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Abstract

This thesis discusses one class of the nonbandgap voltage references based on thresh- 

old-voltage-difference architecture.

The considered voltage references exploit weak temperature dependence of the differ

ence of MOS transistor threshold voltages. This difference is nearly constant across a 

wide range of temperatures -20 to 120°C. This fact is used to design voltage refer

ences with a low power supply voltage (below 0.8 V) in modem 0.18-micron CMOS 

technology. The theoretical investigation and simulations show that their temperature 

operation range is very wide (-25 to 125°C), and the power supply voltage may 

change simultaneously from 1.8 V down to 0.6 V. The variation of the output voltage 

in this temperature range and power supply range is as low as 0.7%. The references 

have a simple schematic and may be easily designed.

The practical realization of these references was, in out case, limited by the availabil

ity of devices realizable as a CMC multi-project university chip. In these chips only n- 

and p- channel regular and n-channel native (or so-called “natural”) transistors are 

available. The thesis outlines the theory of considered voltage references, and gives 

the results of simulation of two representative examples of these references. At the 

time of writing, two reference circuits have been submitted to CMC for fabrication, 

and the chips will arrive in January 2006 for testing and measurements.
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Chapter 1 Introduction

1.1 Motivation

Most, if not all, electronic circuits and systems use a reference, be it voltage, current 

or time. A reference in a circuit establishes a stable point used by other sub-circuits to 

generate predictable and repeatable results. This reference point should not change 

significantly under various operating conditions. Temperature is an important parame

ter that affects the performance of references. Special attention should therefore be 

paid to the temperature behavior of the reference. The typical metric used for varia

tions of the reference voltage with temperature is the temperature coefficient (TC), 

which is normally expressed in parts-per-million per degree Celsius (ppm/°C),

TC = ------ -------
ref Reference

dReference
(1.1)

dTemperature

where the “Reference” is either in volts, amperes, or seconds [1].

Current references are used in most of the basic building blocks [2]. Usually, the cur

rent in different basic blocks results from mirroring of one or more reference currents. 

Therefore, it is important that the master current of the system be power-supply inde

pendent, and designed with the required accuracy. Current references are also used for 

the design of voltage references. A current reference typically does not need to be 

temperature-independent, however, its temperature coefficient should be well charac

terized and controlled.

Voltage references have been used in various fields of application, for example, in 

digital-to-analog (D/A) converters, the automotive industry, and in battery-operated 

DRAMs [3]. In D/A converters, depending on the digital input word, the analog volt

age is a fraction of the internal reference voltage. As for many applications, this digi- 

tal-to-analog conversion should not depend on temperature, so the reference voltage 

has to be temperature-independent. Nowadays, high-resolution D/A converters are be-

1
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ing used, and, consequently, the reference voltage must be very stable as each varia

tion in the reference voltage is directly added into the D/A converter output.

In the automotive industry electronic circuits are used to realize large systems with 

more functions. However, the automotive environment is very extreme, and the tem

perature variations can be in the range of -15°C to 105°C. A supply voltage regulator 

handles the stabilization of the supply voltage in the car, and the reference for this 

regulator must be able to withstand the extreme automotive environment [3]. Simi

larly, in battery-operated DRAMs, voltage references are used for power-supply volt

age stabilization. In this case, the power consumption is of prime importance.

Bandgap voltage references (BGRs) are still the most popular precise reference used 

in various circuits [1, 2], A bandgap voltage reference has high power supply noise re

jection, and its output voltage is very stable against temperature and process variations. 

It can be implemented using available vertical or lateral BJTs in any standard CMOS 

technology [4], [5]. However, when the supply voltage is close to 1 V, the perform

ance of a conventional bandgap reference degrades and the design problems accumu

late [6]. As an alternative, voltage references can also be implemented in MOS tech

nology using the threshold voltage difference [7], But this solution requires transistors 

with different thresholds that were available, up to the recent time, in NMOS and SOI 

technologies only. The difference between the absolute values of threshold voltages 

existing in initial versions of standard CMOS technologies was also used [8].

Yet, in the modern standard low-cost technologies, the so-called regular n- and p- 

channel transistors have the threshold voltages nearly of the same values. But these 

technologies include new devices, first of all, “native” or “natural” transistors. In 

addition, these technologies include the transistors with a threshold voltage that is 

about half of the corresponding regular transistor threshold voltage. The application of 

these transistors for the design of sub-1 V voltage references has not yet been 

investigated. We develop the circuits for implementing voltage references using these 

devices, and investigate their behavior over the range of temperatures from -25°C to 

125°C.

2
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1.2 Thesis outline and contributions

To successfully design a CMOS current/voltage reference, one must have a thorough 

understanding of the temperature behavior of bipolar and MOS transistors. Therefore, 

in Chapter 2 we review the theory and the issues with respect to temperature that sur

round the design of different groups of voltage references. We review the temperature 

dependence of the transistor base-emitter voltage VBE and describe the assumptions 

concerning the temperature dependence of some basic semiconductor physical proper

ties (energy bandgap, intrinsic carrier concentration) accepted in the analysis. Then 

we describe the temperature behavior of the difference of two base-emitter voltages. 

At last, we discuss the very important dependence that results in the voltage propor

tional to the thermal voltage. The knowledge of basic dependencies is necessary for 

the design of classical bandgap references.

The following is the description of the temperature dependence of the MOS transistor 

threshold voltage, and the temperature dependence of carrier mobility. The equations 

that are generally used to describe the temperature behavior of the CMOS threshold 

voltage and mobility are presented. Special attention is given to existence of the zero 

temperature coefficient (ZTC) point. This point is present in all modem MOS tech

nologies. The presence of the zero temperature coefficient point in the transconduc

tance characteristics of a CMOS transistor is studied, and the conditions under which 

such a point can exist are investigated. This fact was used for design and investigation 

of a number of non-bandgap references developed in this department.

Historically, the first voltage references were the bandgap voltage references. They 

are the most precise references, yet require the highest power supply voltage. These 

references compensate the base-emitter or diode voltage temperature dependence by 

that of the thermal voltage. In Chapter 3 we review the techniques used for the design 

of these most widely used voltage references. Their development in bipolar technol

ogy and adaptation of these references to new conditions, namely the realization in 

BiCMOS and CMOS technologies, is shown, and realization under the conditions of 

reduced power supply voltage is discussed.

3
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To get a clear insight, first we have to study the basic function of bandgap references, 

including a general description of the temperature compensation. Then, as the basic 

structure is found, the techniques used for the design of first-order bandgap references 

will be studied. Also, the methods used for the design of low-voltage BGR are studied. 

This review and study goes up to the latest contributions in this particular type of cir

cuits.

Chapter 4 describes the basic methods of design of current sources with different tem

perature dependencies. These current sources are necessary for the bias circuits used 

in voltage references. In addition, the current sources with the proportional-to- 

absolute-temperature (PTAT) dependence of the output current, as well as the current 

sources with the higher degree (PTAT2, PTAT3, etc.) of this dependence are necessary 

for the design of the curvature-compensated bandgaps, and, in the future, some non- 

bandgap references.

Chapter 5 gives a brief review of the basic ideas used in the design of curvature- 

compensated bandgap references. Some special structures, such as quadratic law tem

perature compensation, second-order curvature-compensated reference, and high- 

order temperature compensation will be given. This branch of references is continuing 

to grow.

The unsatisfactory performance of the traditional bandgap voltage references under 

the conditions of reduced (below 1 V) power supply voltage forced the designers to 

search for other compensation mechanisms that would be suitable for voltage refer

ence realization, especially in the new sub-micron CMOS technologies.

Chapter 6 describes the recent work on non-bandgap voltage references using the mu

tual compensation of carrier mobility and threshold voltage temperature effects. The 

application of this mechanism to design of voltage references was started in this de

partment. Chapter 6 summarizes the results obtained for this type of references. It de

scribes some interesting solutions and the results of their simulation and experimental 

investigation. The dependence of the designs on some specific properties of used 

technologies, and the necessity of tuning forced us to investigate other possibilities.

4
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In Chapter 7 we develop and investigate voltage references based on the threshold- 

voltage-difference architecture that can be realized in modem standard CMOS tech

nologies. Three types of voltage references are investigated. In the first type the gate- 

source voltages of two transistors having different threshold voltage values is applied 

to a resistor. If the transistor parameters are chosen in a specific way, the current de

veloped in this resistor will be defined by the difference of threshold voltage values. 

Using a current mirror one can obtain the circuit output voltage that is proportional to 

this difference. This difference is very stable with temperature and may be used as a 

reference voltage.

The second type of reference voltage circuit investigated in this chapter does not need 

any resistors. The output voltage of this circuit is also defined by the difference of two 

threshold voltages. It is shown that this voltage reference may operate at very low cur

rents.

Both types of considered voltage references allow us to design for power supply volt

ages as low as 0.6 V.

The third type of reference uses an asymmetric differential amplifier with one 

grounded input and 100% feedback from the amplifier output to the second input. The 

importance of this reference is that it indicates that, for the reference voltages for low 

power supply voltages, the problems of designing a temperature independent current 

source and voltage reference are equivalent.

Chapter 8 is dedicated to the design of the voltage references considered in Chapter 7, 

and provides layouts and packaging information. Unfortunately, the limitations im

posed by CMC for the university multi-project chips did not allow us to realize the 

best circuits from the references described in the previous chapter. We were able to 

realize the references using regular n-channel transistors and the so-called “native” or 

“natural” n-channel transistors. The realized designs allow us to verify only the basic 

ideas of the approach chosen in this thesis. The experimental investigation of the fab

ricated in 0.18-micron CMOS technology voltage references will be given in this 

chapter as well if the circuits will arrive before the thesis completion. At the time of

5
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writing two reference circuits have been submitted to CMC for fabrication and the 

chips will arrive in January 2006 by CMC schedule.

The Summary and Conclusions chapter summarizes the experience obtained in the in

vestigation of the proposed class of voltage references, and outlines directions for fu

ture work.

6
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Chapter 2 Basic Temperature Dependencies

In this chapter we consider some basic temperature dependencies of transistor pa

rameters. First of all, we consider the temperature dependence of the base-emitter 

voltage VBE of the bipolar transistor biased by collector currents with different tem

perature dependencies. The obtained expression and its approximation are necessary 

in the design of simple bandgap references and the curvature-compensated bandgap 

references. This is followed by a discussion of threshold voltage temperature depend

ency. The linearity of this dependency is one of the main assumptions used in the de

sign of the voltage reference proposed in Chapters 6 and 7. Then the conditions for 

the existence of the zero-temperature-coefficient (ZTC) point in the MOS transistor 

transconductance characteristics are investigated. These results are important for un

derstanding the operation of some previously designed nonbandgap voltage references.

2.1 Temperature dependence of the base-emitter voltage

The collector current of an n-p-n bipolar transistor exhibits an exponential relationship 

to the base-emitter voltage [9], and is expressed as

I c = I s exp
V,BE (2 -1)

where l c is the collector current, I s is the saturation current in the forward-active re

gion, VBE is the base-emitter (diode) voltage, and VT = kT  / q is the thermal voltage 

(approximately 26 mV at room temperature). From (2-1) one derives that VBE is

VBE = Vr In
r l  A1 c

v hv /
(2-2)

The saturation current I s is defined [9] by the electron charge q = 1.6-10 Coulomb,

the intrinsic carrier concentration ni (approximately 1.5 -1010 cmJ for silicon), the dif-
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fusion constant for electrons Dn, the emitter cross-sectional area A E, the effective 

width of the base region WB , and the base doping density N  A. For a transistor of par

allelepiped shape this current is
2

an D A rI  = (2-3)
w b n a

In a real transistor only a central part may be approximated as a parallelepiped. Yet, if 

one uses QB, the number of doping atoms in the base per unit of average effective

area AE of the emitter, and Dn, the average value of the electron diffusion constant in 

the base, then one can write

W a a

Q,

where QB - W BN A. The temperature dependence of the intrinsic carrier concentration 

and the average electron diffusion constant can be described by [10]

= A T  exp

and

r V 'V nr

VT
(2-5)

Dn =VTJln (2-6)

respectively, where A is a temperature-independent constant, T  is the absolute tem

perature, Vg0 is the extrapolated diode voltage at 0°K. In this work we consider that 

V^0 is a temperature-independent constant (in reality it is weakly dependent on tem

perature [11]). In (2-6) Jin is the average mobility for the minority carriers in the base,

~Pn -  BT~m (2-7)

where B is a temperature-independent constant. As a first approximation one may

assume that m is also a temperature-independent constant (more about it is discussed

below). The relationship for the saturation current I s is more explicitly expressed by

substituting (2-5) to (2-7) in (2-4). This results in
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A T  exp .Yu
vT (VTBT-m)AE

Qb
CT (4 -m ) exp

f  V Avgo (2 -8)

where C is a temperature-independent constant defined by all the constants in the left 

part of equation (2-8) such as q , A , B , AE , QB and k / q  , where

k = 8.62 ■ 1(T5 eV/°K. Finally, the collector current will be assumed to have a tempera

ture dependence whose behavior is described by

I c = D T X (2-9)

where D is a constant and x  is an arbitrary number (chosen by the design engineer) 

defined by the temperature dependence of the bias current forced through the collector. 

In practice the most frequently used values are jc = 0, i.e. a temperature-independent 

current, and* = 1, i.e. a proportional-to-absolute temperature (PTAT) current. Conse

quently, the temperature dependence of the base-emitter voltage can be rewritten as

VBK = VV In -m )]

c exp
f V NVg0

v
= Vg0+VT\n

D
-  [(4 — m) — x]Vj. In T (2-10)

However, a more appropriate form of the base-emitter relationship, for the purpose of 

design, is its temperature dependence as a function of the reference temperature, Tr

(usually 300 °K). This form can be derived by using the relationship (2-10) at the ref

erence temperature

-[(4 - m ) - x ] V T In TrVBE(Tr) = Vg0 +VT'ln 

and eliminating ln (D /C ) from (2-10) and (2-11). This gives 

V,e = V „  - j r l Y , o  x]VT In

(2-11)

(2-12)

Equation (2-12) shows that the temperature dependence of VBE includes three terms. 

The expression including first two terms

BE Vg» - - [ V g0- V BE(Tr)] (2-13)
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is used as a first approximation in the design of the so-called non-curvature compen

sated bandgap references. One can also see that if

x = 4 — m (2-14)

then the last nonlinear term of (2-12) disappears. As was mentioned above, the most 

frequently used case is x = 1. This choice diminishes the nonlinear term but does not 

eliminate it completely. In modem technologies m is in the range of 0.5 to 2. The de

sign and use (to bias the current sources) of x  in the range from 2 to 3.5 produces the 

so-called curvature-compensated references. These opportunities will be reviewed in 

the next chapters.

2.2 Temperature dependence of the difference of two base- 
emitter voltages

Let us consider now (Figure 2.1(a)) the temperature dependence of the difference of 

two emitter-base voltages. We assume that the bias currents for transistors Qt and 

Q2 are matched, i.e.

/ Ci = / C2= / C (2-15)

Then, assuming that these transistors are fabricated in the same technology, it follows 

from (2-2) and (2-4), that

V p t a t  =  V T H I  s i  1 1  s i ) -  V t  H A E2  / A£1) (2-16)

In many practical circuits transistor Q2 is realized as the parallel connection of 

A transistors similar to Qx (Figure 2.1(b)) and the base current is neglected. In this 

case ln(A£2 / AEl) = In N  and

V p t a t  = VT InN  = ( k T / q ) l n N  (2-17)

Thus, the circuit of Figure 2.1(b) generates a voltage proportional to the absolute tem

perature (PTAT). It is the most universal circuit for the generation of this type of volt

age. Unfortunately, the realization of this circuit requires that the power supply volt- 

age VDD be higher than VBE ~ 0.7 V (practically, about 0.9 V). The lack of circuits
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generating a PTAT voltage with the power supply less than 0.7 V is the main obstacle 

to the design of precise references operating with low-voltage power supplies.

