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Abstract

A voltage reference is an essential building block of many analog and digital circuits. 

The performance of a reference is gauged by the maximum variation in its allowable 

operating conditions. One of the most important specifications of a reference is its 

temperature drift. Therefore, special attention should be paid by the designer to the 

thermal behavior of a voltage reference.

In this thesis, three new voltage reference circuits are proposed and designed in 

0.18-^m technology. Our goal has been to design CMOS voltage references with 

better temperature stability compared to that of existing voltage references. First, 

a voltage reference is presented which takes advantage of summing the gate-source 

voltages of two diode-connected transistors biased by temperature-stable currents. 

The temperature coefficient of the output voltage of this reference is shown to be 

28 ppm/°C over the temperature range of -50°C to 150°C. Next, the temperature 

behavior of the gate-source voltage of a CMOS transistor biased by a current, which 

is proportional to absolute temperature (PTAT), is investigated. It is shown that the 

temperature coefficient of the gate-source voltage of the transistor can be altered by 

adjusting the parameters of the PTAT current source. This idea is then applied to the 

design of two temperature-independent voltage references. The first reference consists 

of a PTAT current source and a diode-connected transistor. Simulation results show 

that the temperature coefficient of this reference voltage is 4 ppm/°C over the range
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of -50°C to 150°C. The second reference takes advantage of summing the gate-source 

voltages of two NMOS transistors biased by PTAT currents. The last two references 

show a temperature coefficient of 4 ppm/°C over the range of -50°C to 150°C and 

can operate with a power supply below 1 V. The simulation results for this voltage 

reference show a temperature coefficient of 4 ppm/°C over the range of -50°C to 

150°C. The operation of all the circuits are also justified analytically.
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Chapter 1 

Introduction

1.1 M otivation

Most, if not all, electrical circuits use a reference, be it voltage, current or time. A ref­

erence in a circuit establishes a stable point used by other sub-circuits to generated 

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

cantly under various operating conditions. Temperature is an important parameter 

which affects the performance of references. Special attention should therefore be 

paid by the designer to the temperature behavior of the reference. The typical metric 

used for variations of the reference voltage across temperature is the temperature 

coefficient (TC) and it is normally expressed in parts-per-million per degree Celsius 

(ppm/°C),
TC =  1 ^Reference ^  ^

ref Reference ^Temperature ’

where the reference is either in volts, amps, or seconds [1].

Current references are used in most of the basic building blocks. Usually, the 

current in different basic blocks results from mirroring of one or more references. 

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

1

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



independent 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 

characterized 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 [2]. In D/A converters, depending on the digital input word, the analog 

voltage is a fraction of the internal reference voltage. As for many applications this 

digital to analog conversion should not depend on temperature, so the reference volt­

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

are being used and consequently the reference voltage must be very stable as each 

variation in the reference voltage is directly sensed in the D/A-converter output.

In the automotive industry electronic circuits are used to realize larger systems 

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

the temperature 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 [2]. 

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

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

Bandgap voltage references are the most popular precise references used in var­

ious circuits. A bandgap voltage reference (BGR) has high power rejection 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 tech­

nology [3], [4]. However, when the supply voltage falls below 1 V, the performance of 

a conventional bandgap reference degrades [5]. As an alternative, voltage references

2
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can also be implemented in MOS technology using the threshold voltage difference 

[6]. But this solution requires multi-threshold transistors which are not applicable in 

standard low-cost CMOS technologies since additional fabrication steps are needed. 

The development of other techniques for the design of low-voltage CMOS voltage 

references is therefore needed, a CMOS voltage reference whose performance is com­

parable to the performance of bandgap references.

1.2 Thesis Outline and Contribution

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

understanding of the temperature behavior of MOS transistors. Therefore, in Chap­

ter 2, we briefly describe the temperature dependency of some basic semiconductor 

physical properties (energy bandgap, intrinsic carrier concentration, impurity carrier 

concentration and Fermi potential) and the effects of temperature on MOS transis­

tor parameters (threshold voltage and carrier mobility). The equations which are 

generally used to describe the temperature behavior of the CMOS threshold voltage 

and mobility are presented. The presence of the zero temperature coefficient (ZTC) 

point in the transconductance characteristics of a CMOS transistor is studied and the 

conditions under which such a point can exist are investigated.

In Chapter 3, we will study the techniques used for the design of different types 

of current references. Generally, current references based on their temperature per­

formances are categorized into 4 groups. A proportional-to-absolute temperature 

current reference, as the name implies, generates a current which is linearly propor­

tional to temperature. In a complementary-to-absolute temperature (CTAT) refer­

ence, the complement of a PTAT reference, generates a current which decreases as the

3
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temperature increases. Temperature-independent current references are another cat­

egory, and are usually designed based on properly combining temperature-dependent 

currents or using available voltage references. The last group of current references 

generate a square PTAT current (PTAT2) which is proportional to the square of the 

temperature. The design methods and the operation basics of these current references 

are studied in this chapter.

In Chapter 4 we will review the theory and the issues, with respect to tempera­

ture, that surround the design of different groups of voltage references. We begin by 

reviewing the techniques used for the design of most widely used voltage references 

in electronics circuit, i.e., the bandgap references. To get a clear insight, the basic 

function of bandgap references is studied first, 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. Thereafter, 

some special structures, such as quadratic temperature compensation, second-order 

curvature-compensated reference using resistor ratios and piecewise-linear curvature 

correction to improve the temperature behavior of bandgap references will be given. 

Also, the methods used for the design of low-voltage BGR are studied. Finally, we 

present techniques used for the implementation of CMOS non-bandgap voltage refer­

ences (such as references based on threshold-voltage difference, weighted gate-source 

voltage difference and ZTC point) which have performance comparable to the perfor­

mance of BGR.

In Chapter 5, it is shown that the temperature dependency of the gate-source 

voltage of a CMOS transistor biased with a PTAT current source can be altered by 

adjusting the parameters of the PTAT current source. A circuit consisting of a diode- 

connected transistor biased by a PTAT current source is designed and implemented

4
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in 0.18-//m CMOS technology. The parameters of the current source have been cho­

sen in order to obtain a temperature-independent gate-source voltage. The circuit is 

simulated successfully and the simulation results are also given. A sub-l-V CMOS 

voltage reference, which takes advantage of summing the gate-source voltages of two 

NMOS transistors operating in the saturation region, is also presented. Both transis­

tors are working below the zero temperature coefficient point and, thus, the voltage 

reference is able to operate with a low supply voltage. This circuit is implemented in 

a standard 0.18-//m CMOS process and the simulation results are given. To the best 

of the author’s knowledge, this is a new approach for the design of CMOS voltage 

references. The performances of the proposed voltage references are compared with 

other voltage references in the literature and it is shown that our voltage references 

have a comparable performance with the bandgap voltage references and a better 

performance than the non-bandgap ones.

Finally, the conclusions and a summary of the thesis are given in Chapter 6.

5
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Chapter 2

The Basics

In this chapter, we consider some basic properties of semiconductor materials with 

emphasis on the temperature dependencies of these properties. This is followed by 

the discussion of the temperature dependency of the threshold voltage and the carrier 

mobility in a MOS transistor. Then the zero temperature coefficient (ZTC) point in 

CMOS transistors will be presented and the conditions under which this point exists 

are investigated.

2.1 Basic Semiconductor Effects

In this section, we review the temperature dependencies of some basic properties of 

semiconductor materials.

Energy Bandgap: The difference in energy between the valence band and the 

conduction band is called the energy bandgap and is denoted by Eg. The temperature 

dependency of Eg of silicon is given by [7]

E . ( T ) -  1.170 -  4-73/ + 1° ; T . (2.1)

where T is the absolute temperature in K. Figure 2.1 shows the temperature de-
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Figure 2.1: Silicon bandgap energy as a function of temperature

pendency of the silicon bandgap energy. As it can be seen, even for the relatively 

broad military temperature range of —55°C to 125°C (218°K-398°K), Eg has a weak 

temperature dependence.

Intrinsic Carrier Concentration: The concentration rii of intrinsic electrons 

and holes depends on the amount of energy needed to break a bond (e.g., the en­

ergy bandgap) and on the amount of energy available (e.g., the thermal energy as 

characterized by the temperature) [8]. The mathematical relationship between these 

parameters is given by [9]

_  «  x 10»  ( « )  V4 T ^ e Xp ( ^ )  =  A T ^ e Xp ( ^ )  (2.2)

where k is the Boltzmann’s constant, rride and m^h are the electron and hole effective 

masses and mo is the free electron mass.

