSW_NM' MJSW = 0.538 PBSW =1
+CJISWG = '4.18E-10+DCJSWG_NM’' MJISWG = 0.538 PBSWG =1
+TCJ = 8.42E-04 TCJISW = 6.69E-04 TCISWG = 6.69E-04
+TPB = 1.47E-03 TPBSW = 8.68E-04 TPBSWG = 8.68E-04
+JS = 3.52E-07 JSW = 3.0E-13 NJ = 1.04
+XTI = 3.25 NQSMOD =0 ELM =5
+CGDO = ’'3.70E-10+DCGDO_NM" CGSO = ’'3.70E-10+DCGSO_NM’' TLEVC =1
+CAPMOD = 3 XPART =1 CF = 0.00
+ACDE = 0.64 MOIN = 24 NOFF = 1.203
+DLC = 8.5E-09 DWC = 4.5E-08

+NLEV =3 AF = 0.85 KF = 1.5E-24
*

.model pm pmos

+LEVEL = 49

*

* GENERAL PARAMETERS

*

+LMIN = 1.5E-7 LMAX = 1.0E-5 WMIN = 1.9E-7
+WMAX = 1.0E-4 TNOM = 25.0 VERSION = 3.2

+TOX = ’'3.74E-09+DTOX_PM’ TOXM = 3.74E-09 XJ = 1.70E-07
+NCH = 5.50E+17 LLN = 1.00 LWN = 1.00
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+WLN = 1.045 WWN = 1.00 LINT = 1.00E-08
+LL = 3.40E-15 LW = -3.36E-16 LWL = 0.00
+WINT = 8.00E-09 WL = 3.59E-15 WW = -1.90E-15
+WWL = -1.12E-21 MOBMOD = 1 BINUNIT = 2
+XL = '-4.0E-09+DXL_PM’  XW = '0.00+DXW_PM’ DWG = -1.74E-08
+DWB = 2.00E-08
* DIODE PARAMETERS
+ACM = 12 LDIF = 7.00E-08 HDIF = 2.00E-07
+RSH = 7.83 RD = 0.00 RS = 0.00
+RSC = 1.5 RDC =1.5
*

* THRESHOLD VOLTAGE PARAMETERS

*

+VTHO = '-0.395+DVTH_PM’ WVTHO = 1.2675E-08 PVTHO = -1.25E-15
+K1 = 0.587 LK1 = 3.553E-09 K2 = 7.0907E-03
+K3 = 2.60 DVTO = 0.719 DVT1 = 0.247
+DVT2 = 7.89E-02 DVTOW = 0.00 DVT1W = 8.00E+05
+DVT2W = 0.00 NLX = 9.00E-08 WO = 0.00

+K3B = 2.486 NGATE = 3.168E+20

*

* MOBILITY PARAMETERS

*

+VSAT = 1.00E+05 UA = 2.85E-10 LUA = 5.50E-18

+PUA = -2.00E-24 UB = 1.00E-18 uc = -4.77E-11

+WUC = 3.167E-17 pUC = -2.50E-24 RDSW = 4.55E+02

+PRWB = -0.40 PRWG = 0.00 WR = 1.00

+U0 = 8.661E-03 LU0 = -2.00E-11 WU0 = 1.382E-10

+A0 = 1.00 KETA = 2.00E-02 LKETA = -8.50E-09
+PKETA = 5.00E-16 Al = 0.00 A2 = 0.99

+AGS = 0.20 BO = 6.30E-08 Bl = 0.00

*

* SUBTHRESHOLD CURRENT PARAMETERS

*

+VOFF = -9.50E-02 LVOFF = -1.70E-09 WVOFF = -1.99E-09
+PVOFF = -1.00E-16 NFACTOR = 0.90 LNFACTOR = 1.00E-07
+PNFACTOR = -5.00E-15 CIT = 0.00 CDSC = 0.00