B2B1

PTAT

PTAT

b)
Figure 2.1 Generation of the PTAT voltage

a)

2.3 Threshold voltage temperature dependence

A commonly used [12] expression for the threshold voltage of a MOS transistor is 

Vm = ^ m ± ^  + 2^F + A V A N „ d l) ± r ( N „ t m, L , W ) ^ F +V0+ |y s, |  (2-18)
'•'ox

where the positive or negative sign refers to n-channel or p-channel devices, respec

tively. In equation (2-18) (/)ms is the metal-silicon (or gate-semiconductor) work func

tion difference, Qss is the surface-state charge density per unit area, Cox is the gate ox

ide capacitance per unit area, (fF is the Fermi potential of the substrate, AVr (A ,, d i) is 

the threshold shift owing to a channel implant N t with depth, d i , and y is the body- 

effect constant that depends on the substrate doping N s , the gate oxide thickness tox, 

and the channel length L and width W . Finally, V0 (N s, N {, d t) denotes a correction 

term related to the threshold shift implant. For enhancement devices with a AV  ̂ shift

ing implant of the same type as the substrate, V0 has a sign opposite to that of (f>F.
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The major contributors to the variation of the threshold voltage with temperature are 

the Fermi p o te n tia l^ , and the gate-semiconductor work function difference(j)ms. The 

Fermi potential is expressed [13] by

kT
(j)F{T) = ± — In

q ni (T)
(2-19)

where nc is the carrier concentration and ni is the intrinsic carrier concentration (its

temperature dependence is given by (2-5)). When impurity atoms are added, at rela

tively elevated temperature most donors and acceptors are ionized, and the carrier 

concentration nc can be expressed [14] by

(N a - N A) + AJ(NA - N D)2 + 4 n 2 

(N a - 1 V„) + J ( N „ - N A)2 +4n,2

(n-type) 

(p - type)

(2-20)

where N D and N A are donor and acceptor concentrations, respectively. As long as 

the magnitude of the net impurity concentration | N D -  N A | is much larger than ni 

(this condition is usually satisfied over a wide temperature range known as the extrin

sic region)then

\N  d (n-type)
{N a (p - type)

For a silicon gate doped oppositely to the substrate, the contact potential is essentially 

determined by the p-n product. Therefore, for an n-type doped gate, the gate- 

semiconductor work function is expressed [15] as

kT 
 In

- — In
N .

(NMOS)

(PMOS)

(2-22)

where iV is the carrier concentration in the polysilicon gate.
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Differentiating equation (2-18) with respect to the temperature and considering the 

fact that </)ms and^f are the major factors which cause the threshold voltage tempera

ture dependence, the value of (*„ will be equal to

dvTH 00ms ^ 0 0 F  , Y 0 0 f

dT dT dT p ^ F + vo + \VSB dT
(2-23)

Taking into consideration (2-5) and (2-22) one finds that for an n-doped gate

d(bt ms
dT 0ms + Vg0 +

3 kT (2-24)

Using (2-19), the temperature coefficient of <j)F is given by

0 0  F

dT 0 F - 0
Vg0 3 kT

+  -
2 q

(2-25)

Therefore, the temperature coefficient of the threshold voltage becomes

a,VT
0VTH 0ms
dT T

. + 2 ^ .  + . r (N s ^ 0X,L,W)
T 42<t>r +Va+\Vst

(2-26)

The derivation shows that (2-24) is a weak function of temperature in the practical 

range 200-400°K. In this range the threshold voltage decreases approximately linearly 

[15] with an increase in temperature. The following equation is usually used

VTH (T) = VTH (T0) + a w ( T - T 0) (2-27)

where a w has a negative value and may be considered as approximately constant. 

The value of ctyj depends on the process and varies [10, 16] from -1 mY/°C to - 4 

mV/°C. In modem CMOS processes this figure is close to -0.8 mV/°C [17].

Although the value of a  ̂  is assumed to be constant, there are a number of factors 

[12] that affect its value. As equation (2-23) shows, the value of | a w | depends on the 

value of | VSB | . A higher back bias | VSB \ causes a smaller magnitude of | a vr \. The 

length of the transistor channel also affects | a w \ . For a short-channel transistor, 

| ctyj | is smaller due to the fact that part of the depletion charge associated with chan

nel formation is depleted from the source and drain rather than from the gate [13],
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This effect leads to a reduction of the body effect^ that will cause | a vr | to decrease. 

The width of the device also influences the device behavior [13]: a narrow device has 

an increased value of y , and, hence, an increased value of | a „  \. Both of these effects 

can be reduced making the device big and wide, for example, by making the length 

and width ten times larger than the smallest length of the gate. For example, | a VT \ 

may be considered as independent on Land W for a device in 0.18-// m CMOS tech

nology if L  and W  are larger than 2 // m each [18].

2.4 Compensation of threshold voltage and mobility tem
perature effects

Mutual compensation of mobility and threshold voltage temperature effects in field- 

effect transistors is well known [19, 20]. The detailed investigation of this compensa

tion resulting in the presence of the common or zero temperature coefficients (ZTC) 

point in MOS transconductance characteristics (Figure 2.2) was done in [17]. In early 

MOS technologies this ZTC point was observed for high gate-source voltages [20] 

that exceed the power supply voltages of modern circuits and this fact may explain 

that the compensation has not obtained proper attention. Yet, the exact behavior of 

transistor transconductance characteristics in the vicinity of ZTC bias point is impor

tant for the design of circuits operating over a wide temperature range [21-24], and, 

also (Chapter 6), may be used for the design of some voltage references.

The ZTC point exists for a series of industrial CMOS technologies [25]. It was also 

shown [25] that, using an external constant current source for the biasing, a diode- 

connected MOS transistor at the ZTC point produces a temperature-stable voltage (the 

reported stability was 13 ppm/°C over the range of 0-125 °C)
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Transconductance Characteristics W/L=50/2.5
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Figure 2.2 Transconductance characteristics in the vicinity of the ZTC point

2.4.1 Conditions for compensation

Following [26] one writes the n-channel transistor drain current equation as

/
HnC0J W ^

[ d (Vgs~VTH)2 (2-28)

Both the carrier mobility fxn and the threshold voltage VTH change with temperature. 

For a given temperature 7], one can find the bias voltage

dVTH /dT  ,
Vgs ~ Vth (T ) + [2>«„ ^  / dT^  1 (2-29)

such that the drain current I d at 7], satisfies the condition (dld) /(dT) |r=r = 0. The 

voltage VTH changes as in (2-27), where T0 denotes the reference temperature, and 

dVTH / dT = a Yr is a negative constant. The mobility depends on temperature as [16]
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Mn(T) = jun(T0)(T / r 0)“" (2-30)

Let us assume, for now, that is a constant. When (2-30) and (2-27) are substituted 

in (2-29) one determines that the required bias voltage is

Vc,s ~ Vth (T0) + a wTx (1 +  ) -  o:vrT0
a.

(2-31)

If, in addition, a  = -m  = -2  (compare with 2-7), then there also exists a tempera

ture-independent voltage

V GS =  V GSF =  V TH (T0) - a vrT 0 (2-32)

that biases the transistor to a temperature-independent drain current I DF . If (2-32) and 

(2-27) are substituted into (2-25), then one obtains

I d ~
Mn( T ) C 0

(aw T y (2-33)

If the temperature dependence (2-30) is substituted into (2-33) with a M -  - m  = -2

one obtains

, _ 7 _ Mn(To)To2C ox( W ^
D DF 0  j

Z  { L ,  j
a ,VT (2-34)

In this case the temperature decrease of mobility exactly compensates for the tempera

ture decrease of the threshold voltage, and the transistor biased by the voltage VGSF

has a temperature-independent drain current I DF .

A diode-connected transistor can be biased by an independent current source. Rewrit

ing (2-25) as

vgs=vm+. 21
(2-35)

\ f inCox{WIL)

one can find, for a given temperature T2, the drain current Id that provides the condi

tion ( d l d ) l ( d T )  \t=j2 = 0. For this current the voltage Vgs becomes equal to

Vqs ~ Vth (To ) +  a vrT2 (1 "• ) a vrTo ~ Vgsf +  a vT^2a,
1+ -

a, (2-36)
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When a M =-m = -2,  this voltage has the same value as in (2-32), and the required I D 

is given by (2-34).

Hence, if this point (VGSF , I DF) exists, and the transistor transconductance characteris

tics obtained at different temperatures have a common intercept point, then one can 

assume that in this technology otM -  - m  ~ -2  . This is important in the design of 

higher-order bandgap references.

2.4.2 The transconductance characteristics in the vicinity of the 
ZTC point

For = VGSF + AVas , and an arbitrary temperature T  where Vgs -  V1TH GS i

the drain current becomes

Mn(T0)(T/T0y 2C
(AVGS- a w T ) 2 1- -

a w T
-AV,GS (2-37)

The simulated transconductance characteristics (with T  as a parameter) shown in Fig

ure 2.2 confirm this. They are for an n-channel device in 0.35pm CMOS technology. 

They have a common intercept point ( VGSF ~ 869 mV, I DF ~ 192 pA), and, indeed,

can be approximated as pieces of straight lines with a slope that is inversely propor

tional to temperature. This linear dependence, as we will see in Chapter 6, is essential 

for the design of some voltage references.

If ^ - 2 ,  the point ( VGSF , 1DF ) does not exist. Then, for V - V GSF + AVGS , the 

drain current becomes

\2
^ ( r 0)(7 7 r0r c a w Y

L X

2 a  TW GS+^ -
oc„

= / DF

/  rn \ 2+“(
(2-38)

A ,
Tv °y

a u1 + — ^ A V ,
a  T^vr

GS

The characteristics are again pieces of straight lines with a slope that is inversely pro

portional to the temperature. Yet, they do not have a common intercept point, they
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have a "bottleneck" only (in reality, one has always a “bottleneck”, not a point). The 

initial point of each characteristic (obtained for AVG5. = 0 )  depends on temperature. 

Such characteristics (Figure 2.3) were obtained for p-channel transistors of the same 

0.35pm CMOS technology.

Transconductance Characteristics W/L=5(y2.5
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Figure 2.3 Transconductance characteristics of the p-channel transistor

A  T
Introducing AT = T - T 0 one can approx im ate^ /T0)2+a>‘ ~ l  + (2 + a M)  . Then the

drain current in the vicinity of the "bottleneck" can be rewritten as

l<i ~ ^DF

/  \ 2
2

I "

ATl + (2 + S )— ! ! a » W as
a vr (T0 + AT)

(2-39)

Wheno: = - 2 ,  the result (2-39) coincides with (2-37).
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2.5 Summary

In this chapter, some basic temperature dependencies of transistor parameters were 

reviewed. The temperature dependence of the base-emitter voltage VBE for bipolar 

transistors biased by the collector currents with different temperature behavior was 

found. This dependence was divided into linear and nonlinear parts. This division is 

important for the design and classification of bandgap voltage references. As we will 

see later, the approximation using the linear part only is used in the design of the first- 

order or non-curvature-compensated BGRs. Consideration of the nonlinear part is re

quired in the design of higher-order or curvature-compensated BGRs.

Then the temperature dependence of the threshold voltage VTH was described. This 

temperature dependence is nonlinear, yet over a relatively wide range of temperatures 

it can be considered to be linear one, and the temperature coefficient a w  of this de

pendence may be considered to be a constant. This assumption will be used in the de

sign of non-bangap references.

Finally, we described the conditions when the transconductance characteristics of 

MOS transistor have a ZTC point. The presence of this point is essential for the de

sign of some non-bandgap voltage references.
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Chapter 3 Bandgap First-Order References

This chapter reviews the most popular voltage references, the so-called first order 

bandgap voltage references. A description of the most important steps in their devel

opment will be followed by the basic idea of the design. The techniques, including 

the most recent one, that are used in the design of these first-order BGRs will be stud

ied.

Any bandgap voltage reference is bipolar in nature. This means that it includes a bipo

lar transistor (usually in a diode connection), and the temperature-dependent VBE (T) is 

compensated to obtain a temperature-independent output voltage. If VBE (T) is ap

proximated by the linear dependence (2-13) and the thermal voltage 

VPTAT = NVt = NkT  / q is used for compensation then one designs a first-order BGR. 

Only these designs are considered in this chapter. The higher order BGRs, when the 

full expression (2-12) is considered and the nonlinear term is also compensated, will 

be considered in Chapter 5.

3.1 Development of the first-order bandgap references

For many years, bandgap references have been used as voltage references in various 

fields of application, for instance in the automotive industry [27], battery-operated 

dynamic-random access memories (DRAMs) [28] and many other circuits. A bandgap 

voltage reference has high power supply noise rejection, and its output voltage is very 

stable against temperature and process variations.

Many of the bandgap references used in these diverse applications are based on the 

idea proposed by Hilbiber in 1964 [29]. He proposed to add and subtract several base- 

emitter voltages with different first-order behaviors for the temperature compensation 

of a base-emitter voltage. Because of using several base-emitter voltages, the required 

power supply voltage was very high. In 1965, Widlar found a PTAT voltage that was
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proportional to the absolute temperature by using the difference of two junction volt

ages [30]. In 1971, Widlar used this PTAT voltage for the compensation of the tem

perature behavior of base-emitter voltage in the design of a bandgap reference [31] 

that required a lower power supply compared to Hilbiber’s proposal. Later, a number 

of articles describing several designs for the bandgap references appeared [32-35]. 

Most of the proposed topologies were based on Hilbiber or Widlar proposals or a 

combination of them. The works [29-35] have established the main ideas in the design 

of the first-order compensated BGRs. All of these references were designed for a bi

polar technology.

Further development of the first-order BGRs is defined by two trends.

First, the bipolar technologies were gradually replaced by CMOS technologies. The 

first-order BGRs were adapted to these technologies. The compensation bipolar core 

was preserved using parasitic lateral or vertical bipolar transistors. The signal process

ing part was redesigned using MOS transistors. Only these designs will be discussed 

here.

Second, a more profound influence is the tendency to reduce the power supply voltage. 

If VBE (T) is compensated by putting VPTAT in series with it, the resulting voltage is

about 1.25 V close to V g0 ~  1.215 V. This voltage is very stable (the typical TCs are

from 10 to 20 ppm/°C), and very frequently used as the output voltage of the reference 

VREF (sometimes, for convenience, the output voltage is trimmed to 1.25 V). The se

ries summation requires that the power supply voltage VDD be about 1.5 V. When the 

supply voltage is below the bandgap voltage, i.e. below 1.21 V, one has to use an indi

rect compensation. Usually currents proportional to VBE and VT are derived and 

summed [36, 37], and their temperature-dependent components compensate each 

other. The resulting current is used to create the output voltage across the tempera

ture-independent resistor. This indirect approach reduces the quality of BGRs, and the 

obtained stability is in the range of 30 to 40 ppm/°C. The required power supply volt

ages are about 0.9 V (the lowest value which is known to the author [36] is 0.84 V).
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The addition of the deep n-well and p-well in triple-well CMOS technologies widened 

the bipolar capabilities. The parasitic BJTs are exploited in n-well and p-well, and 

some new designs of compensation core are found [38)]. Yet all these new solutions 

did not allow us to reduce the power supply voltage to below 0.95 V.

When the power supply voltage is reduced below 0.8 V the principle of the BGR, op

eration can not be used at all. In this case the designer is forced to use nonbandgap 

voltage references. These will be considered in Chapters 6 and 7.

3.2 General idea

By definition, a bandgap reference is a voltage reference for which the output voltage 

is referred to the bandgap energy (or bandgap voltage) of the used semiconductor. As 

it was discussed in the previous chapter, the bandgap voltage has a weak temperature 

dependency. Therefore, if the output voltage of this type of reference is referred to the 

bandgap voltage a true reference is obtained. In the rest of this chapter, it is assumed 

that the bandgap voltage is constant over the desired temperature range and is equal to 

Vg0, the extrapolated bandgap voltage at 0°K. For realization of a bandgap reference,

at least one component must be available of which a port voltage is related to the 

bandgap voltage. Since the base-emitter voltage of a bipolar transistor is related to the 

bandgap voltage, the bipolar transistor is the core component of most bandgap refer

ences. Bipolar transistors can also be implemented in CMOS technology.

In the previous chapter we found that the temperature dependence of VBE voltage is 

given by

Vbe =Vs0 - ^ [ V j0 - VBE(Tr) ] - [ ( 4 - m )- x]Vr In (3-1)

This equation shows that the temperature dependence of VBE includes three terms. 