7
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Carrier Concentration: When impurity atoms are added and at relatively el­

evated temperature, when most donors and acceptors are ionized, carrier concentra­

tion, nc, can be expressed by [10]

where No  and Na are donor and acceptor concentration, respectively. As long as the 

magnitude of the net impurity concentration \Nn — N a \ is much larger than the 

intrinsic carrier concentration, will be approximately equal to the substrate doping 

concentration (i.e.,(lV£> — Na ) for n-type and (Na — Np) for p-type).

Figure 2.2: Electron density as a function of temperature for a Si sample with a donor 

concentration of JV# = 1015cm-3 (after [10])

Figure 2.2 shows the carrier concentration in Si as a function of temperature for 

a donor concentration of N& = 1015cm~3. When the temperature is low, the ther­

mal energy is not sufficient to ionize all the impurities and so the carrier density is 

less than the donor concentration. This region is known as freeze-out region. As

( 1

(p-type)

(n-type)

(2.3)

3

Intrinsic
region

Extrinsic region

Intrinsic
tem pera tu re\  F reeze-ou t 

region

T em p era tu re  (K)

8
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the temperature increases, all impurities are ionized and nc =  ND. This condition 

will remain over a wide temperature range and is known as extrinsic region. How­

ever, as the temperature is increased further, the intrinsic carrier concentration, rij, 

is increased as well and we reach a point where the intrinsic carrier concentration 

becomes comparable to No- The temperature at which the intrinsic carrier concen­

tration becomes equal to No, is called the intrinsic temperature. It is apparent that 

the intrinsic temperature can be delayed by increasing the impurity density.

Fermi Level: For an intrinsic semiconductor, the Fermi level lies about midway 

between the valence and conduction bands. The Fermi level in n-type materials is 

closer to the conduction band while for p-type material it is closer to the valence 

band. The value of the Fermi level depends on temperature due to the temperature 

dependence of n?; and the thermal voltage, h r  =  and is expressed by

where the positive or negative sign refers to n-type or p-type semiconductors, respec­

tively.

A commonly used expression for the threshold voltage of the MOS transistor is given

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

tively. In this equation: 4>ms is the metal-silicon work function difference, Qss is the 

surface-state charge density per unit area, Cox is the gate-oxide capacitance per unit

(2.4)

2.2 Threshold Voltage

by [11]

Vth = 4>ms ± ~  + +  A VT(Ni) ±  7 (Ns,tox, L, W)^2cf>F + V0 +  \VSB\ (2.5)
OX

9
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area, 4>p is the Fermi potential of the substrate, AVr(Ni) is the threshold shift owing 

to a channel implant jV* with depth, diy and 7 is the body-effect constant that de­

pends on the substrate doping Na, the gate-oxide thickness tox, the channel length L 

and width W. Finally, Ns, di) is a correction term owing to the threshold shift

implant. For enhancement devices with a AVr shifting implant of the same type as 

the substrate, V0 has a sign opposite to that of <j>p-

The major contributions to the variation of threshold voltage with temperature are 

the Fermi level, (f>p, and the gate-semiconductor work function difference, 4>ms. The 

Fermi level is expressed by equation (2.4). For a silicon gate doped oppositely to the 

substrate, the contact potential is essentially determined by the pn product. There­

fore, for an n-type doped gate, the gate-semiconductor work function is expressed as

where Np is the carrier concentration in the polysilicon gate. The temperature- 

dependent terms in Equation (2.6) are the intrinsic carrier concentration, n*, and the

that assuming a temperature-independent <pms affects the accuracy in predicting the 

threshold voltage temperature behavior, especially at temperatures above 373°K. 

The minor contributions to the variation of threshold voltage with temperature

To a first-order approximation these effects are very small and can be safely ignored.

[12]

( . PMOS)

( . NM OS)

(2 .6)

thermal voltage, — . The influence of the work function on the temperature behavior
q

of the threshold voltage is often neglected in the literature [9]. But it has been shown

are the variation in oxide capacitance, as well as the ionization of surface states [7].

It has been shown in [13] that the threshold voltage decreases approximately

10
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Figure 2.3: Threshold voltage of an NMOS transistor (W /L=2/l) as a function of 

temperature

linearly with an increase in temperature. Equation (2.7), given below, is usually used 

to show the temperature dependency of threshold voltage

Vth{T) = Vt h (To) -  ocv t (T -  T0). (2.7)

Figure 2.3 shows that the threshold voltage is a linear function of temperature. To 

generate Figure 2.3 a NMOS transistor, operating in saturation, is simulated and the 

plot of v/7d =  y/K{T){VGs -  Vth ) versus VGs is obtained for different temperatures, 

where Id is the drain current, VGs is the gate-source voltage and K(T) depends on 

the transistor parameters. Then, using extrapolation of the simulated data, the value 

of the threshold voltage, Vth -, is obtained for different temperatures and is plotted as 

a function of temperature in Figure 2.3.

As the plot shows the temperature dependency of the threshold voltage can be 

closely approximated as a linear function of temperature. The temperature coeffi­

cient of the threshold voltage (TCVT), ayT, is generally calculated by differentiating

11
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equation (2.5) with respect to the temperature. Considering the fact that <pp and 0TOS 

are the major factors which may cause a temperature dependence in the threshold 

voltage, avT will be equal to

_  | 9 V t h  | _  , d4>ms , n d<j>F , 7  d(j)F | /0 o n

VT dT  I dT + Q T +  ^

E
Assuming (2.2), where ----- =  1.21V is the extrapolated zero-degree band gap [14],

q
and using (2.6), one can find that for an n-type doped gate

, Ego 3fcT
»ms H---------- 1--------dT T

Using (2.4), the temperature coefficient of (f)p is given by

d(f)p 1

(2.9)

ST T
, fEao  J 3 k T \

(2.10)

Therefore, the temperature coefficient of the threshold voltage becomes

idVTHl , (fams n&F , 7 (iVs , t OI,L , l U )  ,QyT =  | | =  | + 2—  H---- ..................... |
9T T  T  \/2<f)F +  Vo +  \Vs b \

The value of a yr  varies [13], [15] from 1 mV/°C to 4 mV/°C. A most frequently used 

figure is 2 mV/°C [14]. Although the value of ayr  is assumed to be constant, there 

are a number of factors which affect its value. As equation (2.11) shows, the value 

of the temperature coefficient of threshold voltage depends on the value of |Vsb|. 

Higher back biases leads to a smaller value of TCVT. The length of the transistor 

also affects the value of the threshold voltage temperature coefficient. For a short 

channel transistor, the magnitude of TCVT is smaller due to the fact that part of the 

depletion charge associated with channel formation is depleted from the source and 

drain rather than from the gate. This effect leads to a reduction of the body effect, 7 , 

resulting in the decrease of the temperature coefficient of the threshold voltage [11]. 

The dependency of TCVT on the length of transistor, is shown in Figure 2.4. As it

12
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Figure 2.4: Change of avr  with the length of an NMOS transistor with W=5

can be seen, only for the channel lengths greater than 2/irn can a v r  be considered as 

a constant value.

2.3 Carrier M obility

For nonpolar semiconductors, such as Si and Ge, the carrier mobility is affected 

by two basic scattering mechanisms: lattice scattering and impurity scattering [8], 

[10]. Lattice scattering results from thermal vibrations of the lattice atoms at any 

temperature above absolute zero. The interaction between the carriers and the lattice 

allow some energy to be transferred, leading to scattering. The mobility of carriers 

impeded by lattice scattering, is given by [10]

HL ~  (m*)(- 5/2)T (~3/2) (2.12)

where m* is the conductivity effect mass.

Impurity scattering is caused by distortion in the lattice, due to impurities such

13
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as dopants. The mobility of carriers impeded by impurity scattering can be described 

by [10]

At/ -  {m*)-ll2NYlTzl2 (2.13)

where Nj  is the concentration of impurities. Equation (2.13) shows that as the im­

purity concentration increases, the mobility decreases. Also, as predicted by both

equations (2.12) and (2.13), the mobility decreases as m* increases. Therefore, for a 

given impurity concentration, the electron mobility is larger than the hole mobility.