+CDSCB = 0.00 CDSCD = 0.00 ETAO = 4.00E-02

+ETAB = -2.50E-02 DSUB = 0.56

*

* ROUT PARAMETERS

*

+PCLM = 0.70 PDIBLC1 = 0.00 PDIBLC2 = 7.00E-03
+PDIBLCB = 0.00 DROUT = 0.56 PSCBE1 = 4.00E+08
+PSCBE2 = 1.00E-07 PVAG = 0.00 DELTA = 1.00E-02
+ALPHAO = 7.00E-08 ALPHAL = 7.049 BETAO = 22.84

+LBETA0 = -7.50E-08

*

* TEMPERATURE EFFECTS PARAMETERS

*

+KT1 = -0.258 KT2 = -3.098E-02 LKT2 = -3.00E-09
+PKT2 = -6.53E-16 AT = 1.00E+04 PAT = -1.00E-09
+UTE = -1.270 UAl = 5.3867E-10 WUA1 = 1.10E-16
+PUA1 = -2.37E-24 UB1 = -2.071E-18 uc1 = 2.061E-11
+KT1L = -8.00E-09 PRT = 90.0

*

* CAPACITANCE PARAMETERS

*

+CJ = '0.001+DCJ_PM’ MJ = 0.415 PB = 0.817
+CISW = '9.89E-11+DCJSW_PM’ MJISW = 0.489 PBSW = 1.00
+CJISWG = '5.07E-10+DCJSWG_PM’  MJSWG = 0.489 PBSWG = 1.00
+TPB = 0.00153 TPBSW = 0.00117 TPBSWG = 0.00117
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+TCJ =
+JS =
+XTTI =
+CGDO =
+CAPMOD =
+ACDE =
+DLC =

+NLEV
*

.model NPN4
+LEVEL =
+VAF
+ISE
+NR
+ISC
+IRB
+RC
+TREF
+TLEVC
+TBR1
+CTC
+VJE
+VJcC
+TVJE
+IS
+BF
+NF
+CJcC

+CJE
*

0.000876

1.66E-07

4.5
"4.20E-10+DCGDO_PM’
3

0.851

-1.5E-09

3

npn
1

38.0

1.15E-16

1.007

5.80E-16

1.00E-04

25.0

25.0

1
.50E-04
.2E-3
.7
.693
.00147
'2.80E-18+DIS_NPN’
'28.2+DBF_NPN’
"1.01+DNF_NPN’
"3.43E-14+DCJC_NPN'
"3.87E-15+DCJE_NPN’

o O O+

IKF
NE

VAR
NC

RBM
XTI
NKF
SUB

TCJISW
JSW
NQSMOD
CGSOo
XPART
MOIN

AF

S

TIKF1

CTE
MJE
MJC

[y

0.000745
1.2E-13
0

1
14.95

= 1.15

1.50E-03
1.48
21.782
1.43

=

3.0
0.5

-3.0E-03
8.42E-4
0.346
0.343

'4.20E-10+DCGSO_PM’

BR
IKR
RB
RE
EG
TLEV
TBF1
TNE1
TVJC

TCJISWG

NJ
ELM

TLEVC

CF
NOFF

KF

.000745
.0384

.00
.43

Il
B o R !k o

= 3E-23

0.271
1.30E-03
200.0
18.0
1.16

6.1E-03
2.5E-04
1.9E-3



SPICE Netlist of Voltage
Reference Circuit

.SUBCKT opamp v _neg v_pos vbias vdd vout vss
* PININFO v _neg:I v _pos:I vbias:I vout:0 vdd:B vss:B
Cl net9 wvout 150f

M1l vout net9 vss vss NM W=1l6.7u L=580.00n
M9 netl5 netl5 vss vss NM W=2u L=580.00n
M10 net9 netl5 vss vss NM W=2u L=580.00n

M6 vout vbias vdd vdd PM W=32u L=300.00n

M4 net26 vbias vdd vdd PM W=8u L=300.00n

M8 net9 v_pos net26 vdd PM W=8u L=300.00n
M7 netl5 v_neg net26 vdd PM W=8u L=300.00n
.ENDS

.SUBCKT refcir IBIAS VDD VREF VSS

* PININFO VREF:0 IBIAS:B VDD:B VSS:B
XI0 net8 net35 IBIAS VDD net24 VSS opamp
Q1 net8 net8 VSS NPN4