The expression including only the first two terms

V n ~ V , * - y U ' , * - V BE<T,)\ (3-2)
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is used as approximation in design of first-order BGRs (sometimes they are called 

non-curvature compensated B G Rs). If we introduce

T =Tr + AT  (3-3)

then equation (3-2) can be rewritten as

Vbe ao a\ j ,  "*■a: 1
<1 

1

2

+ a 3
(  a t "

3

+ ... + a
" a  t s

n

+ 0 f A T 1

n+l

Tr
\  r

j T\  r J
n

Tr\  r J Tr\  r / _

where

(3-4)

(3-5)ao =VBE{Tr)

and the coefficients ax, a2, a3, ... of the Taylor series for VBE(ATITr) are defined 

by the expansion of the term -  [(4 - m ) ~  x^/T In (7 7 7 )). Even though the approxima

tion (3-2) shows that the temperature dependence VBE (T) is linear, the coefficient

= ~[Vg0 -  VBE (Tr)] -  [(4 -  m) -  x]VT (Tr ) -  -[Vg0 -  VBE (Tr)] (3-6)

in its full form shows that even the non-curvature compensated bandgap reference 

needs tuning because the exact value of the parameter m  is not known. Yet, usually 

Tr = 300 °K, and the approximation of ay given by the right part of (3-6) is sufficient 

for design of these references.

The thermal voltage VT -  kT I q has a positive temperature coefficient equal to 

k /  q =0.086 mV/°K, and can be used for the first-order compensation of the tempera

ture dependence of base-emitter voltage in the design of BGRs. Assuming that the 

voltage VT can be amplified
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Figure 3.1 Two conceptual implementations of the first-order bandgap reference

by an amplifier with a gain of A^. (Figure 3.1(a)), and summed with theVB£ voltage 

given by (3-2), the resulting voltage will be

VEEE =Vt E +A„VT =Vl 0 - i [ V s0-V K (7-,)] + A„Vr =Vl0 (3-7)
r

Rearranging the terms we find that the required coefficient is

Vg0- V BE(Tr )
A — •VT V A T )

(3-8)

For the frequently used values of V = 1.215 V, VBE(Tr ) =0.65 V, and VT(Tr) =25.6

mV one can find that Avr = 22.

3.3 Implementations

Most of the first-order bandgap references are implemented using one of the two 

techniques shown in Figure 3.1. The first techniques directly implement equation (3- 

7), i.e. two voltages, VBE and AvrVT are summed in order to obtain a temperature-

independent voltage Vg0. In the second method (Figure 3.1(b)) two currents, one pro

portional to VBE and another one proportional to VT are properly scaled and summed 

up. The summed current, which is temperature-independent, will go through a resistor
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(which is assumed to be temperature-independent), generating a temperature- 

independent voltage. The second configuration is also known as current-mode (CM) 

bandgap voltage reference [39], and it is used to design the references with the power 

supply voltage below 1 V.

To generate a voltage proportional to VT, the base-emitter voltage difference of two 

bipolar transistors can be used. Using equation (2-2)

VBE = VT In
r I  '  _£
v l S  V A /

(3-9)

repeated here for convenience, one can find that the base-emitter voltage difference of 

two BJT transistors with two different emitter areas can be written as

AV,BE VBEl( T ) - V BE2(T) = In L Cl a e2J s(T)

a e1J s(T) I C 2

f  I A ^LC1 E2
A J

y  £1 C2 j

(3-10)

where J S(T )~  I sl(T ) /A El = I s2(T)/  AE2 is the saturation current density, and AEl, 

Ae2 are the emitter areas (we omitted the vinculum for convenience).

Figure 3.2 shows the implementation of the bandgap reference using the voltage 

summation technique. The circuit operates as follows. Transistors M 3 and M 4 form a

current mirror that defines the ratio between the emitters in Q{ and Q2 (normally the 

mirror factor is 1). The operational amplifier and the associated feedback loop drive 

the voltages of nodes 1 and 2 to a value equal toVEB2. Thus the voltage drop across the 

resistor Rx is equal to the base-emitter voltage difference of transistors Qx and Q2. 

Current l x is given by

h  =
A VEB _ VT ln 

Rx Rx
^ I A ^2 El

XE  2 h
(3-11)
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REF

Figure 3.2 CMOS bandgap reference based on voltage summing

where AE1 and AE2 are the emitter areas of transistors Q1 and Q2 respectively. The 

output voltage, VREF is given by

V r e f  = ^ 2 ^ 2  ~ ^ V e B 2  (3-12)

Substituting (3-11) into (3-12), with /, = / 2, and using the first two terms in (3-4) for 

the approximation of VEB2 (we note that (3-4) was written for n-p-n transistor, and the 

same result is valid for VEB in p-n-p transistor) VREF can be written as

AT
V,EF= ^ - V T ln 

K \

Finally, using (3-3) one determines that

^ 4  ^E l + U q + (3-13)

V - — V'  REF  D  v TrK
1 +

AT

v
In

A E2 y \  E2 j
+ a0 + ax

AT
(3-14)

Here VTr - V T(Tr). Therefore, for first-order compensation, the resistor ra

tio R2 / /?! and the ratio of the emitter areas, AEl /  AE2 should satisfy the relationship
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where a{ is given by (3-6). For the initial design iteration one should choose 

(R2/ R l )]n(AEl/ A E2) = 22.

REF

Figure 3.3 CMOS bandgap reference using current processing techniques

Figure 3.3 shows an implementation of a current-mode bandgap reference. Transistors 

M 3-M 5 form the current mirror with a mirroring factor equal to 1. The operational 

amplifier drives the voltages of nodes 1 and 2 equal to VEB2. Therefore, the voltage 

across the resistor R{ is equal to the emitter-base voltage difference of transistors Ql 

and Q2, and the current /, will be proportional to VT and is given by

V - Vv  F R O  " F Vr (
EB 2 r E B 1 _  ’ T  | n

RiR, A E 2  V J

(3-16)

The emitter-base voltage of transistor Q2, across the resistor R2, generates current 

12 = VEB2 / R2 with negative temperature coefficient. The sum of currents /, and I 2 is 

then equal to

27

R e p r o d u c e d  with p e r m is s io n  o f  t h e  co p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i ted  w i th o u t  p e rm is s io n .



If the temperature behavior of VEB2 is approximated by two terms of the correspond

ing expansion (3-4) and the condition

VT
-In

(  A  ^  ™El
y A-E2

+ ̂  = 0 (3-18)
^2Ri

is satisfied, then h  + I 2 will be temperature-independent to a first approximation. 

This current is repeated by transistor M 5 and flows through resistor R3 generating a 

first-order temperature-compensated voltage VREF which is equal to

= VT
f A N £1

A Fjv E2 J

+ ^ - V EtJ (3-19)
2

Note that all the resistors should be temperature-matched (i.e. made from the same 

material) to ensure proper compensation of the output voltage temperature coefficient. 

As equation (3-19) shows, the circuit can easily achieve a gain or attenuation of the 

generated bandgap voltage by scaling the value of resistor R3. This will affect the 

value of minimum required operating power for the circuit.

The transistors that form the current mirrors in the circuits of Figure 3.2 and Figure 

3.3 should operate in the saturation region. Thus, the minimum supply voltage must 

be maintained in order to prevent the transistors M 3- M 5 from being forced to operate 

in the triode region. Therefore, for the circuit of Figure 3.2, the minimum required 

power supply voltage is expressed by

^ D U  min =  V r E F  + V s D SAT3  (3-20)

For this circuit the typical value for VREF is about 1.25 V, and the value of VSDSAT3 

ranges from 0.1 V to 0.3 V. Thus the theoretical value for the minimum required 

power supply voltage is about 1.4 V. However, since VREF can be scaled down for the 

CM voltage reference, the circuit is shown in Figure 3.3 can be designed with a lower 

power supply voltage compared to the bandgap reference using the voltage summa-
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tion. Indeed, the minimum power supply voltage in this case is defined by the branch 

including transistors Q2 and M  4, and is equal

VDDmm ~  VEB2 ^SDSATA (3' 21)

The typical value of VEB2 is about 0.65 V. Thus the theoretical value for the minimum 

required power supply voltage in this case is about 0.85 V.

Offset is one of the main concerns in the design of bandgap references. In the circuits 

shown in Figure 3.2 and 3.3, the operation of the Op-Amp is to keep the nodes 1 and 2 

to an equal value. This is generally true if the gain of the operational amplifier is suf

ficiently large. However, in real circuits, a possible offset voltage always exists 

though it can be minimized with suitable Op-Amp design. In both circuits of Figure 

3.2 and 3.3, considering that the Op-Amp has the systematic offset voltage Vos, the

current I { is defined by the condition

*VEB+V0S= I lRl (3-22)

If the offset value is comparable to the value of AVEB, then the offset will significantly 

affect the performance of the circuit. One way to reduce the effect of Vos on VREF is 

to increase the value of AVEB . This can be done increasing the ratio AEl / AE2, e.g. re

placing one of the transistors by an array of transistors (see Chapter 2).

A very elegant development of the first-order compensated BGRs was proposed re

cently [38]. This work proposes a simple bandgap reference where a small fraction of 

VBE in parasitic bipolar transistors and the difference of two VBE ’ s are combined to 

generate the reference voltage.
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Figure 3.4 Bandgap reference using the circuit of VBE multiplier

Figure 3.4 illustrates the simplified bandgap reference core circuit. The area ratio of n- 

p-n transistors Qx to Q2 is N  . A standard bias circuit [26] generates 1BIAS. If the base

current of Q2 is much smaller than the current through Rx and R2, then the node volt

age V can be approximated as

V ,= V m , + ^ - V , E, (3-23)
2

Hence, Vx is proportional to VBE2 which, as we know, has a negative temperature co

efficient. If VBEl is subtracted from V,, the reference voltage VREF (coinciding with the 

collector-emitter voltage VCE2) can be expressed as

VRE F ~ V — V?£l = VbE2 „ Vi£2 ~ Vfil = B E  ^  B E 2  (3-24)
^2 2

Transistor Qx is diode-connected, and if <22 is operating in the forward active region 

just above saturation, as long as the current gain fo of the transistors is sufficiently 

high, one may write
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BE ~  V b E2 V B E \  ^ 7" N  ~ V T\n N
\

/
(3-25)

This circuit may be designed, for example, in triple-well mixed-mode 0.18- ju m 

CMOS technology that includes a deep n-well (as well as an ordinary shallow n-well) 

layer as part of the process for p-type substrate wafers in order to have individual 

body potentials for the n-MOS and p-MOS transistors. Then it will be no extra cost to 

have n-p-n parasitic transistors.

Since the n-p-n transistors are parasitic components, the current gain /5 can be ex

pected not to be very high. Yet, the experiment shows that the values of /) in the 

range from 8 to 18 can be provided [38]. These values are sufficient to use equation 

(3-25) and to write that

Since the ratio Rl / R2 can be chosen to be smaller than one (i.e. one uses a fractional 

portion of the voltage that is normally necessary in a standard bandgap reference) the 

transistor ratio N  can be made smaller to compensate for the temperature dependence 

of the second term in (3-26), and the reference voltage VREF is a portion of the normal 

bandgap reference voltage (which is about 1.2 V). With small R{ the voltage V, is 

close to VBE2 ~ 0.7 V, and a bias current source requiring only a voltage drop of 0.2 V 

can be easily designed. Hence, this reference will be able to operate with the power 

supply voltages higher than 0.9 V, with 1 V being more than sufficient.

The circuits described so far are designed to compensate for the second term in the 

expansion (3-4) of the temperature dependence VBE (T) . Due to the presence of high- 

order temperature dependent terms, the output voltage is not constant, and is still 

weakly dependent on temperature.

(3-26)
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3.4 Summary

Voltage references are essential building blocks of many analog and digital circuits. 

The bandgap reference is the most popular voltage reference used in circuit design. 

This reference provides an output voltage with low sensitivity to the temperature and 

process variations. Bandgap references are bipolar in nature but can be implemented 

in CMOS technologies as well using lateral p-n-p transistors or parasitic vertical bipo

lar transistors formed with the help of shallow n-well (for vertical p-n-p transistors 

with grounded collectors) or shallow and deep n-wells (for parasitic vertical n-p-n 

transistors without restrictions on their collector or emitter potential). In this chapter, 

the basic principles behind the designs of first-order bandgap references were dis

cussed. These techniques are based on approximation of the VBE temperature depend

ence by equation (3-2) and using compensation of this temperature dependence by the 

amplified thermal voltage VT . With careful design one may reduce the power supply 

voltage for these references below 1 V, but in practice it is impossible to reduce this 

voltage below 0.9 V.

The approach does not specify the exact temperature dependence of the bias current in 

a diode or a transistor. The VBE voltage provides a component (3-2) with negative 

temperature coefficient, and the term - [ ( 4 - m ) - x ] V r (Tr) in (3-1) is neglected. Yet, 

the design of bias currents with different temperature dependencies, first of all with 

different values of x is important for design of the bandgap references with full or 

partial compensation of the nonlinear term in (3-1). The design of current references 

with different dependencies of the current versus temperature is considered in the next 

chapter.
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Chapter 4 Current References

Current references are an essential part of most analog and digital circuits. Amplifiers, 

phase-locked loops (PLLs) and oscillators are just a few examples of the circuit appli

cations of current references. These circuits are the fundamental building blocks of 

cellular phones, pagers, laptops and many other consumer electronic products.

The processing of current signals is done faster than the processing of voltage signals, 

and, therefore, for a given technology, the circuits designed using current-mode ap

proaches operate faster than their voltage-mode counterparts [40]. The current value 

controls the transconductance of transistors and, in turn, affects the static and dynamic 

characteristics of circuits. Also, the performance of current sources influences the 

power consumption, which is an important parameter in many applications.

Often the currents in different parts of a circuit result from mirroring one or more ref

erence currents [2], It is therefore important to study basic techniques used for the de

sign of current references. Here we consider a particular class of current references, 

namely, the references producing currents with prescribed temperature dependencies. 

We remind here that when the diode or transistor is biased by the temperature- 

dependent current

I c = D T X (4-1)

the diode or base-emitter voltage of transistor is given by

Vb„ = Vsa -  J -  lV,« -  VBE (T, )] -  [(4 - .m) -  x]VT In
J r ,\  r /

(4-2)

The design of first-order bandgap references, as we have seen in the previous chapter, 

neglects the temperature compensation of the last term in (4-2). The technology pa

rameter m is in the range of 0.5 to 2 (in modern CMOS technologies it is close to 2), 

and the exact value can be always established by measurements if one is working with 

a particular process. Then, designing the current references, say, with x = -l,  0, 1, 

2, ... and using a combination of currents with different values of x  for a diode or
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transistor bias current, one can find the combination that results in the minimal influ

ence of the last term.

The most frequently used current references are designed for x = -1, x = 0, x -  1 and 

x — 2. Only these references will be considered in this chapter. The first type ( x  = -1) 

is called complementary-to-absolute temperature (CTAT) current reference. The sec

ond ( x = 0) produces a temperature-independent current. The third ( x = 1) generates a 

proportional-to-absolute temperature (PTAT) current, i.e. a current that is linearly 

proportional to temperature. Since the PTAT relationship is the most predictable and 

linear over a wide range of currents, this kind of current reference is the most fre

quently used one. The CTAT relationship is also rather predictable, and the tempera

ture-independent current references are usually designed combining PTAT and CTAT 

currents or using available voltage references. Combinations of currents from these 

three references are often used in conjunction with curvature-correction schemes for 

the design of precise voltage references (only this part of these applications will be 

considered in Chapter 5). Square PTAT current (PTAT2) references, or the references 

with current proportional to the second degree of absolute temperature, require some 

special circuits, and they appear in the design of curvature-compensated (or second- 

order compensated) bandgap references only.

The interested reader can find the design of current references for x = 0.5, x = 1.5, 

x = and 2.5 in [41].

4.1 PTA T current references

As the name implies, a PTAT current reference generates a current that increases as 

the temperature increases. Generally, this type of current reference is obtained by 

forcing a PTAT built-in-voltage across a temperature-independent resistor.

The difference of the base-emitter voltages of two bipolar transistors is proportional to 

the temperature and can be used for the design of PTAT current references.