At low temperatures, the carriers have low kinetic energy and their time of passage 

past ionized impurities is longer than at high temperature. Therefore, at low temper­

atures, impurity scattering dominates. As the temperature is increased, the carriers 

move faster, they remain near the impurity atom for a shorter time and therefore 

the collisions due to impurity scattering become less significant than the collisions 

with the neutral atoms of lattice. Thus, at high temperature, lattice scattering is the
3

major scattering process and the carrier mobility will be proportional to T ~ a. The 

combined mobility, which includes the two mechanisms above, is given by [8]

i  = ( -  + - ) .  (2.14)
a4 \ vl  m )

In the analysis of semiconductor devices it is often necessary to know the magni­

tude of the mobility for different doping densities and temperatures. Although this 

information is available from experimental figures [10], it is more convenient to have 

the data embodied in an equation which gives a good fit to the experimental data. 

Figure 2.5 shows the simulations of such equation (eq. (2.15)) presented in [8] for 3 

different impurity concentrations.

.. =  gofJL.'i-°-57 ,________________ 7.4 x 108 x T 233_______________  , .
300 1 +  [AT/(1.26 x 1017 x (T/300)2-3)]0.88 x (T/300)-°-146 1 ' }
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Figure 2.5: Mobility as a function of temperature

T 0.57 _______________1.36 x 108 x T - 2 23_____________ _
^  300 + 1 +  [N/(2.35 x 1017 x (T/300)2-4)]0.88 x (T/300)-0146 1 ' j

The curves in Figure 2.5 are a good fit to the experimental results given in [10]. As 

it can be seen, for lightly doped samples (e.g., the sample with doping of 1014), lattice 

scattering dominates and the mobility decreases with temperature as is predicted 

by equation (2.12). However, the measured slope is different from (—|)  because 

of the presence of other scattering mechanisms. The effect of impurity scattering 

becomes more significant at low temperatures for heavily doped samples and the 

mobility increases as the temperature increases. It can also be seen that, for a given 

temperature, the mobility decreases as the impurity concentration increases because 

of enhanced impurity scattering. This investigation shows that the slopes of the 

plots of mobility versus temperature could be different from — §, the number which 

is given in equation (2.12). A more general expression which is used to describe the
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temperature dependency of the mobility is given by

(l(T)  =  f(T„) ( A )  (2.17)

where fi(To) is the mobility at the reference temperature, T0, and 1 < m  < 2.5.

2.4 Zero Temperature Coefficient Point

The drain current of an NMOS transistor in the saturation region is given by [16]

In equation(2.18) the threshold voltage and the mobility are the main temperature- 

dependent parameters. As it was discussed earlier, as the temperature increases, both

decrease of fin have opposing effects on the drain current; a lower threshold voltage 

tends to increase the drain current, but a lower mobility tends to decrease it. At some

a zero temperature coefficient, (ZTC), at a particular bias point of a MOS transistor. 

Figure 2.6 shows the simulated transconductance characteristics, with temperature 

as a parameter, for a NMOS transistor in 0.18/rm CMOS technology. It can be seen 

that the transconductance characteristics have a common intercept point, which is 

clearly shown in the figure.

The conditions under which this compensation occurs and the stability of the 

ZTC point were investigated in detail in [14]. The gate-source voltage for which the 

drain current becomes temperature independent, at T  = 7\, is obtained by setting 

the derivative of equation (2.18) with respect to the temperature, to zero, i.e.,

(2.18)

the threshold voltage and the mobility decrease. But the decrease of V t h  and the

value of Vg s , this mutual compensation of mobility and threshold voltage results in

=  0

16
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Figure 2.6: Transconductance characteristic for an NMOS transistor 

which results in

Vgs = Vth {Ti ) + 2/A
dvTH/drr

\T=Ti ■ (2 .20)
dun/dT _

By substituting equations (2.7) and (2.17) into (2.20), the desired gate-source voltage 

is obtained

Vqs — Vth(Tq) — oivtT\ ^1 — —j  +  olvtTq- (2.21)

A temperature-independent voltage will exist if m =  2. This voltage is equal to [14]

Vgs =  Vqsf  =  Vt h (To) — o>v t To (2.22)

and the drain current related to this bias voltage is equal to [14]

T T ^ ti(Tq)TqC0X f W \  2 /O OQ\
I d  — I d f  — 2 1 J a VT- { 2 .2 6 )

Therefore, as reported in [14], when m  =  2, the transconductance characteristics

obtained at different temperatures have a common intercept point, known as the ZTC 

point, with parameters (V g s f , I d f )- As it was mentioned in the previous section, the

17
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value of m  depends on the doping concentration and can become equal to 2. In the 

forthcoming chapters, we show that the ZTC point can be used for the design of 

temperature-independent voltage references.

2.5 Conclusion

In this chapter, some basic properties of semiconductor materials and their tempera­

ture dependencies were discussed. The threshold voltage and the mobility of a MOS 

transistor and their temperature behavior were studied. These two parameters are 

the major temperature-dependent parameters which affect the temperature behavior 

of a MOS transistor. It was shown that the mutual compensation of mobility and 

threshold voltage may result in the ZTC bias point of a MOS transistor. Also, the 

conditions under which a ZTC point exists were investigated.

18
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Chapter 3

Current References

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

phase-locked loops (PLLs) and oscillators are 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 

approach operate faster than their voltage-mode counterparts. Moreover, the current 

value controls the transconductance of transistors and, in turn, affect 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 current in different parts of a circuit results from the mirroring of one 

or more references. It is therefore important to study different techniques used for 

the design of current references and to recognize their functional limitations and to 

estimate the costs and benefits of each technique for the best design choice.

19
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There are 4 types of current references which are commonly used in circuit de­

signs. One type of current references generates a proportional-to-absolute tempera­

ture (PTAT) current, a current which is linearly proportional to temperature. Since 

the PTAT relation is predictable, and linear over a wide range of currents, this kind of 

current reference is the most frequently used reference. A complementary-to-absolute 

temperature (CTAT) current is also used as a reference current. A CTAT, the com­

plement of PTAT, is often used in conjunction with curvature correction schemes 

for the design of precise voltage references [1], [17], [18], [19], [4]. Temperature- 

independent current references are usually designed based on properly combining 

temperature-dependent currents or using available voltage references. Square PTAT 

current (PTAT 2) references are another useful type of current references. The gener­

ated currents by these references are proportional to the square of the temperature. 

As we will see in the next chapter, this quadratic dependence to the temperature can 

be used to construct second-order voltage references.

In this chapter the techniques used for the design of these types of current refer­

ences are studied and the benefits and disadvantages of each technique are discussed.

3.1 PTAT Current References

As the name implies, a PTAT current reference generates a current which increases 

as the temperature increases. Generally, these type of current references are obtained 

by forcing a PTAT built-in voltage across a resistor.

The difference of the base-emitter voltage 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 npn transistor and its
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collector current is expressed by [1]

(3.D

where Ic  is the collector current, VE =  ^  is the thermal voltage, Js is the saturation 

current density, k is Boltzman’s constant, q is the electron charge, A  is the emitter 

area and T  is the absolute temperature. Using (3.1), the difference of the base-emitter 

voltages of two BJT transistors, Q\ and Q2, can be written as

VBn - V Bn  = VTt a ( ^ ^ ) = ^ ( ! £ L p . )  (3.2)
I  Cl J q \ A i  Ic 2 j

where I a  and Ic 2 are the collector currents of transistors Q1 and Q2, respectively. 

Equation (3.2) shows that the difference of two base-emitter voltages is proportional 

to the absolute temperature.

Figure 3.1 shows a PTAT current reference circuit using the difference of two 

base-emitter voltages [19]. Transistors Mi and M 2 form a current mirror, developing 

equal currents for transistors Q1 and Q2 , i.e., I\ =  / 2. Following Kirchhoff’s voltage 

law and equation (3.1), one can write

h R  = VE B 2 -  VEBl =  — ln (^ -^ i) .  (3.3)
q A 2 1 \

The current through M5 must then be

kT(W /L)$ ,n AS
W  =  r f W i L h ( 5

where n — is the emitter-area ratio of Q1 to Q2 {A\ is larger than A2). One 

advantage of the PTAT current source in Figure 3.1 is that the current generated by 

this reference is, as 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 I\ is equal to zero. A start-up circuit is required to prevent the circuit from
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Figure 3.1: PTAT current generator (after [19])
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settling in this state. Basically, the start-up circuit eliminates a possible zero current 

condition by injecting current at a suitable node and forces the circuit to move from 

the zero state to the correct point of operation [17].