Q3 netl3 netl3 VSS NPN4

Q2 net7 net7 VSS NPN4 M=8

R2 VREF netl3 81.7K

R1 net35 net7 9K

M5 IBIAS IBIAS VDD VDD PM W=8u L=300n
M1 net8 net24 VDD VDD PM W=10u L=1u
M3 VREF net24 VDD VDD PM W=10u L=1u
M2 net35 net24 VDD VDD PM W=10u L=1u
.ENDS

CMOS Voltage References: An Analytical and Practical Perspective, First Edition. Chi-Wah Kok and Wing-Shan Tam.
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Bandgap voltage reference, 71
Widlar, 71
B-multiplier, 77, 170-73
Cascode current mirror, 172
Channel length modulation, 172
Alleviation, 173
Loop gain, 172
Self-bias, 170
Voltage headroom, 171
Voltage reference, 170
BJT (Bipolar Junction Transistor), 1-5, 39, 94, 122,
125
AfE (base-emitter voltage), 3
Base-emitter voltage, 3
Base resistance, 122
B (current gain), 2, 122, 125
Collector current, 3
AVpE (differential Vgg), 5
Gummel and Poon model, 1
Layout, 2, 94
Parameter, 39
dVpe/dT (Vg temperature dependency), 4
Series resistance, 122
Size, 122
BJT free CTAT, 178
Brokaw bandgap voltage reference, 168, 170
Output driving, 170
Supply voltage headroom, 170
Trimming, 170

Channel length modulation, 23, 75, 86, 107, 115,
116, 172, 177, 179-81, 205, 209,
213
B-multiplier, 172
Alleviation, 180
Vs — AVgs, 180
Alleviation, 180
Widlar current source, 177

Common mode input range, see Operational Amplifier
CTAT (Complementary to absolute temperature), 4,
178, 224
BIJT free, 178
Taylor expansion, 224
Current mirror, 868, 114-15, 117, 121, 137, 275,
277
Active bias, 88
Cascode, 87, 117, 275,277
Channel length modulation, 86, 107, 115-16
Alleviation, 116
Drain voltage equalization, 116
Resistor, 116
Mismatch, 111, 114
Output impedance, 87, 117, 121, 137
Simple, 87
Supply voltage headroom, 86
Curvature Compensation, 223
Curvature correction, 223
Curvature error, 74, 79

Device matching, see Layout
Differential pair, see Weighted differential circuit
Differential Vg, 13, 16
Saturation, 16
Subthreshold, 13
Diode, 234
Diode connected BIT, 24
Diode connected MOSFET, 24
Drain voltage equalization, 74, 116
Dropout voltage, 52
Dummy element, see Layout
Dynamic performance, see Voltage reference

Equal ripple, 241
Error amplifier, 75

Guard ring, see Layout

CMOS Voltage References: An Analytical and Practical Perspective, First Edition. Chi-Wah Kok and Wing-Shan Tam.
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Input offset, 82

Intrinsic gain, 20

Inversion function, 259-60
Current-to-voltage conversion, 260
Function pair, 260
Transconductance, 260
Transimpedance, 260
Voltage-to-current conversion, 260

Layout, 2, 8, 26-8, 30, 85, 88, 94-5, 122
BIT, 2,94, 122
Centro-symmetric, 30, 94, 122
Cross-couple, 26, 85, 88
Device matching, 28
Variation
Random, 28
Systematic, 30
Dummy element, 27
Guard ring, 27, 95
Inter-digitization, 26, 30, 85, 88
MOSFET, 8
Opamp based B-multiplier bandgap voltage
reference circuit, 95
Rgheer (sheet resistance), 27
Line regulation, 51, 79
Load regulation, 202
Opamp based B-multiplier bandgap voltage
reference
Resistive division, 202
Loop gain, 77, 84, 172
B-multiplier, 172