The relationship between the base-emitter voltage of an n-p-n transistor and its collec

tor current, as we saw in Chapter 2, is expressed [1] by

34

R e p r o d u c e d  with p e r m is s io n  o f  t h e  co p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i ted  w i th o u t  p e rm is s io n .



where I c is the collector current, VT -  kT I q is the thermal voltage, J s is the satura

tion current density, k is Boltzman’s constant, q is the electron charge, AE is the 

emitter area, and T  is the absolute temperature. Using (4-3), the differences of the 

base-emitter voltages of two BJT transistors, say, <2, and Q2, can be written as

kT.
VBE\ V bE2 V t In

f  I j  a  ̂1C1 J s™-E2
^  s ^ E \  ^  C 2  j

-In
^ I A ^1Cl E2

A J
y  E 1 C2 y

(4-4)

where 7C1 and I C2 are the collector currents of transistors Qx and Q2, respectively.

Equation (4-4) shows that the difference of two base-emitter voltages is proportional 

to the absolute temperature.

k  Mi—i1

PTATM

Figure 4.1 PTAT current reference

Figure 4.1 shows a PTAT current reference circuit using the difference of two emitter- 

base voltages [42], Transistors M l andM 2, form a current mirror developing equal 

currents for transistors Qx andQ2 , i.e. /, - l 2. Following Kirchhoff’s voltage law 

(KVL) and applying equation (4-4) for p-n-p transistors, one can write
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— V E B 2 VeSI
q

k T ,  (  I 2 AE1^

y  A-E2 11 j
( 4 - 5 )

The current through M 5 must then be

kT (W / L )
I  PTAT = ---------------------------------------------------------- (4 -6 )
PTAT q R ( W / L \

where n = AEl / AE2 is the emitter-area ratio of Q, to Q2 ( AE1 is larger than AE2). The 

advantage of the PTAT current source of Figure 4.1 is that the current generated by 

this reference is, to a first approximation, independent of the power supply voltage. 

One drawback of this circuit is that it has an additional stable operating point, which 

is when /, is equal to zero. A start-up circuit is required to prevent the circuit from 

settling into this state.

In a conventional CMOS process (single n-well technology), the necessary bipolar 

transistors can be realized using the substrate as part of the transistor. They can be 

fabricated with the substrate acting as the collector, the well diffusion as the base and 

the source/drain diffusion as the emitter.

PTAT currents can be also implemented using only CMOS transistors. Figure 4.2

shows one possible completely CMOS design for the implementation of PTAT cur

rent generator [1]. The mirror block with mirroring factor of 1, provides equal cur

rents in each branches. Using KVL for the voltage loop consisting of transistors M, 

and M 2 and resistor/?, one can write

IR = VGSl ~VGS2 (4-7)

The following PTAT current (we show below that this is indeed so), I PTAT, is thus 

obtained

1  PTAT =  I  =  V ° S l  ~p ° S2  <4 '8 )
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I PTat

Figure 4.2 CMOS current reference

The MOS transistors, M x andM 2, may operate either in the sub-threshold or strong 

inversion regions (or in saturation in both cases). The generated current can be made 

proportional to the absolute temperature for both inversion regimes, and we describe 

the operation of the circuit in these two cases.

4.1.1 Subthreshold region

In the subthreshold region, a MOS transistor operates as a bipolar transistor, and the 

drain current I D, of such transistor changes exponentially with variations in VGS, simi

larly to the bipolar transistor. The voltage VGS of a MOS transistor operating in the 

subthreshold region is given by [9]

where ij and l t are process-dependent parameters, W  and L are the transistor width 

and length, as usual, and VDS is the drain-source voltage. As soon as VDS voltage ex

ceeds 3-4 values of VT, one can neglect the last term in (4-9) and write

V J

(4-9)
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V g s  W t  In + UTH (4-10)

Substituting (4-10) into (4-8), the PTAT current is found to be

I PTAT
yvT

R
In

\ W / L )2  ̂
CW / L \

(4-11)

Note that this current is proportional to the absolute temperature, T .

One drawback of this circuit, when M x and M 2 are operating in the sub-threshold re

gion, is that the temperature range within which the circuit can operate is limited by 

the presence of leakage currents. The leakage currents have a positive temperature co

efficient, and increase when the temperature increases. Therefore, these currents can 

override the drain current of the MOS transistor operating in the sub-threshold region 

at moderately high temperatures [9], and this affects the circuit performance.

4.1.2 Strong inversion region

The same circuit can be used with the transistors operating in strong inversion region. 

In strong inversion (and in saturation) the VGS of a MOS transistor is expressed as

21 r

'junCox(W /L)

Using (4-12) in (4-8) and solving for I PTAT = I D one finds that [26]

(4-12)

I  PTAT
MnCoxR 2

1 1
si (W /L )  i J ( W / L ) 2

(4-13)

We assume that R is a temperature-dependent resistor, and its temperature depend

ence is expressed as

/? = /?0[l + a R1( r - r 0)] (4-14)

where a Rl is the first-order temperature coefficient of the resistor and T0 is the refer

ence temperature. Then, using equation (2-30) from Chapter 2, one can write
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K i V ^ M n i T o X T / T ^  «/i„(T0) 1 + a,
r T - T 0 N

( 4 - 1 5 )

Substituting (4-14) and (4-15) in (4-13) one can find that

I  PTAT ~  I  PTAT0 I - a ,
f T - T , ( T - T  Y 

■2aRl( T ~ T 0) + 2a fla R1 0 (4-16)

where I
PTAT0 // (t  a? 2/U (-*0 ) ^ o x ^ 0 V(w 7lx  V(w / l )2

. Using the first degree ap

proximation for (4-16) one can write that

I p  TAT ~  IP T A T  0 [1  y  ( T  T 0 )] (4-17)

I a u Iwhere y = - { a  /T0) - 2 a m . We recall that a M is negative, and if a Ri < — — which is
2T0

usually the case, the coefficient y will be positive and the circuit of Figure 4.2 is, in

deed, a PTAT current generator.

A drawback of this circuit is that it has also an additional operating point similar to 

the circuit of Figure 4.1. Therefore, a start-up circuit is required to prevent the circuit 

from getting stuck in this unwanted state.

4.2 CTAT current references

Another useful current reference is a reference that generates a current that is com- 

plementary-to-absolute temperature (CTAT). As we will see in Chapter 5, this type of 

current reference is used in the design of curvature-compensated bandgap voltage ref

erences. A simple method to generate a CTAT current is to force a CTAT voltage 

across a resistor. The base-emitter voltage of a bipolar transistor and the threshold 

voltage of a CMOS transistor are two voltages that have negative temperature coeffi

cients and thus can be used for generating CTAT currents.
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I  CTAT
+

A B

R

Figure 4.3 CTAT current generator using VBE

Figure 4.3 shows a possible design of CTAT current generator [43] using the base- 

emitter voltage. The operational amplifier ensures that the voltages at nodes A  and 

B are equal. Therefore, the base-emitter voltage is forced across the resistor, and a 

CTAT current is generated which is given by

The temperature coefficient of the base-emitter voltage is equal, as we know, to -2.2 

mV/°C at room temperature. If the temperature coefficient a R1 of the resistor R is 

positive (which is usually the case), then the current I CTAT will, indeed, show

temperature dependence with a negative temperature coefficient.

The threshold voltage of a MOS transistor is another built-in voltage with negative 

temperature dependence and can be used for the design of CMOS CTAT current ref

erences [44]. A possible design for such a circuit is shown in Figure 4.4.

CTAT (4-18)
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CTAT

Figure 4.4 CTAT current generator using a | Vrp | extractor

The | VTP | threshold extractor can be formed by the transistors from M, to M 2 [45]. 

This voltage is extracted with respect to the VDD line. Assuming the same \ VTP |for 

PFET transistors, one can write the voltage across the drain and source of transistor 

M 3

VSd3 = V SG3- V SD2 (4-20)

One can show that M { operates in saturation and M l operates in the triode region. 

Then VSD2 is given by

VSD2 — V27 | A + _ L
K , K 2

(4-21)

whereK ; = jupC0X(W / L)t , i -  1, 2, 3. By making (WIL)3 of M 3 three times that of 

M x andM 2, i.e. K { - K 2 = K 3/ 3, and substituting (4-21) in (4-20) one can find that 

the drain-source voltage of transistor M 3 is expressed as

61
3 K x

21 61 21 . 
K , + K, J k , _l ”* 1

(4-22)
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This extracted threshold voltage is then buffered and applied to the resistor R to cre

ate the I CTAT current that is given by

IV™ I
= L- f d - (4-23)

One disadvantage of this circuit is that since the temperature coefficient of the thresh

old voltage is somewhat process-dependent, the behavior of the output current will 

depend on the process as well. The temperature coefficient of the resistor should be 

positive, and, if possible, small.

4.3 Temperature-independent current references

Temperature-independent current generators are useful for biasing the circuits with 

fixed current densities across the desired temperature range. They are also used in the 

design of temperature-independent voltage references. One way to design a tempera

ture-independent current reference is to add PTAT and CTAT currents appropriately. 

The sum of these currents will give a quasi-temperature-independent current (to a 

first-order compensation).

OUT

CTAT

PTAT

Figure 4.5 The temperature-independent current generator
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Figure 4.5 illustrates one possible design [1] based on summing the PTAT and CTAT 

currents. In this circuit, I PTAT is generated by the loop consisting of transistors Qx 

and<22, and re s is to r^ . The CTAT current is created by transistor Q3 and resistorR2.

It is again assumed that the temperature coefficients of the resistors are very low. The 

PTAT and CTAT currents are then summed, and a temperature-independent current is 

obtained. The transistors Q3, M 3 and M ,, Q2 form a two-stage feedback amplifier 

keeping the base of Qx at the level providing the required summation of currents.

It is interesting to note that the circuit shown in Figure 4.2 can be also used for the de

sign of temperature-independent current generators. In accordance with (4-17), in or

der to achieve first-order compensation, the first-order temperature coefficient of the 

resistor should satisfy the following condition

a m =m/(2T0) (4-24)

Using expressions given in [18] it is possible to show that in this current source, one 

can even achieve second-order compensation by choosing a specific second-order 

temperature coefficient of the resistor. Unfortunately, the designer is not able usually 

to choose the resistor temperature coefficients.

The third technique for the design of temperature-independent current references is to 

force a temperature-independent voltage across a resistor with a very small tempera

ture coefficient. This realization technique requires a temperature-independent voltage 

reference with second-order temperature compensation. It is more complicated and 

less frequently used.

4.4 PTAT2 current references

PTAT2 current references generate a current that is proportional to the square of the 

temperature. As we will see in the next chapter, this type of current reference is fre

quently used in the design of curvature-compensated voltage references. A simple 

method of implementing a PTAT2 current reference is to force a PTAT current 

through a resistor showing CTAT dependence (i.e. having a negative temperature co-
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efficient). Such kinds of resistors are quite rare (usually they have a positive tempera

ture coefficient). In addition, the negative temperature coefficients have much wider 

spread of values.

PTAT

O U T

C TA T

Figure 4.6 PTAT2 current reference using a bipolar trans-linear circuit

Analog trans-linear circuits can also be used in generating PTAT2 current. Figure 4.6 

shows a PTAT2 current reference designed with BJT transistors. Applying KVL for 

the loop consisting of transistors Qx, Q2, Q3, and Q4 one obtains that

V BE3 + V BEA =  V BE2 + V BEl (4-25)

Applying the result (4-3) to this equality one can then obtain

I I  (i Y (i YI  _  7 _  C l C2   V' PT A T _) _________ _  V  P TA T )  ( A
PTAT2 l CA j  /  A \  i J  V  U +-/.O J

1 C 3 'T  P TAT '  C TAT  i v

where A  is the emitter area of transistors Qx to Q3. The circuit is designed in such a 

way that ( I PTAT /  A )  + 1 CTAT -  K  is a constant in the desired temperature range. Then 

/ C4 will indeed be proportional to the square of the temperature.
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4.5 Summary

Current references are essential building blocks in analog and digital circuits. This 

chapter considered some basic representative circuits of current references with dif

ferent temperature dependencies of the reference current.

A PTAT current reference generates a current proportional to temperature. The basic 

design for this type of current reference applies a PTAT voltage, easily obtained as the 

difference of two base-emitter voltages, across a temperature-independent resistor. 

This is the current source that is very frequently used in the first-order bandgap refer

ences (one may notice that this type of bias current was used in the circuits of Chapter 

2).

The current generated by a CTAT current reference has a negative temperature coeffi

cient. This current is obtained applying a single base-emitter voltage to a temperature- 

independent resistor. The proper combination of PTAT and CTAT currents results in 

a reference with temperature-independent current.

Finally, an example of a design that gives PTAT2 current reference was considered. 

This type of current reference is the most frequently used in the design of precise cur

vature-compensated bandgap references, and is especially suitable for modern CMOS 

technologies. The detailed consideration of these references is outside of the scope of 

this thesis (however, some basic consideration will be given in Chapter 5). The inter

ested reader may consult reference [1].
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Chapter 5 Curvature-Compensated Bandgap 

Voltage References

Typical first-order bandgap references are not adequate for high-performance systems 

such as data and power converters [1, 2]. Therefore, higher-order references are in a 

great demand for such precise applications, and this has been resulted in the continu

ing development of many higher-order temperature compensation techniques. In 1978, 

Widlar proposed a bandgap reference as an attempt to provide second-order tempera

ture compensation [46]. In his design he used different temperature behaviors for the 

collector currents generating the base-emitter voltages. Soon a second-order curvature 

compensated reference using resistor ratio proposed by Lewis and Brokaw [47],

Later on many high-order temperature compensation techniques, such as exponential 

temperature compensation developed by Lee et al. [48], piecewise-linear curvature 

correction presented by Rincon-Mora et al. [50], and quadratic temperature compen

sation proposed by Song et al. [4], were developed. The development of new tech

niques for curvature-compensated bandgap references is still continuing [50, 51, 52] 

at all levels of the power supply voltage.

This chapter reviews the most popular representatives of this type of reference. In the 

first-order references only the linear term of base-emitter voltage temperature depend

ence is compensated. The higher order terms are left uncompensated resulting in the 

characteristic parabolic curvature variation of the output voltage with temperature. 

The higher-order bandgap references with compensation try to compensate, in addi

tion to the linear term, some other terms (most frequently the term proportional to the 

second degree of temperature) of this residual quadratic law type dependence. The 

dependence of the output voltage versus temperature after this compensation will have 

the characteristic “lazy-S” form. The higher-order references (in the sense that the ex

pansion for emitter-base voltage dependence from temperature includes the terms 

higher than the linear one) are also known as curvature-corrected or curvature- 

compensated references.
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5.1 Direct solution

Several approaches have been suggested for curvature correction. One straightforward 

solution, which does not consider the compensation of a particular term in the expan

sion of Vbe(T) in the Taylor’s series, is to design the current sourceI c , with tempera

ture dependence

I c = D T x , (5-1)

and to use this current source as the bias current. One has to choose x -  4 -  m so that 

in the temperature dependence

V,E = V,0 -  ̂ [V ,„  -  V,E (T, )] -  [(4 -  m)  -  x]VT In
f  rr, \

(5-2)

the last term becomes equal to zero. The exact value of m is usually not known, and 

one possible solution [41] is to develop the series of current generators with x = 0.5, 1, 

1.5, 2, 2.5 .... Choosing x so that (4 -  m) -  x is the smallest value one hopes to 

achieve the most linearized dependence VBE(T) that can be compensated by the 

PTAT dependent voltage. This method is the most suitable for realization in BiCMOS 

technology that, at the present time, has practically disappeared from manufacturing. 

However, the investigation [17] shows that in modem CMOS technologies m is suf

ficiently close to 2. Then, if one uses the current source with x = 2 ,  i.e. PTAT2 current 

source for biasing, the residual nonlinear term in (5-2) will be sufficiently small. This 

may explain the popularity of compensation methods, direct as well as indirect ones, 

using this type of the current source.