In a conventional CMOS process, 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 (Figure 3.2). Since the collector is the substrate, n-well technology 

can be used for the realization of pnp transistors and p-well technology permits the 

realization of npn transistors [17].

PTAT currents can also be implemented using pure CMOS transistors. Figure 

3.3 shows one possible pure CMOS design for the implementation of PTAT current 

generator [1], The mirror block with mirroring factor equal to 1, provides equal 

currents in each branches. Using KVL for the voltage loop consisting of transistors 

Mi and M2 and resistor R, one can write

R I  =  Vqsi -  VG S 2 (3.5)

and therefore, the following PTAT current, I ptat , is obtained

T r Vcsi — VgS2 /qI PTAT = 1 — ------ ^ ------  (3.0)

The CMOS transistors, M\ and M2, should operate either in the subthreshold or 

saturation regions, so that the generated current becomes proportional to the absolute 

temperature. In what follows we describe the operation of the circuit in these two 

cases.

Subthreshold Region: In subthreshold region, a MOS transistor operates as a 

bipolar transistor and the current I d  changes exponentially with variations in V g s ,  

similarly to a bipolar transistor. The V g s  of a MOS transistor operating in the
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Figure 3.2: (a) Substrate npn transistor (b) Substrate pnp transistor (after [3])
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subthreshold region is given by [16]

Vfc* =  nVT\ n + Vth -  nVT\n( 1 -  e ^ )  (3.7)

where n and It depend on process parameters, W is the width of the transistor, L is 

the length of the transisto and Vus is the drain-source voltage. Substituting (3.7) in 

(3.6), the PTAT current is found to be

,  nVT , _ f ( W / L )  2 \

IpTAT =  I  =  i r l n { w / W J '  { ]

which is proportional to the absolute temperature, T.

One drawback of this circuit, when the transistors M x and M 2 are operating in 

the subthreshold region, is that the temperature-range within the circuit can operate 

is limited. This is due to the presence of the leakage currents. The leakage currents 

have positive temperature dependency and increase as the temperature increases. 

Therefore, they can override the drain current of the MOS transistor operating in the 

subthreshold region at moderately high temperatures [1] and this affect the perfor­

mance of the circuit.

Saturation Region: The same circuit can be used with the transistors working 

in the saturation region. In the saturation region the gate-source voltage of a MOS 

transistor is expressed as

Vas = V™  + ' I ^ M L ) -  ( 3 ' 9 )

Substituting (3.9) in (3.6) and solving for I p t a t , one can write [20]

I  P T A T  =  / =  --------— (  1  ....... — - ..... \  . (3.10)
\ y / W / W i  V W I W 2 J

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

dence is expressed as R  = i?0(l +  clri(T — T0) +  olr2 {T ~  To)2) where am  and ap2
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Figure 3.3: CMOS PTAT current generator (after [1])

are the first and second-order temperature coefficients of the resistor, R. Then, using 

equation (2.17) for the temperature dependence of the mobility, p., the Taylor series 

of equation (3.10) is equal to

1p t a t  =  ( - )^ p 2)  {1 +  -  2 a m )(T  -  To)

+  ( - 2 „ „  +  +  J  _  ^ )  (T _  ro )q  +  0 ( ( T  -  T.)*)

(3.11)

where Iptato — s  2- ps I  -1  I and T0 is the reference temperature.
A1 u coe/JoĴ  ^ v^wyljT ^{w /l )2 J

Using a first-degree approximation, the current I p t a t  can be written as

I p T A T  — W o ( l  +  7 ( r - T 0)) (3.12)

where 7 =  ( |r  — 2ori). Equation (3.12) shows that the temperature coefficient of 

the current Iptat can be controlled by the value of the am  and it will be positive if 

am  < which is usually the case.

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

similar to the circuit in Figure 3.1. Therefore, a start-up circuit is required to prevent
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the circuit from settling in this unwanted state.

3.2 CTAT Current References

Another useful current reference is a reference that generates a current which is 

complementary-to-absolute temperature (CTAT). As we will see in the next chap­

ter, this type of current reference is used in the design of bandgap voltage references. 

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 which have negative temperature coefficients 

and thus can be used for generating CTAT currents.

Figure 3.4 shows a possible design for the CTAT current generators using the 

base-emitter voltage. The 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

Ire, = h f  • (3-13)

The temperature coefficient of the base-emitter voltage is equal to -2.2 mV/°C at room 

temperature [17]. The temperature coefficient of the resistor R  should be so small 

that it can be neglected, so that the the current 7re/  shows a negative temperature 

dependence.

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 

references. A possible design for such a circuit is shown in Figure 3.5. Transistors M\ 

through M5 form the threshold extractor [21], Assuming matched transistors, so that 

each PFET transistor has the same threshold voltage, the voltage across the drain
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M 2
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Figure 3.4: CTAT current generator using Vbe (after [17])

and source of transistor M3 can be written as

Vsd3 = Vsgi ~  VsD2 - (3.14)

If transistor Mi operates in saturation and M2 in the triode region, then Vsd2 is given 

by

VsD2 ~  V 2 l J _  JL
~Ki + K l

(3.15)

where K { =  nPC0X{jj)i, i =  1,2,3. By making the width-to-length ratio of M3, three 

times that of Mi and M2, i.e, Ki = K 2 — K 3/ 3 , and substituting (3.15) in (3.14), the 

drain-source voltage of transistor M3 is expressed as

VSD 3  =  \VTHv\ +  y T F  - ^ Z L  + M- + J E - \ v TBp\. (3.16)

This extracted threshold voltage is then buffered and applied to the resistor R  to 

create the I c t a t  current which is given by

\V t h p \
I c t a t  = R

(3.17)
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Figure 3.5: CMOS CTAT current generator using the threshold voltage (after [18])
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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 

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

be small so that it will not affect the temperature behavior of the reference current.

3.3 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 

temperature-independent current reference is to add PTAT and CTAT currents ap­

propriately. The sum of these currents usually will yield to a quasi-temperature 

independent current (to a first-order compensation). Figure 3.6 illustrates one pos­

sible design for summing the PTAT and CTAT currents. In this circuit, I p t a t  is 

generated by the loop consisting of transistors Q1 and Q2 and resistor R1 and the 

CTAT current is created by transistor Q3 and resistor R2. 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.

Another method for the design of temperature-independent current generators is 

to use the circuit shown in Figure 3.3, when transistors M\ and M2 are operating 

in the saturation region. The operation of the circuit was discussed in previous 

section. According to (3.11), in order to achieve first-order compensation, the first- 

order temperature coefficient of the resistor should satisfy the following condition

(3-18)
A i n
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Figure 3.6: Temperature-independent current reference (after [1])

For second-order compensation, the second-order temperature coefficient of the resis­

tor also should be equal to
m  5ra. . . . .

am  =  QrjpO- 2~)- (3.19)

The third technique for the design of a temperature-independent current reference 

is to force a temperature-independent voltage across a resistor with a very small 

temperature coefficient. This technique requires a temperature-independent voltage 

reference, which is not easily implemented.

3.4 PTAT2 Current References

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

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

be used for the design of curvature-compensated voltage references. A simple method 

of implementing a PTAT2 current reference is to force a PTAT voltage through a 

resistor which shows a PTAT dependence. This method however depends on the 

technology.
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Figure 3.7: Bipolar PTAT2 current reference (after [1])

Multiplier circuits can also yield in generating a PTAT2. Figure 3.7 shows a 

PTAT2 current reference designed with BJT transistors. Applying KVL for the loop 

consisting of transistors Qi, Q2 , Qs and Q4 and using equation (3.1) for each base- 

emitter voltage one can find that

I out h;A — 7(71-1(72 I  P T A T (3.20)
f C 3  i p T A T  -j- I c T A T

where A  is the emitter area of transistors Q1-Q4 . If the circuit is designed in such a way 

that the sum of I c t a t  and I p t a t /A  will be equal in the desired temperature range, 

then I o u t in equation (3.20) will be proportional to the square of the temperature.