Minimum operating voltage, 52, 79, 83, 86, 108, 171,
180, 195, 201, 207, 214, 245
B-multiplier, 171
AVGs
Supply voltage headroom, 214
Opamp based S-multiplier bandgap voltage
reference, 79, 195
Resistive division, 201
Independent biased resistive divided Vgg, 207
Similar temperature dependency, 245
Vgs — AVgs, 180
Modified sensitivity parameter, see Sensitivity
parameter
MOSFET (Metal-Oxide Semiconductor Field-Effect
Transistor), 6-23, 39, 198-9, 214
Body effect, 199
Bulk driven, 199, 214
Channel length modulation effect, 23
Cutoff, 11
Differential Vg, 13
Subthreshold, 13
Saturation, 16
Effective voltage, 14

gm (transconductance), 20
Thermal property, 21
Linear, 14
Low Vi, 198
1 (carrier mobility), 19
Thermal property, 19
ﬂﬂ’lu b 19
Parameter, 39
Pinched-off, 16
Saturation, 16
S (channel width to length ratio), 12
Strong inversion, 14
Subthreshold, 11
¢ (subthreshold slope), 12
Thermal property, 19
Triode, 14
Vs (gate source voltage), 21
Subthreshold, 22
Thermal property, 21
,Bgs,sub’ 22
Vi, (threshold voltage), 8, 214
Vin,n NMOSFET threshold voltage), 8
Vin,p (PMOSFET threshold voltage), 8
Extraction, 18
Thermal property, 19

B> 19
Weak inversion, 11

Near zero temperature coefficient, 71
NIC (Negative impedance converter), 262—6
CMOS implementation, 264
Current control, 263—4
Negative impedance, 264
Voltage inversion, 264
h-parameter transfer function, 263
Resistorless, 264
Voltage control, 263—4
Negative impedance, 264
Current inversion, 264
Noise, 36-8, 60, 113, 128, 132, 140, 201, 208
Color, 132
Density, 60
1/f (flicker), 38
Multiplication, 38
Opamp based S-multiplier bandgap voltage
reference, 138, 208
Opamp, 113
Resistive division, 201
Power supply, 128
RC filter, 140
Reference voltage, 60
Shot, 37
Sum, 38
Thermal, 36
White, 60
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Nominal reference voltage, 50
Nominal supply voltage, 50

Opamp based B-multiplier bandgap voltage reference
circuit, 77, 79, 81-2, 95, 103, 106-108,
110-17, 120, 122, 125-6, 132, 135, 138, 195,
199, 201, 207

Bipolar transistor, 110, 122
Base current, 110
Base resistance, 122
B (current gain), 110, 122, 125
Series resistance, 122
Size, 122
Cascode cross-couple, 107, 111
Current mirror, 114
Cascode, 117
Channel length modulation, 115-16
Mismatch, 114
Curvature error, 79
Error source, 103
Independent biased resistive divided Vg, 206
Supply voltage headroom, 207
Input offset, 82
Layout, 95
Line regulation, 79, 112, 117
Load regulation, 202
Loop gain, 84
Minimum operating voltage, 79, 108, 111, 117, 132,
195, 201, 207
Noise, 113, 138, 208
Opamp, 103
Bootstrap bias, 112
Input offset, 104
Cascode cross-couple, 107
Series connection, 108
Transistor emitter area ratio, 106
Transistor emitter current ratio, 106
Limited gain, 112
Noise, 113
P SRR (Power supply rejection ratio), 112
Self bias, 112
Output loading, 135
Pre-regulation, 132
Quiescent current, 107, 111
P SRR (Power supply rejection ratio), 120, 126
RC filter, 132
Resistive divided Vg, 202
Resistive division, 199
Load regulation, 202
Noise, 201
Supply voltage headroom, 201
Resistor, 126
Small signal, 126
Transistor level schematic, 81
Trimming, 140

Current, 141, 149
Modulation, 146
Voltage, 141, 148
Operational Amplifier (Opamp), 81-4, 104, 112, 131,
135, 196-7, 201-202, 204, 208, 215
Bootstrap bias, 112
Bulk driven, 215
Common mode input range, 1967, 201-202, 204
DC gain, 83
Gain bandwidth, 131
Input common mode voltage, 84
Input offset, 82, 104, 135, 202, 208
Input stage, 197
Limited gain, 112
Minimum operating voltage, 83
Open loop gain, 83
P SRR (Power supply rejection ratio), 112
Self bias, 112