The basic idea behind many other curvature-compensated references is to simply add 

a curvature-correcting component of the bias current that increases with temperature 

in a nonlinear fashion. The designer hopes that, in this case, the bias current will have 

a sufficient PTAT2 current component to compensate the second, and may be even 

higher than the second order terms.
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5.2 Curvature compensation using the PTAT2 voltage

The design of many precise bandgap references is based on the cancellation of the 

second-order term in the Taylor-series expansion of (5-2) that was given in Chapter 3 

and is repeated here for convenience:

A T
^ b e  ( T )  —  Cl0 +  —  h Cl

" a t "
2

( A T )
3 < n f n+1

+ a, ----- + ... + a + 0 -----
TV r

j
Tr\  r /

n
Tr\  r V TrV r

(5-3)

Hence, one can compensate the second-order term of this temperature dependence by 

adding a PTAT2 voltage to the output voltage of a first-order bandgap reference 

(which, in turn, includes the sum of VBE and AvrVT voltages). Figure 5.1 shows the

concept of such curvature compensation (the components are not in scale). Since the 

PTAT2 voltage is small for the lower part of the temperature range, the output wave

form shows the curvature of a first-order bandgap reference. However, as the 

temperature increases the PTAT2 term becomes increasingly large and cancels the in

creasing negative component in the temperature dependence of the base-emitter volt

age. Consequently, one obtains a nearly constant reference voltage VREF that includes 

the temperature-dependent component with the characteristic curvature shown in this 

figure.

BE

o> PTAT

PTAT

REF

►

Temperature

Figure 5.1 Curvature-compensation concept using a PTAT2 voltage
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One implementation of this voltage compensation technique with indirect approach is 

illustrated in Figure 5.2 [4].

All three currents I 0 shown in this figure are temperature-independent and the PTAT 

current I T is given by

I T =aVT +fi  (5-4)

where a  and /) are constants. The output voltage , can be expressed as

VREF = VEB + G(VEB2 -  VEBl) = VEB3 + GAV,EB

where

AVEB=VTln

(5-5)

(5-6)

and A  is the emitter area ratio of Ql and Q2, and G is the amplifier gain. The Taylor 

series expansion of (5-6) will result in

AVeb = In A + 2Vr 2
+ -1A V

U o J 3 r
U J

(5-7)

Substituting (5-7) into (5-5), and neglecting higher order terms one obtains

2 n  ,
V r e f  ~ V EB3+ GVT \ n A  + G-— VT

* A
(5-8)

As one can see, a PTAT2 voltage appears in the output voltage. The transistor Q3 is 

biased by a temperature-independent current (x  = 0), so VEB3(T) should include, in 

addition to the linear term, a PTAT2 term as well. The linear term will be compen

sated by the GVT \nA  term, and the PTAT2 term will be compensated by

th eG ( 2 a / I 0)VT2 term if the design parameters are properly chosen (they can be

found by simulations). The experimental results show average temperature coeffi

cients of 13 and 26 ppm/°C over the commercial and military temperature ranges, re

spectively.
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Figure 5.2 Curvature-compensated BGR using a PTAT2 voltage component

5.3 Curvature Compensation Using the Temperature- 
Dependent Resistor Ratio

Another technique for canceling high-order components of VBE (T) is to generate a 

nonlinear component by exploiting the temperature dependence of different resistive 

materials.

Figure 5.3 shows a circuit based on this techniques [50]. In this circuit resistors Rx, R2 

and R4 are implemented by using the same material, and resistor R3 is implemented 

by a different material. The PTAT current /  , generated by transistors Qx and Q2 and 

resistor Rx is given by

VT In A
/  = ■

R,
(5-9)

as usual. In (5-9) N  is the emitter area ratio of Qx and Q2 . This current is passed 

through resistors R2 and R3, and so the output voltage VREF is expressed as

V = V +v  R E F  v  E B 2  T

R,
In A |Vr +

*3

Ri
-In N Vr (5-10)
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The resistor ratio R2I Rx is temperature-independent since both resistors are imple

mented using the same material. However, the ratio R3 / Rx is temperature-dependent

due to the material difference, and so the third term in (5-10) generates the desired 

nonlinear component which leads to curvature compensation of the output voltage.

REF

Figure 5.3 Curvature-compensated BGR using temperature dependency of resistor ratio

For temperature trimming, an optimum R3/ R x should be found such that the nonlin

ear error voltage is minimized. Then, the linear temperature dependence of the output 

voltage should be minimized by finding an optimum R2/ R x. Experimental measure

ments show an average temperature drift of 5.3 ppm/°C over the temperature range 0- 

100 °C.

The advantages of this technique over using PTAT approach are simplicity and cost 

effectiveness. Only one additional resistor is required to convert a first-order bandgap 

reference into a second-order compensated circuit. However, there is one significant 

disadvantage: the performance of this circuit is highly dependent on the process and
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the temperature of the resistor ratio, R31 Rx, which varies substantially from process to 

process [1].

5.4 Curvature Compensation Using Nonlinear Currents

A nonlinear current can also be used for generating the curvature-correcting compo

nent. This nonlinear current can be exponential [48] or piecewise linear [49]. Figure

5.4 shows a circuit used for generating a piecewise-linear current [49]. Transistor M 2 

is biased with current. For the lower part of the temperatures, 

when K 2I vbe > K {I PTAT and transistor M 2 is forced to operate in the triode region 

( I M1 = K J p TAT), consequently, M 3 does not

+V,
1:K„

D D

Mi 1|---•--- |h
M o  M

"  tK ,I VBEp
K M4

N L I
ClN L

KilPTA T

(a)

0
N L

Temperature

(b)

Figure 5.4 Generation of the nonlinear current (a) circuit (b) currents

conduct any current and I NL is equal to zero. For the upper part of the temperature 

range, K J PTAT becomes larger than K 2I VBE. Therefore, M 2 enters saturation and sup-
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plies 1MX = K 2I vbe, forcing M 3 to source the difference of K 2I VBE and K J PTAT. The 

resulting current I NL is nonlinear and can be described by

r — ( I v b e — I p t a t }  i n
NL~ \ r j  -  k i a  ^ i \ P " 1 1 !

[  1 P T A T  2 VBE  v VBE P TA T  '

where K l and K 2 are constants defined by the ratios of the mirroring transistors de

fining 1PTAT and I VBE.

Curvature correction then can be obtained by combining the three temperature- 

dependent currents I VBE, I PTAT and I NL (Figure 5.5).

PTAT
lPTAT.

Temperature

Figure 5.5 Piecewise linear curvature-corrected voltage reference

The output voltage in this reference is given by

V r E F  =  A I VBE  ( ^ 1  + ^2 + ^3 ) +  B I p T A T  (^1 + ^2 ) + ^1NLR3 (5'12)

A typical behavior of output voltage for this circuit is shown in Figure 5.5(b). For the 

lower part of temperature range, the current I NL is very small (it is close to zero), and

the circuit behaves like a first-order bandgap reference. For the upper part of the tem

perature range, the combination of these three currents diminishes the nonlinear effect
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of the base-emitter voltage. Experimental measurements [49] show an average tem

perature drift of 20 ppm/°C over the temperature range from -15 to 90°C.

5.5 Summary

Typical first-order bandgap references are not adequate for high-performance systems 

such as data and power converters. Therefore, higher-order references are in a great 

demand for such precise applications, and this has resulted in the development of 

many high-order temperature compensation techniques. The development of these 

techniques now is the main stream of bandgap reference design. This chapter re

viewed the most popular representatives of this type of references. In the first-order 

references only the linear term of base-emitter voltage temperature dependence is 

compensated. The higher order terms are left uncompensated resulting in the charac

teristic parabolic curvature variation of the output voltage across temperature. The 

bandgap references with compensation try to compensate, in addition to the linear 

term, some terms (most frequently only one) of this residual quadratic law type de

pendence of the output voltage versus temperature. This is the reason why the higher- 

order references (in the sense that the expansion for emitter-base voltage dependence 

from temperature includes the terms higher than the linear one) are also known as 

curvature-corrected references.

The basic idea behind of many other curvature-compensated references is to simply 

add a curvature-correcting component of the bias current that increases with tempera

ture in a nonlinear fashion. The designer hopes that in this case this bias current will 

help to compensate higher than the second order terms. Simulations are used to estab

lish the best result. The curvature compensation does not remove the problem of op

eration with a low voltage power supply. Moreover, many techniques require an in

crease of the power supply voltage.
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Chapter 6 Non-Bandgap Voltage References Using 

the ZTC Point

In the previous chapters we studied the theory and techniques used for the design of 

bandgap voltage references. It was shown that the output voltage of a bandgap refer

ence has a high power supply rejection ratio (PSRR) and a very small temperature co

efficient, and is stable against process variations. However, IC design is now domi

nated by low power, low voltage objectives making CMOS the technology of choice. 

The bandgap voltage reference is bipolar in nature. It is, after all, using a p-n junction 

voltage drop VBE. The circuits of this type, no matter how the compensation of VBE 

temperature dependence is achieved, must have the power supply voltage higher than 

0.7 V. The best result, as we know, is achieved by direct compensation, when the 

generator of compensation voltage with positive temperature coefficient is connected 

in series with VBE voltage. This approach is realized when the power supply voltage is 

above 1.25 V (about 1.5 V in practical circuits). As soon as the supply voltage is be

low 1 V, and only indirect compensation methods (for example, using voltage to cur

rent transformation) can be used, the bandgap references do not show good stability 

[36, 37]. Therefore, IC designers are challenged with designing circuits that can be 

implemented in low cost CMOS technology and their performances are comparable to 

the performance of the bandgap voltage references.

In this chapter, we review non-bandgap references that use the ZTC point. They were 

developed in this department over the last several years [17, 53, 54], The issues, with 

respect to temperature, that surround the design of these references were studied in 

Chapter 2.
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6.1 Voltage regulator type reference using compensation of 
threshold voltage and mobility temperature effects

The first sub-TV power supply voltage reference using compensation of threshold 

voltage and mobility temperature effects, and compatible with standard CMOS tech

nologies is shown in Figure 6.1. The circuit is designed using the voltage regulator 

approach [55], and is similar to the references with Zener diode and operational am

plifiers. It was designed under the assumptions (see Chapter 2) that « /(0 = -2  ,

ctvr = -0.83 mV/°C, I DF =192 pA and VGSF =869 mV.

The reference includes a standard two-stage operational amplifier. The input stage 

consists of the differential pair Q2, Q3 with active loads Q4, Q5 . The output stage is

the common source transistor Q9 with active load Q%. The output of this amplifier bi

ases <2i in the point of zero temperature coefficient (ZTC point) characterized by the 

gate-source voltage VGSF and the current I DF . Hence, the voltage V0UT -  VGSF is tem

perature-independent and may be used as a reference voltage. To provide the required 

voltage at the branch including R3 and Q3 the reference includes the second feedback

loop via divider Rx and R2. The resistors should be chosen so that the current through 

R3 will be equal to

^  D l ~  I  DF = ^ G S l  n  „  ~  ^ G S F  p  p  (6-1)
1 3  1 3

The reference was realized in 0.35- jJ. m CMOS technology [17]. The values of 

I DF =192 pA and VGSF =869 mV were obtained in preliminary simulations for the n- 

channel device with WZL=50pm/2.5pm, and were considered as the parameters of the 

ZTC bias point at T -  T0 =300°K.

The Figure 6.1 aspect ratios are given in micron/micron. The technology parameters 

used for the calculations were JunC0X = 210 pA/V2 and JupC0X= 70 pA/V2, Vm =0.6 V,

VTP -  -0 .7  V. The operational amplifier is compensated by a capacitor Cc - 1 0  pF. 

The amplifier transconductance, Gr , is equal to 142 mA/V when the circuit is biased
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by the external bias current I BIAS =44pA applied to the terminal IB IAS. The transistor 

<2, in this case should have I Di =193pA and VGSl =870 mV, the values close to the re

quired ones. The resistors are R{ - 1 0  k£2, R2 -  5.8 kQ, and R3 -  2.6 k£2.

When we change the temperature, the resistor values also change so that 

R t -  R i0(l + k lAT)  (here i = 1,2,3 ). Substituting these dependencies into (6-1) one

finds that the variation A/D, of the I DF current due to the resistor temperature varia

tions is given by the equation

VDD
U  Q7 100/1 |h>10/1 100/1

VOPA
IBIAS

R3
■Wi—

VOUT
li*. 100/1 ioo/ i 41

cc itr

100/1

|m  50/2.5
 'i—iI R1 Q4 H

50/1 50/1
VSS

Figure 6.1 Voltage reference of regulator type

I DF + M d ~ Vgsf — [1 + (k2 - k . - k ,  )AT] (6-2)
10 30

This result shows that Al n ~ 0 when

k2 - k x + k3 (6-3)
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This condition for temperature coefficients is satisfied rather closely in 0.35-pm 

CMOS technology if and R3 are implemented using the polysilicon resistor layer

( k l = k 3 = 0.722 *10-3 1/°C), and R2 is implemented using the n+-diffusion layer

( k 2 = 1.473 *KT31/°C).

It was shown [17] that, in case o f a ^  * -2 ,  this reference may be tuned by an exter

nal bias current I BIAS, so that the output voltage temperature dependence is described 

by the formula

V - V  +Av  O U T v  REF ~  2

/  \ 2  
AT

\ ±0 J

where

and

Vref ~ ^gsf VX + )((^vr-^o ^ ^  Vgsf )

A i  = ■ (2 +  a M0)
a  TlA'V T 1 0 + a
a iii

r0

a  TlA/V T 1 0  , 17TV/
a GSF

fiO S-i

(6-4)

(6-5)

(6-6)

In (6-6), the a x is the temperature coefficient in the temperature dependence of the 

parameter

(  At \
(6-7)

This reference circuit was fabricated, and Figure 6.2 gives the test results. Changing 

the bias current by an external temperature-stable resistor, each sample was tuned to 

the same output voltage V0UT -  VREF = 799 mV. Then, indeed, the output voltage tem

perature dependence was seen to be approximated by a quadratic law as given by (6- 

4). The average temperature stability of these references was about 10 ppm/°C over 

the temperature range of -20 °C to 100 °C. The stability was in the worst case 15 

ppm/°C for the same temperature range.
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Figure 6.2 Experimental temperature stability characteristics

There are two important restrictions in the design of this circuit. The first one is given 

by (6-3). This relationship does not exist, for example, in the smaller scale 0 . 1 8 - m 

technology that followed the 0.35- jU m technology. In addition, the ZTC point, lo

cated at nearly 0.8 V, requires that the reference be designed for a power supply volt

age at least about 1 V.

Fortunately, the ZTC point in 0.18- [i m technology has moved down to 0.72 V. This 

fact, together with high temperature stability of the previously designed reference, 

stimulated a search for references that use compensation of threshold voltage and mo

bility temperature effects, ones that do not require any special relationship between 

the thermal coefficient of resistors and, in the worst case, require only matched and 

tracking resistors.
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6.2 Compensation reference using PTAT bias sources and 
voltage balance

When the transconductance characteristics have a ZTC point, the voltage reference for 

low-voltage power supply may be also realized in a standard CMOS technology, us

ing PTAT current sources. These current sources are used to bias two diode-connected 

NMOS transistors, both operating below the ZTC point, so that the drain voltages of 

these transistors will have opposite temperature coefficients (Figure 6.3). Then, on the 

resistor connecting these two drains, one can find a point where the voltage does not 

change with temperature.

Figure 6.3 shows the simulated current-voltage characteristics (with temperature as a 

parameter) for a normal NMOS transistor in 0.18/rm CMOS technology. The ZTC 

point is clearly shown in the figure. Assume that this transistor is diode connected and 

biased with the PTAT current I D (T) , which can be expressed as

I D = I m (l + y ( T - T 0)) (6-8)

Transconductance Characteristics
100

  T1=-50
  T2=0
  T3=50
  T4=100
  T5=150

ZTC
%

c

o

Vgs is increasing with Temperature
Vgs is decreasing with temperature

0.750.6 0.65
G ate-Source Voltage, V

0.7
Voltage,

0.55

Figure 6.3 Transconductance characteristics of the NMOS transistor
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where T0 is the reference temperature and y is a positive constant. Following [17], 

[56] and [10], the gate-source voltage of an NMOS transistor can be written as

Vgs(T )-V thq + (Xyr(T T0) + K( ) 2 -\jl d (T) (6-9)
•*0

where T0 is the reference temperature, m is positive constant and a Y[ is negative

constant, and K  = ------------------ . In (6-9) we have assumed that the threshold volt-
\ f i 0Cox(W!L)

ageVTU , decreases with temperature linearly as VTH = VTHQ + a w (T - T 0) , and the

T
mobility , depends on temperature as m(T) = Mo(~) m . A t  T =T0 the gate-source

To

voltage is equal to

Vgs(T0) = Vtho+ k 4 i ^  (6-10)

Now, if the temperature is increased by a small amount, S T , the gate-source voltage 

of the above transistor will be equal to

S T  —
VGS(T0 + ST) = Vth0 + a y r S T  + K(  1 + — ) 2 J l D 0 ( l + y S T )  (6-l 1)

Subtracting (6-10) from (6-11), we find the change of the gate-source voltage with 

temperature to be

XT' m
SVgs = vas (T0 + ST)~ VG5 (T0) = a„sr + AKVl + JtSDO + —  )T -  U (6-12)

1Q

where X = K ^ l m . Using the approximations -yJl + yST ~ l  + ̂ ~  and

.. ST m ST .
(1H ) 2 = 1H in (6-12), one obtains

dVos i /  A ,m  . .
—jjjT  IT=T0 =  ( a V T  + — (—  + / ) )  (6-13)
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Equation (6-13) shows that, depending on the values of A and y , which are the PTAT 

current source parameters, the temperature coefficient of the gate-source voltage can 

be positive, negative or zero. The first two cases are clearly shown in Figure 6.3.