Figure 3.8 illustrates a CMOS implementation for a PTAT2 current generator. In 

this circuit, transistors Mi and M2 operate in subthreshold region, transistors M3 in 

the saturation region and M4 operates in the triode region. Using KVL for the voltage 

loop composed of transistors Mi, M2 and M4, the output current can be expressed
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Figure 3.8: CMOS PTAT2 current reference (after [1])

as
VGS2- V GSI nVr ( (W /L ) i \

Idi =  rd s  4 = R ^ l n ( m % )  (3-21)

where Rds4 is the output resistance of transistor M4 and is given by

RoSi  =  K,(VGS1 - V TH) ( 3 ' 2 2 )

where K± =  /iCox{ ^ ) 4. The mirroring factors, provided by the mirror block, are equal

to 1. Therefore, lD3=lDi—lD2=Icmt- Also, since transistor M3 operates in saturation

one can write

Vgss =  Vgsa =  Vth +  y  (3.23)

where K 3 = /j,Cox(j -)3. Using equation (3.21) and (3.22) the output current can be 

expressed as

Ki,i  =  3,4 depends on mobility. If in a technology the mobility parameter m  is small 

and the mobility could be considered constant over the desired temperature range, 

the current Iout would be proportional to the square of the temperature.
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3.5 Conclusion

Current references are essential building blocks of analog and digital circuits. The cir­

cuits designed for current processing operate at higher speed compare to their coun­

terpart voltage-based implemented circuits. The current also influences the power 

consumption and static and dynamic properties of the circuit and therefore special 

attention should be paid to the design of the reference current generator.

The techniques used for the design of four different type of current references were 

studied in this chapter. A PTAT current reference generates a current proportional 

to temperature. It was shown that forcing a built-in PTAT voltage, such as the 

difference between the base-emitter voltages of two transistors, across a resistor can 

be used for generating a PTAT current. The current generated by a CTAT current 

reference, has a negative temperature coefficient. The threshold voltage of MOS 

transistor or the base-emitter voltage of a bipolar transistor can be used for the design 

of such reference. The proper combination of CTAT and PTAT current references 

results in a temperature-independent current. Finally the design methods used for 

generation of PTAT2 current references were discussed. This type of current reference 

has applications in the design of precise voltage references.
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Chapter 4

Voltage References

Voltage references find applications in a variety of circuits and systems including lin­

ear and switching regulators, Analog to Digital (A/D) and Digital to Analog (D/A) 

converters, voltage to frequency converters, power supply supervisory circuits, power 

converters and other circuits requiring an accurate reference voltage [17]. An ideal 

voltage reference must be, inherently, well-defined and its output voltage should be 

independent of temperature, power supply variations, load variations and other op­

erating conditions.

As it was seen in the previous chapter, the design of most current references is 

based on forcing a voltage across a resistor. Integrated resistors have the tolerance on 

the order of 10 to 20% [1]. This tolerance directly translates to the overall tolerance 

of the current reference, making it difficult to realize precise integrated current refer­

ences. But the accuracy of the voltage references, is typically higher and their output 

voltage is more predictable, forcing the circuit designers to prefer them to current 

references.

This chapter discusses the theory and issues, with respect to temperature, that 

surround the design of a voltage reference. A voltage reference can be categorized
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into different performance levels (i.e., zero-order, first-order, or second-order). Zero- 

order references usually are designed using a Zener or a forward-biased diode and 

typically are not temperature compensated and will not be discussed here. For the 

first-order voltage references, the first-order term of the polynomial relationship of 

the output voltage with respect to temperature is canceled. Second-order as well 

as high-order voltage references, compensate one or more higher-order temperature 

dependent terms. These accurate voltage references are used for applications such as 

high-performance data converters and low-voltage power supply systems [1].

The chapter starts with a section on the design of the most popular voltage refer­

ences, i.e., the bandgap voltage references. The basic idea of the design of a bandgap 

reference will be followed by a review on the history of its development. Then the 

techniques which are used for the design of first-order, second-order and low-voltage 

low-power bandgap references will be studied.

The bandgap voltage reference is bipolar in nature and when the supply voltage 

is below the bandgap voltage, i.e., about 1.2V, a conventional bandgap reference 

does not operate well [5], [22]. Therefore IC designers are challenged with designing 

circuits that can be implemented in low cost CMOS technology and with performance 

comparable to the performance of the bandgap voltage references. The methods which 

are used for the design of non-bandgap CMOS voltage references will be also studied.

4.1 Bandgap References

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

fields of application, for instance in the automotive industry [23], battery-operated 

dynamic-random access memories (DRAMs) [24] and many other circuits. A bandgap
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voltage reference has high power rejection and its output voltage is very stable against 

temperature and process variations.

All of the bandgap references used in this diversity of applications are based on 

the idea of Hilbiber in 1964 [25]. In his paper, 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 volt­

ages, the required power supply voltage was large. In 1965, Widlar found a PTAT 

voltage by using the difference of two junction voltages [26]. In 1971, Widlar used 

this PTAT voltage for the compensation of the temperature behavior of base-emitter 

voltage in the design of a bandgap reference [27] which required a lower power sup­

ply compared to Hilbiber’s proposal. Later, a number of articles describing several 

designs for the bandgap references appeared [28], [29], [30]. Most of the proposed 

topologies were based on Hilbiber or Widlar proposals or a combination of them. 

But all of the proposed references were only first-order compensated. In 1978, Wid­

lar proposed a bandgap reference with an attempt for the second-order temperature 

compensation [31]. In his design he used different temperature behaviors for the 

collector currents generating the base-emitter voltages. Later on many high-order 

temperature compensation techniques, such as quadratic temperature compensation 

proposed by Song et al. [3], exponential temperature compensation developed by Lee 

et al. [32], piecewise-linear curvature correction presented by Rincon-Mora et al. [33], 

second-order curvature-compensated reference using resistor ratio designed by Lewis 

and Brokaw [34], were proposed.

Bandgap references started to be implemented in CMOS technology in the late 

seventies when weak-inversion MOS transistors became available [35]. A bipolar 

substrate transistor was used to generate the base-emitter voltage. Later on the
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design of CMOS bandgap references was improved and parasitic BJTs were exploited 

in n-well and p-well [3],[4].

4.1.1 General Idea

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

is referred to the bandgap energy of the used semiconductor. As it was discussed in 

Chapter 2, the bandgap energy has a weak temperature dependency. Therefore if 

the output voltage of a reference is referred to the bandgap voltage, a true reference 

voltage 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 Vqo, the extrapolated 

bandgap voltage at 0°K,). For the realization of a bandgap reference, at least one 

component must be available of which a port voltage is related to the bandgap energy. 

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

the bipolar transistor is the core component of most bandgap references. Bipolar 

transistors can also be implemented in CMOS technology using the substrate (Figure

Following [36], we now obtain the relation between the base-emitter voltage and 

the bandgap energy. The base-emitter voltage, Vb e , of the bipolar transistor can be 

expressed as

Boltzmann constant (1.38 * 10 23J /K ), Ic (T )  is the collector current and I s (T )  is 

the saturation current. / S(T) is described as

3.2).

(4.1)

where T is the absolute temperature, q is the electron charge (1.6 x 10 19)C, k is the

I s (T )  =  D qrii(T)2T l~n (4.2)
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where D and n  are constants and n,(T) is the intrinsic carrier concentration described 

by (2.2). Substituting (2.2) and (4.2) into (4.1) we obtain

In (4.3) D' — D A2 and 77 =  4 — n are constants. Now assume that the collector 

current, with which the transistor is biased, is described by

Ic(T) =  la , f ~ )  (4.4)

where Ico is the current at the reference temperature To, 9 is the order of the tem­

perature behavior of the current (for the constant current 0 = 0 and for the PTAT 

current 6=1) .  Using (4.4), equation (4.3) is simplified to

T  kT  ( T  \
Vb e {T) = Vgo -  [UG0 -  Vb e (T0) } - ------- (r, -  6)ln -  (4.5)

-*0 q v i o /

where VBe {Tq) is the base-emitter voltage at the reference temperature T0. Equation 

(4.5) is depicted in Fig 4.1 for several values of 9. It can be seen that the temperature 

dependence of the base-emitter voltage is negative.