Peaking current source, 209, 249, 251
Piecewise linear compensation, see Temperature
compensation, and Voltage reference
Pre-regulation, 132
Probe pad, 141
Process control, 32-3
Fast, 33
Slow, 33
Process corner, 34
Statistical, 34
Worst case, 34
P SRR (power supply rejection ratio), 56, 120, 213
PTAT (proportional to absolute temperature), 6, 224
Taylor expansion, 224

Quasi-equilibrium state, 77
Quiescent current, 59, 107, 245

Resistive division, 193, 199
Opamp based S-multiplier bandgap voltage
reference, 199
Resistor, 25-7, 93
End effect, 26
Network, 93
Resistor type, 27
Rgpeer (sheet resistance), 25
Tcr (temperature coefficient), 26—7
Vcr (voltage coefficient), 26
Resistorless, 265-7, 269-73
Current source, 2657
Current sum, 270
Sub-bandgap, 270-73
Voltage reduction, 273
Voltage sum, 271
Voltage source, 265
Voltage sum, 269
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Second order current source, 229-31
Sink, 231
Self-bias, 112, 170, 175, 179, 209, 273-4
B-multiplier, 170
Current source, 274
Resistorless, 2734
Sensitivity parameter, 50
Modified, 50
Silicon bandgap voltage, see V9
Similar temperature dependency, 227
See also Temperature compensation, and Voltage
reference
Startup, 77, 90-91
Current drain, 91
Current injection, 90
Time, 90
Static performance, see Voltage reference

Sub-1V voltage reference, 191, 193, 202, 206, 209, 211

Independent biased resistive divided Vgg, 206
Peaking current source, 211
Peaking current source and Vgg, 209
Resistive division, 193
Resistive divided Vg, 202
Sub-1V supply voltage, 191
Weighted AVgs, 211
Power supply rejection ratio, 213
Supply voltage headroom, 214
Supply voltage boosting, 198

Temperature coefficient, 54, 71
Near zero, 71
Temperature compensation, 223-7, 275, 277
First order, 224
Multipoint, 227
Multisection, 226
Order, 224
Piecewise linear, 226, 275, 277
Second order, 225, 228
Similar temperature dependency, 227
Third and higher order, 225
Thermal voltage, 3, 6
aVr /0T (Vr temperature dependency), 6
Trimming, 33, 140-43, 146, 148-9, 170
Accuracy, 143
Anti-fuse, 142
Brokaw bandgap voltage reference, 170
Current, 149
Down-trimming, 142
Dynamic, 142
Functional, 142
Linked fuse, 141
Blow-tie, 141
Modulation, 146
Procedure, 146

Probe pad, 141
Static, 142
Up-trimming, 142
Voltage, 148
Typical design, 32
Variation, 28, 30
Random, 28
Systematic, 30
Vs current source, 178
Vo (silicon bandgap voltage at 0 K), 3

Voltage reference, 49, 52, 54, 56, 59-60, 78, 166, 168,

170, 175, 177, 180, 228, 232, 236, 238, 240,
243-50
Brokaw, 168
Dropout voltage, 52
Linear regulation, 51
Minimum operating voltage, 52
Multi-threshold voltage, 247
Difference, 250
Noise, 60
Performance measure, 49
Dynamic, 50
Static, 49
Piecewise linear, 240
P SRR (power supply rejection ratio), 56
Quiescent current, 59
Second order, 228
BJT current subtraction, 238
Current addition, 236
Current subtraction, 232
Similar temperature dependency, 243
Difference, 244
Quiescent current, 245
Sum, 245
Supply voltage headroom, 245
Temperature coefficient, 54
Ve — AVpE, 166
B-multiplier, 170
Vgs — AVgs, 177
Supply voltage headroom, 180
VREF-conv, 18
Widlar, 166
Widlar-Vgg, 175

VREF-coNnv> 18

Weighted differential circuit, 260, 262, 265,
269

Differential pair, 260

Weighted difference voltage, 262
Widlar bandgap voltage reference, 71, 166
Widlar current source, 175

Channel length modulation, 177

Current consumption, 177
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