The proposed voltage reference circuit is shown in Figure 6.4. The circuit consists of 

three parts: (i) a start-up circuit (transistors M sl - M S3) (ii) a low-voltage standard bias 

circuit (transistors M l - M 4 and resistor RB) for the realization of PTAT currents, and 

(iii) the reference core circuit (two diode-connected transistors M 7 and M g operating 

below the ZTC point, and two balancing resistors Rl and R2). Transistors M 5 and 

M 6 supply PTAT currents to transistors M 7 andM g. The loop current I B, in the bias

loop is equal to [26] (see also Chapter 4, part 4.1.2, the discussion of this part is par

tially repeated here for convenience)

I B = A/(R b2ju(T)) (6-14)

where A = (2 / Cox ){j(W / L)4 -  j(W / L)3 J . We assume that RB depends on temperature 

as

Rb =RBo[l + aRl(T~To) + aR2(T-T0)2] (6-15)

Using a first-order approximation (i.e. assuming a R2 = 0 ) ,  one can find that the loop 

current I B, in the bias circuit is equal to

I B » I m [l + y (T - T 0)] (6-16)

where

/ »  = ( 2 / C) 1uo- R„ - 2(V( i / M04 (6-17)

and

r  = ( ^ - 2 a m) (6-18)
•*o

Hence, a PTAT bias current is obtained using a low voltage standard bias circuit. 

Therefore, the drain currents of M 5 andM 6, as well as the drain currents of M 7

and M g, will be also increasing with temperature, with the same y as the reference

current I B.
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Figure 6.4 The voltage reference with balancing resistors

The diode-connected transistors M 7 and M 8 have the same length and width to en

sure that their threshold voltage characteristics are sufficiently close. Then the output 

voltage is given by

V, , V2_
1 + ^ L  i + ‘?2

^ / =  — 7T- + ̂ r -  (6-19)Ri , R2
—  1 +  —
R2 R{

Assume that R{ -  R2, and they are matched resistors with good tracking ability. Us

ing (6-19) and (6-13) for transistors M 7 andM 8, one can find that the change of the 

voltage reference output 6Vref , with respect to the temperature, will be equal to

ffi \
SVref 0.5(57GS7 + 57GiS8 ) = 8T[2aw  + (X7 + Xs )( + —)] (6-20)

11 Q I

To have a temperature-insensitive output voltage, X7 and Xs (or, in fact, the sizes of 

transistors M 5 andM 6) should be chosen to satisfy
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This will happen when the temperature coefficient of the gate-source voltage for one 

of the transistors ( M 1 or M 8) is positive and for the other one is negative.

The output voltage depends on the ratio of the resistors Rt and R2, thus the sensitivity 

of the output voltage to variation of the resistors (due to non-optimized layout) is re

duced.

Since the threshold voltage is maximally at the lowest operation temperature, the 

minimum supply voltage should be considered at this temperature. The minimum 

supply voltage for the this voltage reference is given by

W  = (V™,)™ +|v„s5(*a<)| (6-22)

Therefore, it is possible for the proposed voltage reference to operate with a sub-1 V 

supply.

The circuit shown in Figure 6.4 was designed for realization in 0.18-/xm TSMC tech

nology. All the resistors are realized using N+ without silicide diffusion layer and

their temperature dependencies are given by (6-15) and a Rl = 1.47 -10“3 deg'^and 

a R2 = 0.832 -KT6 deg'2 for all resistors. The circuit was simulated over the tempera

ture range of -50°C to 150°C. Figure 6.5 shows the simulation results for the cur

rents I B , / 7 and / 8 . The simulation results for gate-source voltage of transistors

M 7 and M g and the output voltage Vref are shown in Figure 6.4. The temperature sta

bility of the voltage reference output Vref (see Table 6.1) obtained in
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Table 6.1 Temperature stability of different voltage references

Technique Temperature stability 

(ppm/ °C)

Bandgap reference [36] 59

CMOS Voltage-Reference based on VTH difference [57] 33.8

CMOS Voltage Reference proposed in [58] 36.9

CMOS Voltage Reference using ZTC point [17] 13

This Voltage Reference 4

simulations is equal to 4 ppm/ °C .

Since the temperature-dependence of the threshold voltage and the reference current 

are not exactly linear in the whole temperature range, there is a nonlinear residue ap

pearing on the reference voltage output.

The reference was fabricated and tested. The experimental temperature stability was 

as in simulations but for a more narrow temperature range of -20 to 90 °C  [59]. The 

reasons for the difference between simulated and experimental results at the edges of 

the temperature range were never investigated.

Table 6.1 also compares the temperature performance of the proposed voltage refer

ence with previously designed references. This table is arranged the following way. 

The first line shows the result for the sub 1-V bandgap reference. All other lines show 

the results for nonbandgap references which may be potentially designed for the sub 

1-V power supplies. These results were very encouraging. They show that, instead of 

complicated compensated bandgap reverences where the power supply cannot be re

duced below 0.9 V anyway, one may try to design nonbandgap references with more
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potential for reduction in the power supply voltage. The references investigated in the 

following chapter confirmed this point of view.
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Figure 6.5 Temperature dependencies of the currents I B, / 7 and / 8
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Figure 6.6 Temperature dependencies of the voltages Vj, V2 and Vrcj
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6.3 Summary

The bandgap voltage reference is bipolar in nature. It includes a p-n junction, with a 

voltage drop VBE. The circuits of this type, no matter how the compensation of VBE 

temperature dependence is achieved, should have a power supply voltage higher than 

0.7 V. As soon as the supply voltage is below 1 V, and only indirect compensation 

methods (for example, using voltage to current transformation) can be used, the band

gap references do not show good temperature stability. Therefore, IC designers are 

challenged with designing circuits that can be implemented in low cost CMOS tech

nology with performances that are comparable to the performance of the bandgap 

voltage references.

In this chapter we discussed non-bandgap references using ZTC point. Their devel

opment presented in this chapter was not focused on design for low power supply 

voltage (even though some of them allow operation with the supply voltage below 

IV). The main purpose of this demonstration was to show that it is possible to design 

the references of nonbandgap type having high temperature stability of the output 

voltage. Moreover, in the conditions of not very low supply voltages, they allow fur

ther improvements that can be used in design of bandgap references.
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Chapter 7 Voltage References Based on Threshold- 

Voltage-Difference Architecture

The main step to realize a voltage reference is to find a stable physical voltage, such 

as the bandgap voltage used in bandgap voltage references. But the bandgap voltage 

of silicon is about 1.215 V. This means that the references with the output voltage 

equal to the bandgap voltage should definitely have a power supply voltage higher 

than 1.215 V, and the usual figure is about 1.5 V [33]. The emitter-base voltage that is 

related to the bandgap voltage is about 0.7 V, and the references based on the base- 

emitter voltage temperature compensation should have power supply higher than 0.7 

V. The most successful designs operate from the power supply of 0.84 V [36], To de

sign the reference that is able to work with a power supply less than 0.7 V one has to 

find the voltages that are less than 0.7 volts, and at the same time, stable with 

temperature.

Such a voltage, for example, can be created using the MOS transistor threshold volt

age (which is usually less than 0.5 V in absolute value for modem CMOS technolo

gies) and then compensating its temperature dependence (which is linear) by another 

threshold voltage. The first attempt to build a nonbandgap reference based on this 

principle can be found in [7]. The NMOS technology reference described in this work 

uses compensation of the temperature dependence of an enhancement transistor by the 

temperature dependence of a depletion transistor. This technology does not exist 

anymore, yet it achieved in [7] a temperature coefficient of 6ppm/°C. This shows that 

using transistors with different thresholds and the same type of carriers in channels, 

one can obtain a temperature stable voltage, and the temperature coefficient of this 

voltage may be comparable with that of bandgap references. This fact is a crucial one 

for the design approach of this chapter, even though the circuits investigated here are 

different from that of [7].

If the transistors have channels of different carrier nature (i.e. one is p-channel, the
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other is n-channel), and the thresholds have different absolute values, the difference of 

the thresholds is also relatively temperature-stable [45]. This difference was used to 

design a nonbandgap reference in one of the older CMOS technologies [58], with a 

reference voltage temperature coefficient of about 37 ppm/°C. Yet, the design of the 

reference [58] requires satisfying two design conditions. One is concerned with the re

lationship between resistors and the temperature coefficients of threshold voltages; 

another, more complicated, involves transistor sizes, the exponents of p- and n- 

mobility temperature dependencies, and the temperature coefficients of threshold 

voltages. These two conditions make the design of references considered in [58] im

practical. We therefore tried to find a different approach suitable for modem CMOS 

technologies.

In modem CMOS multi-threshold technologies, all transistors are of the enhancement 

type. Three possible solutions for the standard 0.18-// m CMOS technology are pro

posed in this chapter. All references are based on the difference of the absolute values 

of threshold voltages existing for the devices (altogether five types of devices are 

available) in modem versions of this technology.

The first type of reference is an original design. In this circuit the voltage 

|Vr i |- 1 VT2 | is applied to a resistor. Then a current mirror is used to transfer this cur

rent to the output resistor. The voltage developed at the output resistor is proportional 

to the difference |y7| |- 1 VT1 | of two threshold voltages. Different reference voltages

are obtained by substituting different transistors in the same basic circuit. In the de

sign of the basic circuit we also used the assumption that the mobility of p- and n- 

channel transistors track each other and that the ratio n n / /up is nearly constant with

temperature as well. The results of simulations provided in this chapter investigate the 

validity of these assumptions.

The second type of reference is similar to the one proposed in [60]. However, the ref

erence [60] is realized in expensive SOI technology, and requires that, similar to [7], 

transistors with channel depletion are also available. In CMOS technology the refer

ence similar to this type, and investigated in this chapter (we call it, after [7],
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Blauschild’s voltage reference), can be realized using enhancement transistors only. 

One of these transistors is of regular type, with VTN = 0.47 V, another is the medium

threshold transistor with \ VTP |= 0.17 V. The current mirror establishes two equal cur

rents in these transistors of different thresholds, and an operational amplifier keeps 

this condition. One can set the design requirements in such a way that the operational 

amplifier output voltage will be equal to the difference of the threshold voltage val

ues.

Finally, the third reference is also an original design. It uses an asymmetric differen

tial pair loaded by an asymmetric active load. This one-stage amplifier has 100% 

feedback around it. The output voltage of this amplifier is equal to the difference of 

the gate-source voltages of two transistors with different thresholds. If the tail current 

of this amplifier is constant, then the output voltage of the amplifier has weak tem

perature dependence and can be used as a reference voltage.

7.1 Voltage references with resistor

7.1.1 Voltage reference circuit

The basic circuit for the proposed references [61] is shown in Figure 7.1. It includes 

an operational amplifier that keeps equal the voltages at the branches with transistors 

M[ andM 2. These transistors should have different absolute values of the threshold 

voltages. One can use the transistors of the same polarity as well as of the opposite 

polarities (all possible combinations are listed below). The circuit also includes a cur

rent mirror M 3, M 4 that keeps the currents in the devices M ,, M 2 equal, and the cur

rent in the output device M 5 is equal to K I{ . The output voltage is taken at the resistor 

(or resistor combination, see below) connected to the drain of the output device.

If the operation of each device is described by the quadratic law [9], and the currents 

in M [, M 2 are equal, then
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Figure 7.1 Basic voltage reference circuit

( » C J n( W / L \

and

VF =\VTF + 211
(»C ox) p( W / L ) 2

The difference is thus

Vp ~ ^ N  =  |^ 77> | _  ^ T N  +  ^

X

Let the device sizes are chosen so that

( W / L ) 2 _  (juC0X)n
2 - 3

(7-1)

(7-2)

(7-3)

(7-4)
(W /L ) ,  (f iCM) p

If this ratio is constant (i.e. the mobility track one another with temperature) then

Vp ~ ^ n = I^tp | - Vtn (7-5)

and, as it was mentioned before, this difference is nearly constant with temperature. 

The quadratic law of the drain current versus gate-source voltage used in derivation 

(7-l)-(7-5) may be used for a limited range of currents for the devices in submicron 

technologies. One has to obtain this range f o i M 1, M 2 by preliminary simulations.

If (W / L)5 = K (W  / L) 4 the reference output voltage becomes
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V „ = K (R V //fs)(|vrp|- v „ )  (7-6)

Hence, if the resistors Rv and Rs are also tracking each other with temperature, the 

output voltage will be stable with temperature as well.

Notice that the output voltage does not depend on the power supply voltage. This is, 

of course, is valid when the operational amplifier is an ideal one.

7.1.2 Transistor realization of the reference circuits

The results given below show that output voltage stabilization is indeed achieved over

the range of temperatures -25 to 125 °C, and when the power supply voltage drops 

from 1.8 V down to 0.6 Y (in some cases one can drop the power supply voltage 

down to 0.5 V; the circuit is still operational). The operational amplifier is realized in 

all these references using the differential pair with an active load.

The circuit shown in Figure 7.2 is an example of transistor realization for the voltage 

reference shown in Figure 7.1. The operational amplifier includes the transis

tors M 7 , M 8 and M g , and M l0 . Resistor Rs may be split into two resistors Rsl 

andf?52. In general case these resistors may have different temperature coefficients. 

The split point of this resistor is used to bias the gate of cascoding transistor M 6 of 

the reference output stage. The resistor Rv may be realized as parallel connection of 

the resistors Rvl and RV1. These resistors may also have different
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Figure 7.2 Voltage reference transistor realizations

temperature coefficients. The temperature dependence of resistors was used to com

pensate for insufficient tracking of jup and jun, and, hence, to improve the tempera

ture stability of the output voltage.

In the present day CMOS 0.18-// m technology, the following transistors may be used 

in the circuit design. The designer may choose n-channel transistors with the threshold 

voltages of 0.03 V (the so-called “native, or natural, transistors” which in the Table 

7.1 we denote as nan-transistors), 0.27 V (denoted here as men-transistors) and 0.47 V 

(denoted here as ren-transistors). The nomenclature of p-channel transistors includes 

the transistors with the threshold voltage of -0.17 V (denoted here as mep-transistors) 

and -0.46 V (denoted as rep-transistors).

Altogether we designed and simulated nine voltage references. They are listed in Ta

ble 7.1. We also show the bottom limit of the power supply voltage where the circuit 

is still operable.
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Table 7.1 Resistor voltage references using threshold difference

Reference name M, m 2 Vdd range

nanrep nan rep 1.8 V-0.8 V

nanren nan ren 1.8 V-1.0V

nanmep nan mep 1.8 V-0.5 V

nanmen nan men 1.8 V-0.6V

meprep mep rep 1.8 V-0.6V

mepren mep ren 1.8 V-0.8 V

menrep men rep 1.8 V-0.8 V

menren men ren 1.8 V-0.9V

All listed circuits were designed using the drain current of M l equal to / ,  =15 ju A. 

The transistors M 3 to M 6 and M g, M 10 were mep-transistors. The transistors M 7, 

M 8 and M n were nan-transistors.

One can see that two references allow reduction of the power supply down to 0.6 V 

and one of them allows for the reduction all the way down to 0.5 V. With careful de

sign and by using large size devices, the power supply voltage in these three refer

ences may be reduced down to 0.5 V.

7.1.3 Simulations

We will provide two best examples of results obtained in simulations.