The basic idea of all the bandgap references is the same: Compensate the temper­

ature dependency of the base-emitter voltage with a complementary voltage, Ucomp, 

so that the sum of VBE and Vcomp becomes equal to Vgo over the total temperature 

range. The implementation, technology and the ways of compensation varies for 

different schems.

In equation (4.5), (T.lnT) is the nonlinear temperature dependence factor of VBE- 

The Taylor series of VBE(T) is given by

VBe ( T )  — Qq +  a\T  +  a,2 T 2 + 03 T3 +  ... +  anT n +  0 (T n) (4.6)

where o,, i = 0, • • • ,n  are the Taylor series coefficients. First-order temperature 

compensation involves the cancellation of the term T while high-order temperature
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Figure 4.1: The base-emitter voltage as a function of temperature for several values 

of 6

compensation involves the cancellation of high-order T terms. The techniques which 

are used for the design of first-order bandgap references, is the topic of the next 

section.

4.1.2 First-Order Compensation

The thermal voltage Vr =  kT/q  has a positive temperature coefficient equal to 0.086 

mV/°C, and can be used for the first-order compensation of the temperature depen­

dence of base-emitter voltage in the design of bandgap references. The coefficient, a\ 

in equation (4.6) at room temperature is almost -2.2 mV/°C. Therefore, first-order 

temperature compensation at room temperature is obtained by properly combining 

Vbe and Vr, i.e.,

V r e f  — Vb e  +  mVr (4.7)

where m  is equal to (2.2/0.086) =  25.6 [17].
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Figure 4.2: Two conceptual implementation of a temperature-compensated reference 

generator (after [17])

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

techniques shown in Figure 4.2.

The first scheme directly implements equation (4.7), i.e, two voltages proportional 

to V b e  and V r  are added properly in order to obtain a temperature-independent 

reference. In the second method two currents, one proportional to Vbe and an­

other one proportional to Vr, are properly scaled and summed up. The summed 

current, which is temperature-independent, will go through a resistor, generating a 

temperature-independent voltage. This configuration is also known as current-mode 

(CM) bandgap voltage reference [37].

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

two bipolar transistor can be used. Using (4.1), the base-emitter voltage difference 

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

a v be  =  W T ) - VBE2(T) =  =  T ln ( ^ 7 ^ )  (4,8)

where JS(T) — (IS(T )/Area) is the saturation current density and A\ and are the
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emitter areas of the two transistors.

Figure 4.3 shows an implementation of the bandgap reference using the voltage 

processing technique. The circuit operates as follow: Transistors M3 and M4 form a 

current mirror which defines a given ratio between the currents in Q\ and Q2 (normally 

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

drives the voltages of nodes 1 and 2 to an equal value (i.e., Veb()- Thus, the voltage 

drop across the resistor Ri is equal to the base-emitter voltage difference of transistor 

Q2 and transistor Q\. Current I\ is given by

where A\ and A2 are the emitter areas of transistors Q\ and Q2 , respectively. The 

output voltage, Vref, is given by

Vref = R2l2 + VEB2. (4.10)

When the mirroring factor is 1, the currents I\ and I2 are equal and are given in 

equation (4.9). Substituting (4.9) in (4.10), Vref can be written as

VT, (A t
U , /  =  f l 2 - ^ l n [ - ^ j + V EB2. (4-11)

Therefore, for first order compensation, the resistor ratio, R 2 /R 1 and the ratio of 

the emitter areas, At and A 2 , should satisfy

°i+HinS)=o- <412)
where at is the first-order temperature coefficient of VBe  in (4.6).

Figure 4.4 shows an implementation of a current-mode bandgap reference. Tran­

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

operational amplifier drives the voltages of nodes 1 and 2 equal to Veb2 • Therefore,
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Figure 4.3: Typical CMOS bandgap reference based on voltage processing (after [38])
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the voltage across the resistor R\ is equal to the emitter-base voltage difference of

The emitter-base voltage of transistor Q2, across the resistor R 2, generates current 

I2 = with negative temperature coefficient. The sum of currents Ii and I2 is 

then equal to

then Ii + I2 will be temperature-independent to a first approximation. This current 

is flowed into resistor R2, generating a first-order temperature compensated voltage, 

Vref, which is equal to

Note that all the resistors should be made from the same material to ensure compen­

sation of the temperature coefficient.

As equation (4.16) shows, the circuit can easily achieve a gain or attenuation of

value of minimum required power supply for the circuit to operate.

The transistors forming the current mirror in the circuits shown in Figures 4.3 

and 4.4 should operate in the saturation region. Thus, the minimum supply voltage 

must be maintained in order to prevent the transistors M3-M5 from being forced to 

operate in triode region. Therefore, for both circuits, the minimum required power 

supply is expressed by

transistors Q2 and Q\ and the current R  will be proportional to Vr and is given by

(4.13)

(4.14)

The temperature behavior of Vbe is given in (4.6). If

(4.15)

(4.16)

the generated bandgap voltage by scaling the value of resistor f?3. This will affect the

VDDm in =  Vref  +  VsDsat- (4.17)
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Figure 4.4: Typical CMOS bandgap reference based on current processing (after [17])

For the circuit in Figure 4.3 the typical value for Vref is 1.25V and the value 

of VsDsat ranges from 0.1V to 0.3V. Thus, the theoretical value for the minimum 

required power supply is 1.4V. However, since Vref  can be scaled down for the CM 

bandgap reference, the circuit in Figure 4.4 can be designed with a lower power supply 

compared to a bandgap reference based on voltage processing.

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

circuits shown in Figures 4.3 and 4.4, the operation of the Op-Amp is to keep the 

voltages of nodes 1 and 2 to an equal value. This is generally true if the gain of the 

operational amplifier is sufficiently large. However, in real circuits, a possible offset 

always exists though it can be minimized with suitable cell design. In both circuits 

of Figures 4.3 and 4.4, considering the systematic offset voltage of Vos, the current
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Ii is defined by the condition

AVjjb +  Vos = R\I\- (4-18)

If the value of the offset is comparable to the value of A VEb, 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 A Veb- This can be done by increasing the 

ratio (A1/A 2) in equation (4.9) or (4.13), e.g., replacing the single BJT transistors 

with an array of bipolar transistors. Laser trimming is another option but it is a 

costly solution.

The circuits described so far are designed to compensate the first coefficient of 

the temperature-dependence of Vb e • Due to the presence of high-order temperature 

coefficients, the output voltage is not precise. The design of second-order temperature 

compensated BGR is discussed in the next section.

4.1.3 Second-Order Compensation

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

such as data and power converters. Therefore, higher-order references are in great 

demand for such precise applications and this has been resulted in the development 

of many high-order temperature compensation techniques [3], [32],[33],[34],[39]. Since 

first-order references only compensate the linear term, thereby leaving the character­

istic curvature-variation across temperature, higher-order references are also known 

as curvature-corrected references. Several approaches have been suggested for cur­

vature correction. One straightforward solution is to make the quantity (77 — 6) in 

equation (4.5) equal to zero. In this case, there would be no nonlinear temperature- 

dependent term in (4.5). This could be achieved by using a very strongly temperature- 

dependent bias current. But the design of high-order temperature dependent current
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Figure 4.5: Curvature-compensation concept using a PTAT2 voltage (after [1])

sources could be complicated. The basic idea behind the design of many curvature- 

compensated references is to simply add a curvature-correcting component which 

increases with temperature in a nonlinear fashion. In this section, we review some 

of the techniques based on this approach that are used for the design of curvature- 

compensated bandgap references.

4.1.3.1 Curvature Compensation Using Squared PTAT Voltage

The design of many precise BGRs are based on the cancellation of the second-order 

term in the Taylor-series expansion of the base-emitter voltage (equation (4.6)). The 

classical method for doing such compensation is through the addition of a squared 

PTAT voltage, to the output voltage relation of a first-order bandgap reference [1]. 

Figure 4.5 shows the concept of curvature compensation achieved by adding a PTAT2 

to the first-order temperature compensated BGR. Since the PTAT2 term is small for 

the first-half of the temperature range, the output waveform shows the curvature of 

a first-order bandgap reference. However, as the temperature increases the squared
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Figure 4.6: Schematic of the curvature-compensated BGR using square PTAT voltage 

compensation (after [3])

PTAT term becomes considerably large and is used to cancel the increasingly negative 

temperature dependence of the base-emitter voltage. Consequently, the curvature 

depicted by Vref  in Figure 4.5 results.