The first example is the voltage reference using two p-channel transistors with differ

ent threshold voltages, and different n C 0X. Transistor M , is rep-transistor ( fJ.C0X = 

49 fi A N 2) with the aspect ratio (W / L)l = 100/0.5 (here and further in mi

cron/micron), and M 2 is the mep-transistor (juCox= 104 ji A N 1) with (W 7L)2 = 

300/0.5. Resistor Rsl = 20 k, the temperature coefficient (TC) of Rsl is 1.47E-3. Re-
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sistor R s2 = 0, the cascoding transistor M 6 is absent. Resistor RVI = 40 k, TC of 

Rvlis also 1.47E-3. Resistor RV1= 40k, TC of Rv2is 2.92E-3. TransistorsM 3, M 4, 

andM s andM 9, and M w are mep-transistors with the aspect ratio of (300/0.5). The 

differential amplifier M 7 and M g are nan-transistors with the aspect ratio 

of(W 7L )7_8= 100/0.5. The tail current is provided by M n that is also a nan- 

transistor
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Figure 7.3 Output voltages vs. temperature in the “meprep” voltage reference 

with the aspect ratio of (W / L)n = 6/0.5.

The results of simulation for this reference are shown in Figure 7.3. One can see that 

the variation of the output voltage in the industrial range of temperatures (0 to 75 °C) 

is less than ± 2 mV (0.6% of Vout = 332 mV) for the power supply voltage variation

from 1.8 V down to 0.7 V. For a chosen power supply the temperature coefficient of 

the output voltage is not more than 80 ppm/°C. For the supply voltage of 1 V this fig

ure is about 20 ppm/°C in the full range of temperatures from -25 to 125°C.
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The line control of the output voltage is better seen in Figure 7.4 which shows a part 

of the circuit transient response when the power supply is turned on. It is interesting to 

see that for this voltage reference, the output voltage initially increases with decreases 

in the power supply voltage, and only when this voltage diminishes to 0.7 V does the 

output voltage starts to diminish as well with further decreases in the supply voltage.
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Figure 7.4 Line voltage control in the reference with the same type of transistors

The second example is the voltage reference using one p-channel transistor and one n- 

channel transistor with different absolute values of threshold voltages. Transistor M x 

is a mep-transistor with an aspect ratio (W / L) l =10/0.5, and M 2 is a nan-transistor 

with (W / L )2= 50/0.5. Resistor Rsl = Rs2 = 8 k, and the temperature coefficient (TC) 

of RS1 and R s2 is 1.43E-3. Resistor RVI = RV2= 32 k, and the temperature coefficient 

of Rvl and RV2 is 2.97E-3. Transistors M 3, M 4 and M 5, M 6 and M 9 , and M m are 

mep-transistors with an aspect ratio of (300/0.5). The differential amplifier M 7 and 

M g is formed by nan-transistors with the aspect ratio o f(W /L )7_8= 50/0.5. The tail
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current is provided by M n which is also a nan-transistor with an aspect ratio of 

( W / L ) u = 10/0.5.

The results of simulation for this reference are shown in Figure 7.5. As it can be ex

pected the correlation between the threshold voltages of two transistors with the dif

ferent type of channel is less, and the variation of the output voltage is wider in the 

same temperature range. In addition, the variation of the output voltage with tempera

ture has different aspect here. The output voltage only decreases from its value at the 

room temperature. Yet, in the industrial range of temperatures this decrease is about - 

10 mV (4% of Vout =250 mV) for the power supply voltage variation from 1.8 V down 

to 0.6 V. The circuit is still operable even if the power supply drops down to 0.5 V.
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Figure 7.5 Output voltages vs. temperature in “nanmep” voltage reference

The line control of the output voltage for this reference is shown in Figure 7.6. Here 

the output voltage decreases along with decreases in the supply voltage. This decrease 

is small (about 2 mV) when the supply voltage drops from 1.8 V down to 0.6 V. A 

larger decrease of the output voltage is observed when the supply voltage drops below 

0.6 V.
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Figure 7.6 Line voltage control in the reference with different type of transistors

7.2 Blauschild’s resistorless voltage reference

7.2.1 Voltage reference using the direct difference of two threshold 
voltages

The voltage reference described in this part is using the same architecture as in [60] 

that allows one to avoid the influence of the operational amplifier offset on the output 

voltage. This reference can be also realized in the standard 0.18 ju m CMOS technol

ogy, on condition that, besides regular n-channel transistors, it also includes the p- 

channel transistors with reduced threshold values. The proposed reference is using the 

difference of regular n-channel transistor threshold voltage value, VTN = 0.47 V, and 

| VTP [ = 0.17 V of reduced threshold voltage p-channel transistor.
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The design of this voltage reference is based on the same assumptions that were used 

in the previous part, i.e. that the difference VTN - \ VTP |is nearly constant over the wide 

range of temperatures. We also used the assumption that the mobility of p- and n- 

channel transistors can track each other, and that the ratio (P-Cox)n /(juCox) p is nearly

constant with temperature as well. The last assumption becomes less important when 

the current supplied to the reference circuit is reduced, and the reference output volt

age becomes closer to VTN - \VTP\.

DD

G D I 1 G D I

out

Figure 7.7 The resistor-less voltage reference

The circuit of the proposed reference is shown in Figure 7.7. It includes an operational 

amplifier that keeps the voltages at the current sources equal. This is achieved by con

trolling the gate voltage of transistorM 2, and establishing the same currents in M , 

andM 2. Transistors M, and M 2 have different absolute values of the threshold volt

ages. The voltage controlling the gate voltage of M 2 is the reference output voltage.

If the device operation is described by the quadratic law, and the currents in M x, and 

M 2 are equal, then

79

R e p ro d u c e d  with p erm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited without perm iss ion .



y N = vt n + , --------- —---------  (7-7)VouC0X)n( W I L \

and

One finds that the output voltage is equal to 

Kwf = 7̂7V -  Î TP | + "^7
1 1

(7-9)
1/( / iC „ )„ (H '/L )1 1/(JuCa, ) f,(W '/L )2

\  ✓

Let the device sizes be chosen so that

(W/t)2 (flCox)n , c
< i / Z ) 7 = ( ^ = L 5  ( 7 ' 1 0 )

(numerical value was established simulating individual transistors), then

~ - 1Vtp | (7-11)

and the last difference, as it was established for the devices with larger feature size

[45], is nearly constant with temperature.

The quadratic law of the drain current versus gate-source voltage used in derivation 

(7-7)-(7-ll) may be used over a limited range of currents for the devices in submicron 

technologies. Yet, one can see that with the reduction of current the operation in the 

quadratic law becomes less important, as well as the matching relationship given by 

equation (7-10). The output voltage Vout is given by (7-11) for any size of transistors.

7.2.2 Voltage reference transistor realization

The transistor realizations chosen for the proposed reference include two circuits.

The first circuit (the core circuit) is shown in Figure 7.8. This circuit was designed to 

verify that when the external current diminishes, the circuit output voltage is still 

rather constant, in accordance with (7-11), and does not change with temperature.

This circuit is designed using p-channel transistors with reduced threshold voltage
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(transistors M 2 toAf4, and M 7 to M 10with VTP = -0.17 V, model mepch), n-channel 

transistors with reduced threshold voltage (transistors M 5 and M 6 with VTN =0.27 

V, model mench), and one n-channel transistor M l with the regular threshold of 

VTN =  0.47 V (model nch). The transistor aspect ratios are 7/0.5 for M l (here and 

further down in micron/micron), 10/0.5 forM 2, 20/0.5 for M 3 andM 4, 10/0.5 for M 5 

andM 6, 6/0.5 fo rM 7, 9/0.5 for M 8 andM g, and 12/0.5 fo rM 10.

M,
L J J Ju H HJ s  m9 L| M

© ^bias

M,

VTD D

-ho

M
H
M„
V out

Figure 7.8 Voltage reference core circuit

The second circuit is shown in Figure 7.9. It was designed to evaluate the influence of 

the frequently used voltage independent bias circuit on the performance of the voltage 

reference when the power supply voltage is reduced from 1.8 V down to 0.6 V.

In addition to the previous core circuit of Figure 7.8 (with the same type and size of 

transistors) it includes the standard [26] power supply independent bias circuit (this 

current source was also considered in Chapter 4) including transistors 

Afji ( VTP -  -0.17 V, model mepch) with the aspect ratio of 6/0.5 and the current mir-

ror M n , M 13 ( VTN = 0.27 V, model mench) with the aspect ratio of 10/0.5. Resistor

R  has the value of 10 k, its temperature coefficient TC=1.47E-3. This bias circuit
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needs a start-up circuit (not shown).

DD

out

Figure 7.9 Voltage reference with bias circuit

7.2.3 Simulation results

Figure 7.10 shows the results of simulation for the core circuit of Figure 7.8 while the 

power supply voltage VDD =1.8V  and variation of the supply current from 10 ju A 

down to 0.25 fj. A. One can see that the core may work with a very low consumption 

current. Transistors move from strong inversion operation to the weak inversion. Yet 

the circuit functionality is preserved, and the variation of the output voltage for each 

value of supply current is not more than 2 mV over the full temperature range of -25 

to 125 °C (i.e. the temperature coefficient is about 58 ppm/°C).
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Figure 7.10 Output voltages vs. temperature in core circuit for VDD = 1.8V

The level of output voltage changes with the level of power supply current as well, 

even though this variation is not big (about 10 mV, or about 4% for 40 times change 

of the bias current). It is interesting to note that this level initially increases, then 

achieves a maximum, and then starts to decrease. The explanation of this result re

quires a more attentive look at the behavior of the circuit in the transition from strong 

inversion to the region of weak inversion.

The behavior of the output voltage for VDD -0 .6  V and variation of supply current is 

shown in Figure 7.11. One can see that the level of the output voltage is, basically, be

tween the same limits of 230 and 225 mV. For each value of current the output volt

age changes again by not more than 2 mV over the same temperature range of -25 to

125 °C.
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V oltage reference core circuit, VDD =  0 .6  V
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Figure 7.11 Output voltages vs. temperature in core circuit for VDD = 0.6 V
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The level of output voltage also changes with the level of power supply voltage. In 

Figure 7.12 the same pattern, namely, an initial increase and then a subsequent de

crease of the output voltage level, is preserved for this power supply voltage as well. 

Figure 7.12 shows the results of simulation in the voltage reference of Figure 7.9. 

Here one changes the power supply voltage VDD in the steps of 0.3 V from VDD =1.8 

V down to VDD =0.6 V. The circuit was simulated over the same range of tempera

tures -25 to 125 °C. The total variation of the output voltage level is about 8 mV (i.e. 

it is reduced) and the variation of output for a chosen power supply voltage is also re

duced to 1.5 mV over the same temperature range (i.e. the temperature coefficient is 

reduced to 44 ppm /°C).
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Figure 7.12 Output voltages vs. temperature in the voltage reference with bias circuit

The line regulation of the output voltage for this circuit (about 7 mV) is more clearly 

seen in Figure 7.13.
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Figure 7.13 Line control of the output voltage in the reference with bias circuit

7.4 Voltage reference using the asymmetric amplifier

7.4.1 Voltage reference structure

The third voltage reference investigated in this chapter is shown in Figure 7.14. This 

reference is configured as a one-stage asymmetric differential amplifier using rep- and 

mep-transistors. The active load of this amplifier is a current mirror including two 

men-transistors. One input of this one-stage amplifier is grounded, and another input 

is directly connected to the output. It is shown below that in this configuration, one 

can find the condition when the output voltage will be equal to the difference of the 

threshold voltage absolute values for p-channel transistors. This difference is tempera

ture-stable as it was proven by the design of the previously considered non-bandgap 

references. The proposed reference can be easily tuned for optimal operation, and 

does not require a buffer amplifier.

However, the main reason why this configuration is considered is because it clearly 

formulates that the problem of references operating with the power supply voltage,
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which is equal or below 0.7 V, is equivalent to the problem of finding a circuit that 

provides a constant current.

7.4.2 Voltage reference operation

In this voltage reference the transistor M, has a threshold voltage of VTHrep =-0.46 V, 

M 2 has a threshold voltage of VTHmep =-0.17 V. Transistors M 3 and M 4 are both 

men-transistors with VTHmen = 0.27 V. Assume that all transistors are in saturation, and 

their drain characteristics are described by the quadratic law, as usual.

1 BIAS

M

Figure 7.14 Voltage reference circuit using an asymmetric amplifier

Then one has the following relationships:

( W/ L )
(W / L )

= a
(7-12)

From these relationships one finds that
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The drain currents of transistors M x and M 2 are

h ,  i=

dA

and one can write that

K g l  I ^ T H r e p  I

21d  3

u  C (W / L ).A* prep txcrep v ■'1

V,sg 2 I ^ T H m e p  I

2/ d 4

P pmep oxmep ( W/ L) .

From (7-15) and (7-12) one can find that

K *  — —I V T H rep  I I ^T H m ep

+ .
21BIAS

\ + a

f \

a 1

N

W
P prep C o x r e p  1 ^

w
P pm ep  6^ oxmep  (  .  )  2

L  7

Hence, if the condition

a P  pm ep ^ o x m e p

u  Cr  prep o.

(W / L \  
( W / L ) 2prep oxrep

is satisfied, one determines that the output voltage

V 0ut =  V R E F  ~ I VTHrep I ~  I ^ T H m e p

(7-14)

(7-15)

(7-16)

(7-17)

(7-18)

Hence, the output voltage in this reference is equal to the difference of threshold volt

age values as in the previous references, and it is temperature-stable.

The proposed configuration is, probably, the simplest one. It relies on the practically 

geometric relationship between transistor parameters. In addition, it does not include 

any operational amplifiers because the configuration itself is a one-stage amplifier 

with 100% feedback. It has a low output impedance and does not need any buffers.
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7.4.3 Design procedure

The condition (7-17) includes the geometric relationships between transistor aspect 

ratios, the ratio of oxide capacitances Coxmep / Coxrep , and the ratio of motil

ities Hpmep / M prep • This last relationship deserves some discussion.

Threshold voltage modification is usually achieved by a change of doping concentra

tion in a thin layer of semiconductor directly under the gate. The mobility is a func

tion of temperature, as we know, may be written as

/  rp  \ - m

H )_

Tv  y
(7-19)

This change of doping concentration changes ju0, but is not enough to change m .

Hence, the relationship (7-17) looks temperature (and bias) independent, and being 

satisfied at one temperature will be valid at other temperatures as well. This looks too 

good to be true, and the following factors should be taken into consideration.

1) The derivation assumes that all devices are described by the quadratic dependence 

of drain current versus overdrive voltage. This is only an approximation, and it is use

ful before design to simulate a number of individual devices, and to obtain the de

pendencies = F(Vgs- \ V TH |) . The operating currents should be taken in the

middle of the most linear parts of these dependencies. Unfortunately, these points 

usually do not completely coincide for all transistors, and this introduces the tempera

ture dependence in (7-17).

2) Choose a = 1 (why not?), choose the size of the device M x so that M x and M2 are 

in saturation. Changing the ratio (W / L )2 /(W  /  L )x one can find the optimal size of 

M 2. This device is normally much wider than M x because the quadratic law region 

for mep-devices is located at much smaller current densities than for regular devices.

3) Adjust l BIAS to obtain the smallest temperature variation in the output voltage.

4) Design the current source I BIAS . The difference between, say, 0.7 V and 

I ^mrep 1=0.46 V provides enough headroom to put inside the effective voltage of M x
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and the required minimal voltage fo r /BMS. Sometimes (see the discussion of simula

tion results) there is a chance to work even with 0.6 V power supply voltage, the tail 

current sources that require only 50 mV of voltage are known [62],

7.4.4 Simulation results

The simulation results for the circuit of Figure 7.15 are shown in Figure 7.16. Transis

tors M 3 and M 4 have an aspect ratio of 100pm/0.5|im. TransistorM) has an aspect

ratio of 20pm/0.5(im, and transistor m 2 has an aspect ratio of 210pm/0.5pm. This last 

ratio was obtained by simulations, with the goal of minimizing the temperature varia

tion of the output voltage for I BIAS in the range of 5 to 40 pA.

s i  c u r re n t= "4 0 u " ; /V o u t 
4 1 0 m  Current = l,2 0 u " ;/V o u t

t»: c u r r e n t= ” 3 5 u " ;/V o u t 
a : c u r re n t= " 1 5 u ” ;/V out

o : c u r r e n t= ,,3 0 u ,,;/V out 
cu rre n t= " 1 0 u " ; /V o u t

o: c u r re n t— z a u  „  
a : c u r r e n t= " 5 u ,,; / / o u t

c u r r e n t= " 2 5 u ” ;A |,o u t•25iu'Cl: UI

4 0 0 m

3 8 0 m

3 7 0 m

3 3 0 m
- 2 0 .0  0 .0 0  2 0 ,0  4 0 .0  6 0 .0  8 0 .0  100 120

te m p  ( C )

Figure 7.15 Parametric simulation of Vout temperature dependence
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Figure 7.16 shows separately the dependence Vout(T)for I BIAS =30 pA. One can see

that in this case the output voltage has a temperature coefficient of 13 ppm/°C over the 

temperature range -20 to 120 °C.