One implementation of this technique is illustrated in Figure 4.6 [3]. The current 

lo and the bias current Id shown in this figure are temperature-independent and the 

PTAT current It is given by

where a  and (3 are constant coefficients. The output voltage, Vref , can be expressed 

as

It = aVT +  (3 (4.19)

Vref  =  Vebz +  G{Veb2 — Ve b i) — Vebz + G A  Veb (4.20)

where

(4 .21)
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A  is the emitter area ratio of Qi and Q2 and G is the gain. The Taylor series expansion 

of equation(4.21) will result in

AVEB = VT\r̂  + 2VT[ ~ \+ \v T { ^ \  +°((f)4) <422)
Substituting (4.19) into (4.22), and neglecting higher order terms, (4.20) can be writ­

ten as

Vref =  Vebz +  GVTlnA +  G— V$ +  VE (4.23)
lo

where Ve is the error voltage and is less than 1 mV at room temperature [3]. As 

it can be seen, a PTAT2 voltage is appeared in equation (4.23). The temperature 

dependence of Vebz is given by (4.6). If a2 + G ^  = 0, then second-order temperature 

compensation is obtained. The experimental results show an average temperature 

drifts of 13.1 and 25.6 ppm/°C over the commercial and military temperature ranges, 

respectively.

4.1.3.2 C urva tu re  Compensation Using Temperature-Dependent Resis­

tor Ratio

Another technique for the cancellation of high-order components of the base-emitter 

voltage is to generate the nonlinear component by exploiting the temperature-dependence 

of different resistors in a given process technology [1].

Figure 4.7 shows a circuit implemented based on this technique, where the tem­

perature coefficient of different resistors is used to compensate the higher-order com­

ponents present in a first-degree bandgap cell [39]. In this circuit, resistors R \, R 2 

and i?4 are implemented using the same material and resistor R$ is implemented by 

a different material.

The PTAT current, / , is generated by transistors Q1, Q2 and resistor R\ and is
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Figure 4.7: Schematic of the curvature-compensated BGR based on resistor ratio 

technique (after [39])
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given by

/ .W sW  ( 4 . 2 4 )

R i

where N  is the emitter-area ratio of Q i and Q2. The current I  is passed through 

resistors R 2 and R3 and so the output voltage Vref is expressed as

'Rz,
Vref — VEB2 + VT r M n ) VT. (4.25)

The resistor ratio R 2/ R \  is temperature-independent since both resistors are imple­

mented by the same material. However, the ratio R3/R1 is temperature-dependent 

due to material difference and so the third term in equation (4.25) generates the 

desired nonlinear component which leads to curvature-compensation of the output 

voltage. For the temperature trimming, an optimum R3/R1 should be found such 

that the nonlinear error voltage becomes minimum. Then, the linear temperature de­

pendence of the output voltage should be minimized by finding an optimum R 2/R \ .  

Experimental measurements show an average temperature drift of 5.3 ppm/°C in the 

temperature range of 0°C-100°C [39].

The advantages of this technique over using typical PTAT2 are simplicity and cost 

effectiveness. Only one additional resistor is required to convert a first-order bandgap 

reference into a second-order circuit. However, there is one significant disadvantage. 

The performance of the circuit is highly dependent on the process and the temperature 

characteristics of the resistor ratio, (R3/R1), which vary substantially from process 

to process due to the inherent differences in technology [1].

4.1.3.3 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 [32] or piecewise linear [33]. Fig­

ure 4.8 shows a circuit used for generating a piecewise-linear current [33]. Transis-
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Figure 4.9: Piecewise-linear curvature-corrected bandgap reference a) The circuit b) 

Temperature-dependent waveforms (after [33])

tor M2 is biased with K iIp ta t  cur rent. For the first lower half of the temperature, 

(when K 2I v b e  <  K i I p t a t ) ,  transistor M 2 is forced to operate in the triode region 

( I m i  —  K i I p t a t ) -  Consequently, M 3  does not conduct any current and J j v l  is equal 

to zero. For the upper half of the temperature range, K iIp ta t  becomes larger than 

the K 2I v b e -  Therefore, M2 becomes saturated and supplies I  m i  =  K 2I v b e ,  forcing 

M3 to source the difference of K 2I v b e  and K i I p t a t -  The resulting current I j s t l  is 

nonlinear and can be described by

0 (IvBE >  I p t a t )

I n l  — < (4.26)

K i I p t a t  ~ K 2Ivbe (IvBE < I p t a t ) 

where K\ and K 2 are constants defined by the ratios of the mirroring transistors 

defining I p t a t  and I V b e .

Curvature correction can be obtained by combining the three temperature-dependent 

currents, I v b e , I p t a t  and I^ l-  A simple BGR circuit based on this approach is shown
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in Figure 4.9(a) [33]. For this reference, the output voltage is given by

V ref  =  A I v b e [ R \  +  R 2  + R 3 }  +  B I p t a t [ R \  + R 2 ]  +  C I n l R I .  (4.27)

The typical behavior of the output voltage of the circuit in Figure 4.9(a) is shown 

graphically in Figure 4.9(b). For the lower half of the temperature range, the current 

I n l  is equal to zero and the circuit behaves essentially like a first-order bandgap 

reference. For the upper half of the temperature range, the combination of the three 

currents diminishes the nonlinear effect of the base-emitter voltage. Experimental 

measurements show an average temperature drift of 20 ppm/°C in the temperature 

range of (-15-90)°C [33],

4.1.4 Low-Voltage Low-Power Bandgap References

In recent years, low power design is attracting much attention due to the emerging 

needs for battery-powered portable devices and systems. With the systems emphasis 

on low-power operation, the supply voltage is typically much lower than the nominal 

supply voltage for the process and is often defined by the minimum voltage of a battery 

[40]. According to the International Technology Roadmap for Semiconductors [41], 

in the year 2010, the mainstream supply voltage will be around 0.6 V. However, since 

the output voltage of the conventional BGR is 1.25, which is nearly the same voltage 

as the bandgap of silicon, the minimum power supply voltage needs to be greater 

than 1 V. Several approaches have been proposed to overcome this problem. In what 

follows, we will review some of the major methods used for the design of low-voltage 

low-power bandgap references.

A straightforward solution for low-voltage BGR design is to make the output 

voltage of the bandgap reference less than the bandgap of the silicon. One way to
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Figure 4.10: Cross section of a DTMOS transistor(after [40])

achieve this, is to use a low-bandgap material (e.g., germanium) for the diodes in 

the bandgap reference circuit. However, this option is expensive and is not available 

in a standard CMOS process [40]. As it was shown earlier, the output voltage of 

bandgap references using current processing can become lower than 1.25 V due to 

the presence of resistor ratios in equation (4.16). Therefore the second solution could 

be the use of a fraction of the voltage across the diodes by resistive subdivision [4], 

[5], [38] and [42]. However, the method of resistive subdivision requires a number of 

resistors, which need to be high-resistance for low-power applications. This will result 

in considerable area consumption.

A third technique for low-power, low-voltage bandgap reference design is to vir­

tually lower the material bandgap, using an electrostatic field. To implement this 

method one has to replace the normal diodes by dynamic threshold MOS transistors 

(DTMOST) as it is proposed in [40].

A cross-section of DTMOST is shown in Figure 4.10. As it can be seen, this device 

is basically a MOS transistor with an interconnected body and gate and its operation 

is similar to weak-inversion MOS operation. This device can be looked upon in two

55

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



Vref

Figure 4.11: Low-voltage bandgap circuit schematic using DTMOS transistors (after 

[40])

ways. First, it can be seen as a lateral bipolar transistor with an extra gate over the 

base, and second, it can be viewed as a MOS whose threshold voltage is dynamically 

controlled by the Vgs voltage. The apparent material bandgap in the DTMOS is given

by

ĝap,apparent VgapO 061 (4.28)

where 0t 1 is the barrier lowering voltage. This apparent bandgap can be approximated 

by a constant (the apparent material bandgap extrapolated to 0 K) which has been 

reported to be equal to 0.6 V for a standard 0.35-/xm technology and a linearly 

temperature dependent term [40]. A DTMOS bandgap reference can be designed 

using the same topology of a conventional CMOS BGR. Figure 4.11 shows an example 

of such circuit. The DTMOS diodes are shown with the gate-backgate connection. 