■: /Vout3 9 1 .7 0 m

391.60m

3 9 1 .50m

391.40m

391 .3 0 m

391 .10m

391.00m
- 2 0 .0  0 .0 0  2 0 .0  4 0 .0  6 0 .0  8 0 .0  100 120

te m p  ( C )

Figure 7.16 Vout temperature dependence for IBIAS =30 pA

The results of simulations shown in Figure 7.15 and 7.16 for this non-bandgap voltage 

reference allow one to formulate quite interesting conclusions. With the power supply 

equal or below 0.7 V, when the application of bandgap approach is eliminated, the 

problems of realization of reference voltage and reference current are interchangeable. 

If one is able to design a temperature-stable current source, then the proposed voltage 

reference allows one to realize a simple voltage reference. Then an elementary calcu

lation shows that this reference provides voltage variation which is much smaller than, 

for example, the variation which is obtained by direct application of this constant cur

rent to a resistor which is on the chip and which has the best available thermal coeffi

cient.
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7.5 Summary

Besides standard transistors, modem 0 .18 -//m CMOS technology also provides us 

with transistors that have reduced threshold voltage. This makes it possible to design 

the voltage reference based on the difference of threshold voltage values.

The mobility in mep- and rep-transistors (or in men- and ren-transistors) track each 

other sufficiently well to build the references operating at the power supply voltages

down to 0.6 V with the output voltage temperature coefficient of about 80 ppm/°C. 

Over an industrial range of temperatures this figure can be easily reduced to 20

ppm/°C. This means that these nonbandgap references are able to provide the tem

perature stabilization of the output voltage comparable with that of the first-order, 

non-curvature-compensated bandgap references.

Using nan- and mep-transistors (or nan- and men-transistors) one can design the ref

erences operating at even lower supply voltage of 0.5 V. Yet, the mobility in nan- and 

mep-transistors (or in nan- and men-transistors) does not track each other so well as in 

previous cases, and the temperature stability of these references may guarantee their 

application for bias purposes only.

The Blauschild’s resistor-less voltage reference may be designed to consume very 

small currents. As transistors move from strong to weak inversion operation, this tran

sition does not cause a catastrophic change of the output voltage. A more exact defini

tion of the threshold voltage and its variation with the transistor current is required. 

This will be a matter of future work.

The simulation results obtained for the asymmetric amplifier type voltage reference 

show that with power supply voltages below 0.7 V, when any solutions using bandgap 

approach can not be used any more, the problem of the voltage reference is equivalent 

to the problem of designing a temperature stable current source.
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Chapter 8 Realization of Voltage References Based 

on Threshold-Voltage-Difference Architecture

As was mentioned before, an essential drop of power-supply voltage for the refer

ences was achieved in SOI technology [60]. This technology uses enhancement and 

depletion mode transistors (i.e. the devices with negative and positive thresholds), and 

this opportunity does not exist in standard CMOS technologies where all transistors 

are of the enhancement type. Yet modern CMOS technologies are multi-threshold 

technologies, and this property may be used for design of voltage references.

The previous chapter shows that for modem 0.18-// m CMOS technology that has de

vices with five different thresholds, three types of references are possible. In the first 

type the voltage equal to the difference of absolute values of two threshold voltages 

with the help of an operational amplifier is applied to a resistor and converted into a 

current. This current is supplied, via a current mirror, to an external resistor where the 

output voltage is formed. In the second type, two equal currents are supplied to two 

devices with different thresholds, and the operational amplifier (the above mentioned 

devices may be a part of this amplifier) provides the output voltage equal to the dif

ference of absolute values of two threshold voltages.

Unfortunately, access at the University of Alberta to modem technologies is limited, 

and in practical design one is limited by the devices with three thresholds, namely, n- 

channel transistors with = 0.47 V (ren-transistors), p-channel transistors with 

VTP = -0.46 V (rep-transistors), and n-channel transistors with VTN = 0.03 V (native, or

nan-transistors). Two circuits using these types of transistors only were designed, 

simulated, their layout was done, and the circuits were sent for manufacturing. This 

chapter describes the results of this design process.
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8.1 Voltage reference with resistor

This voltage reference is shown in Fig. 8. 1. The operational amplifier (transistors M5, 

M7-M10) keeps the voltages applied to the regular n-channel transistor MO and the 

branch including the resistors R2, R3 and the native transistor M l equal. The current 

developed in this resistor is equal to the drain current of transistor M3. This current is 

mirrored, first, by the transistor pair M2, M3 to provide the drain current of MO 

(hence, MO and M l carry equal drain currents), and, second, by the transistor pair M3, 

M4 to the circuit output. The output voltage is created at resistor R l.

pch
10u

"pch'*

500n
nch ' “pch”

5,! fc t- / *
3,- 4 E -3

nch 8,: 2 E -7  

1.' 7 E -3

"n inch"
’ 'isiu 4 pnch

Figure 8.1 The reference with resistors using ren- and nan-transistors

The sizes of transistors MO and M l were chosen to satisfy the relationship (7-4), 

in this particular case that results in equal transistor sizes. Due to the limited lay

out for resistors that CMC provides for us, all the resistors R l, R2 and R3 have to 

be an N+ diffusion without silicide resistors. The relationship R2+R3=R1 results 

in the output voltage

V". = VREF = VTren -  VTnan = 0.47-0.03=0.44 V (8-1)
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The circuit was simulated, then the layout was done, and the circuit was simulated 

again, this time from the extracted layout. The result of the simulation from the 

extracted layout is shown in Figure 8.2. One can see that, indeed, the output volt

age satisfies the relationship (8-1), and the output voltage varies around 0.46 V. 

The lowest power supply voltage where this reference can operate is about 0.9 V. 

All p-channel transistors in this reference are regular (rep-) transistors, with the 

threshold of VTP = -0.4§ V. The saturation voltage for the chosen transistor sizes is 

quite high (about 0.35 V), and this value precludes further reduction in the supply 

voltage.

pow ersupply= "1.8 '’;/VOUT ■>: pow ersupply=" 1.6";/V0UT o: pow ersupply="1.4rVVOUT pow ersupply=M1.2";/VOUT
pow ersuppiy— r y v u u i  powers uppiy— oggrn  y v in j : p o w e rsu p p iy  omom ;/yuu

500m

200m

100m

- 2 0 .0  0 .00  2 0 ,0  40 .0  60 .0  8 0 .0  100 120
tem p ( C )

Figure 8.2 Stabilization characteristics of the designed voltage reference

Figure 8.3 shows the reference layout. The circuit occupies an area on 100x100 

jj. m2 without pads and the total area with pads is about 310x450 ju m2.

95

R e p ro d u c e d  with p erm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited without perm iss ion .



is,' I v-y*r/.;*’»,y.i'

iiijttijflltlij

Figure 8.3 The reference layout with resistors

8.2 Resistor-less voltage reference

This voltage reference is shown in Figure 8.4. The current mirrors M l6, M13, and 

M16, M14 provide equal current in the transistors M5 and MO, and the operational 

amplifier (transistors M6, M9, M10, M12 and M15) controls the source potential of 

the diode-connected transistor MO. As a result, the gate voltage of M5 is controlled as 

well. To provide a minimal difference between the input terminals, the operational 

amplifier was made asymmetric, so that transistor M9 conducts most of the tail cur

rent, and the currents in transistors M6 and M l2 are equal.
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Figure 8.4 Resistor-less voltage reference using ren- and nan- transistors

v0ut =VREF =VTren -V Tnan = 0.47-0.03=0.44 V

Under steady-state conditions transistors M5 and MO carry equal currents. The 

sizes of transistors M5 and MO were chosen to satisfy the relationship (7-4), which 

results again in equal transistor sizes. If one neglects the body effect for the tran

sistor MO, then the output voltage should be

(8-2)

The circuit was simulated, then the layout was done, and the circuit was simulated 

again, this time from the extracted layout. The result of the simulation from the 

extracted layout is shown in Figure 8. 5. One can see that the body effect slightly 

increases the threshold voltage for the native transistor MO, yet, the output voltage 

of 0.394 mV is reasonably close to the value given in (8-2).

The lowest power supply voltage where this reference can operate is also about

0.9 V, and for the same reasons. All p-channel transistors in this reference are

97

R e p ro d u c e d  with p erm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited without perm iss ion .



regular (rep-) transistors, with the threshold of VTP = -0.46 V. The saturation volt

age for the chosen transistor sizes is quite high (about 0.35 V), and this value pre

cludes further reduction of the supply voltage.

(•: p o w ersu p p ly = "1 .8 M;/VQUT «: p o w ersu p p ly = "1 .6 ” ;/VDUT □: pow ersupply= "1.4";/V 0U T  9 : p o w ersu p p ly = M1.2";/VOLrT 
3 9 8  0 m a ;  pQ w ersupply~f,1rf^V0UT pow ersupp ly—f,8 0 0 m M;/VQ(ii: pow ersupply—M600m ";/VDU___________________________ _

396,0m

39 4 .0 m

39 2 .0 m

>

39 0 .0 m

386.0m

384.0m
- 2 0 .0  0 .0 0  2 0 .0  4 0 .0  6 0 .0  8 0 .0  100 120

te m p  ( C )

Figure 8.5 The stabilization characteristics of the designed voltage reference.

Figure 8.6 shows the reference layout. The circuit occupies an area on 100x100 

11 m2 without pads and the total area with pads is about 300x300 jd m .
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Figure 8.6 The resistor-less voltage reference layout

8.3 Summary

The limited number of different thresholds did not allow us to design the voltage ref

erences with the best stability characteristics and lowest power supply voltages further. 

Yet the results obtained for two designed references allow us to verify the validity of 

the basic ideas used in their design. The simulations show that the difference of the 

two threshold voltages for the devices with the same type of channel is relatively sta

ble with temperature. The obtained results show that these references may find appli

cation in LDOs, bias circuits, etc.
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Chapter 9 Summary and Conclusions

Current and voltage references find applications in a variety of analog and digital cir

cuits and systems. Designing a reference requires the scrutiny of several factors. The 

temperature dependence of the emitter-base voltage VBE for bipolar transistors, the 

temperature dependence of the threshold voltage VTH for MOS transistors, and the 

temperature dependence of mobility ju = ju0(T /T 0) (especially the exact value of 

the exponent a M) for both bipolar and MOS transistors are important. The first two

dependencies are approximately linear and have negative temperature coefficients.

The frequently used first-order bandgap voltage references are designed using tem

perature compensation of the emitter-base voltage by the amplified thermal volt

age VT = kT I q . In direct compensation, the generator of the amplified thermal voltage 

is connected in series with the emitter-base junction or diode. This results in an output 

voltage Vout - V ref close to the bandgap voltage, which is about 1.25V. The thermal

stability of Vref in this case is very high: it is around 10 to 30 ppm/°C. The power 

supply voltage for such references should be about 1.5 V.

When the compensation is achieved indirectly, say, by generating currents propor

tional to VBE and VT, then adding these currents, and applying the result to a resistor, 

the power supply voltage may be reduced. But the bandgap voltage references are bi

polar in nature, even if they are realized in MOS technologies using parasitic bipolar 

transistors. They require, hence, that the power supply voltage be higher than the VBE 

voltage, which in practice is about 0.9 V. The output voltage for this type of bandgap 

reference is less temperature stable. The temperature stability of Vref in this case is

about 30 to 100 ppm/°C.

The thermal stability of the output voltage for both types of bandgap references may 

be improved if one uses currents with more suitable temperature dependence to bias 

transistors or diodes which provide the VBE voltage, one part of Vref . The most fre-

100

R e p ro d u c e d  with p erm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited without perm iss ion .



quently and easily obtained current reference has the current proportional-to-absolute 

temperature (PTAT current). If a current proportional to the square of absolute tem

perature (PTAT2 reference) is used for biasing, the thermal stability of Vref improves.

Using complicated dependencies of the bias current in high-order bandgap references

one may achieve thermal stabilities of Vref in the range of 3 to 10 ppm/°C. Yet, these

improvements do not help to reduce the power supply voltage, and in fact usually re

quire an increase in the supply voltage.

When the power supply voltage is equal to or below 0.7 V, one has to abandon the so

lutions that were found in the design of bandgap voltage references and to look for 

some alternatives. Some of them were investigated before, and this thesis investigates 

further opportunities.

In MOS technologies one can design the voltage references using mutual compensa

tion of mobility and threshold voltage temperature effects. The power supply voltage 

in these references may be reduced below 1 V. This is not sufficient for some modem 

applications, yet, the high thermal stability of 4 ppm/°C obtained in simulations for 

the output voltage in these references confirms that one may design high quality refer

ences of the nonbandgap type.

An essential reduction of power supply voltage may be achieved in multi-threshold 

MOS technologies. This thesis investigates the nonbandgap references using the dif

ference of two threshold voltages. It shows that, at the present time, the achieved sta

bility of the output voltage is close to that of the bandgap references with reduced 

power supply voltage. Yet, in the references using the difference of threshold voltages, 

the power supply voltage may be reduced below 0.6 V.

The main contributions of this thesis are highlighted below.

1. A group of new voltage references where the voltage ||vr i|- |v r2| is applied to a re

sistor was investigated. The current mirror is used to transfer the current in this resis

tor to the output resistor. The voltage developed at the output resistor is proportional 

to the difference |vri | — |VV21 of two threshold voltages. Different reference voltages are 

obtained by substituting different transistors in the same basic circuit. The tempera-
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ture coefficient of the reference voltage in this case may be in the range of 20 to 

40ppm/°C.

2. A second type of the reference, similar to the one proposed in [60], was investi

gated. The reference in [60] is realized in expensive SOI technology, and requires that, 

similar to [7], transistors with channel depletion are also available. In CMOS technol

ogy the reference similar to this type, and investigated in this thesis, can be realized 

using enhancement transistors only. One of these transistors is of the regular type, 

with VTN = 0.47V; another is a medium threshold transistor with \ vTP | = 0.17V. The 

current mirror establishes two equal currents in these transistors of different thresh

olds, and an operational amplifier keeps this condition. The stability of the output 

voltage in this reference can also be about 20 to 40 ppm/°C.

3. Finally, the third reference is also an original design. It uses an asymmetric differ

ential pair loaded by an asymmetric active load. This one-stage amplifier has 100% 

feedback around it. The output voltage of this amplifier is equal to the difference of 

the gate-source voltages of two transistors with different thresholds. If the tail current 

of this amplifier is constant, the output voltage of the amplifier has a weak tempera

ture dependence and can be used as a reference voltage. With a stable bias current 

source the stability can be as good as 13 ppm/°C.

4. At the time of writing, two reference circuits have been submitted to CMC for fab

rication, and the chips will arrive in January for testing and measurements.

The investigation of all these references enables us to formulate some key problems in 

design of voltage reference operating with power supply voltages below 0.7 V.

When the application of bandgap approach is eliminated, the problems of realizing 

reference voltage and reference current are interchangeable. If one is able to design a 

temperature stable current source then the proposed voltage reference allows one to 

realize a simple voltage reference.

The second key problem for the design of this type of voltage references is finding a 

circuit that is able to generate the PTAT voltage. In the bandgap references this volt

age is usually obtained by using the difference of two VBE voltages. The reduction of 

the power supply voltage below 0.6 V eliminates this possibility. One may try to use
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circuits operating in the subthreshold region. If the corresponding circuits are found 

one may compensate the temperature dependence of VTH voltage using methods simi

lar to that ones used in the simple first-order bandgap references. One may also de

velop even more complicated methods as in high-order bandgap references.

The investigation of these two key problems could be pursued as future work.
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