The input stage of the folded cascode opamp is also implemented with DTMOS 

transistors which allows operation at low supply voltages. A low voltage current
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mirror is used for the output stage of the opamp. The experimental results show that 

the output voltage and the minimum required power supply for the circuit are 0.65 

V and 0.85 V, respectively. The variation of the output voltage over the temperature 

range of -25°C to 100°C is 57 ppm/°C. Nevertheless, this method of low voltage BGR 

design has a number of drawbacks. The DTMOS transistors require a large layout 

and have a large gate capacitance. Also, DTMOS is a non-standard device and this 

makes the circuit less reproducible.

4.2 CMOS non-Bandgap Voltage References

In the previous sections we studied the theory and the techniques used for the design 

of bandgap voltage references. It was shown that the output voltage of a bandgap 

reference has high power rejection and a very small temperature coefficient and is sta­

ble against process variations. However, IC design is now dominated by low power, 

low voltage objectives, making CMOS the technology of choice. The bandgap voltage 

reference is bipolar in nature and so when the supply voltage is below IV  a conven­

tional bandgap reference does not show good stability [5], [22] and [43]. 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 section, we discuss the methods used for the design of CMOS non-bandgap 

voltage references. The issues, with respect to temperature, that surround the design 

in each technique are also studied.
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4.2.1 CMOS Voltage References Based on Threshold Voltage 

Subtraction

The first step to realize a voltage reference is to find a stable unit voltage, such as

in CMOS process, is the threshold voltage. However, as it was discussed in Chapter 

2, the threshold voltage is temperature dependent and cannot be used as a reference 

over a wide temperature range.

In a multi-threshold technology, where transistors with different threshold-voltages 

are fabricated, a subtraction of two threshold voltages may result in the cancellation 

of temperature-sensitive parameters of the threshold voltages. Therefore, threshold- 

voltage subtraction can be used for the design of CMOS voltage reference [6], [44]. 

The simplified structure of such voltage reference is shown in Figure 4.12. Similar 

structures can be used by NMOS transistors. Transistor M\ has a larger threshold 

voltage than Mi- Assuming equal current for both transistors and using

where K  =  \J(fiCox(W /L))/2, for a saturated MOS transistor, the reference voltage 

is given by

Considering all possible variations in (4.30), the temperature dependency of the ref­

erence voltage is given by

the bandgap voltage used in bandgap voltage references [6]. One typical parameter

(4.29)

Vref — | V asil — |Vg52| =  |VriTl| — \VtH2 \ +  ' / l

(4.31)
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M 4

V refM i M2

Figure 4.12: Schematic of the voltage reference based on threshold subtraction (after 

[43])

In (4.31), the drain current, the mobility, and the threshold voltage are the three 

temperature-dependent factors. The drain current varies with temperature because 

of its dependence on the threshold voltage and the mobility. If the transconductance 

parameters of two transistors are the same, i.e., K\ = K 2, the effect of temperature 

variations of the drain current on the reference voltage will be eliminated. In practice, 

exact matching of transistor parameters may not be easy and a low bias current is 

generally used to minimize the effect of the drain current on the reference voltage. For 

further improvement of the temperature behavior of the reference voltage, the drain 

currents can be set at the ZTC point of the transistors, where they are independent 

of temperature [6]. In order to reduce the variation of the reference voltage due to the 

temperature dependence of the mobility, the absolute values of the mobilities of the 

transistors, as well as their temperature dependence, must be made the same [44].

Therefore, with proper circuit design and using a good process for the realization
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of the transistors, the output voltage can be simplified to

Vref  ~  \Vt h i \ — \Vrm\- (4.32)

A low temperature coefficient reference voltage is achieved with good process control 

that makes the TC of the threshold voltages of transistors M\ and M 2 sufficiently 

close to each other.

In summary, this technique of implementing voltage references, requires: 1) ex­

tra fabrication steps to implement multi-threshold-voltage devices, 2) good process 

control to make temperature coefficient of the threshold voltages close to each other, 

and 3) preferably a temperature-independent low-magnitude bias current to improve 

the temperature behavior of the output voltage [45]. The temperature-dependence 

of the reference voltage is strongly affected by the process variation and bias current 

level. Another disadvantage of these references is that the output voltage is based on 

the threshold voltage and cannot be controlled accurately. However, this is of little 

importance rather than its temperature dependence since it can be adjusted by laser 

trimming or compensated by system design [44].

4.2.2 CMOS Voltage References Based on the Weighted Dif­

ference of Gate-Source Voltages

A CMOS voltage reference based on gate-source voltage difference between a PMOS 

and a NMOS transistor is presented in [46]. The main advantage of this reference is 

that it can be realized in a standard CMOS process.

The proposed circuit is shown in Figure 4.13. Transistors M si~Ms3 form the start­

up circuit. The bias circuit is similar to the circuit shown in Figure 3.3 and consists 

of transistors M1-M4 and resistor Rb - The bias circuit generates the bias current
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Figure 4.13: Schematic of the voltage reference based on weighted difference of gate- 

source voltages (after [46])
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I b (T)  which is given by

2
h ( T )  =

l l p  (T o )  C 0 x  R p

1
r p  \  77Ip /  r j i  \  77lp

Ti) - < ™ y  ■ <«3>
L v ^  V ^ J

The reference core circuit is formed by transistors Mjv and Mp and resistors R\ and 

i?2- From the circuit the reference voltage is given by

V„, =  ( l  +  | f )  -Vasn -  I V f c s j l (4.34)

For proper operation of this circuit, all the transistors, especially M P and Mn , should 

be biased in saturation. The temperature dependence of the output voltage is ob­

tained by differentiating (4.34) with respect to the temperature. Using (4.29) for a 

saturated MOS transistor, the temperature coefficient of the reference voltage is given 

by

OVref
dT = 1

R i}  dVasn d\VGSp]
R*. dT

1 +  - ^  ) &VTn  +  CtVTp

dT

Ri
+

X 1 + Ri
Ri

m n 
2 mT

mp / 2M Ib (T0)
To V  n>(To)C„(f)r

np+mn~
W ) ( f ) P ( T
A*n(To)(f )„ \ T 0

L
To

mc—1

(4.35)

where M  is the mirroring factor (as shown in Figure 4.13), ayrn  and ayrp are the 

temperature coefficients of the threshold voltages of PMOS and NMOS transistors, 

and mp and mn are the mobility exponents of PMOS and NMOS transistors, respec­

tively. In order to obtain a temperature-independent output voltage, the linear term 

should be set to zero by the resistor ratio, which is given by

R\ ^
i?2 an

(4.36)
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The high-order term can be set to zero at the T  — Tr, (Tr is the room temperature) 

by transistor size ratio, which is given by

The minimum required power supply should be considered at the lowest operating 

temperature, Tmjn, where Vth u  and \Vt h p \ are maximum, and it is given by

which shows that the circuit is able to operate with low-power supply voltage when 

low-threshold voltage devices are available.

over the temperature range of 0°C-100°C. This circuit is reproducible in any CMOS 

technology.

4.2.3 CMOS Voltage Reference Based on the Mutual Com­

pensation of Mobility and Threshold Voltage

As it was discussed earlier for a MOS transistor, the mobility and the threshold 

voltage are the two parameters that have a strong temperature dependence. It was 

also shown that mutual compensation of the mobility and the threshold voltage results 

in a temperature stable bias point of a MOS transistor. This effect has been used 

for the design of CMOS voltage references [47], [48]. The circuit proposed in [48], is 

similar to the voltage references using Zener diodes and is shown in Figure 4.14. In 

this circuit, for transistor Mi

(4.37)(f)„ (szhlV  + m S 2
\czvTn J \2 2mp J

+  1 I Vg Su (Tmin) +  \ Vr)S5(Sat)\DDmin (4.38)

The experimental results in [46] show an average temperature drift of 36.9 ppm/°C

(4.39)
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V OutM 2 Ms
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Figure 4.14: Schematic of the voltage reference using ZTC point (after [48])

One should choose the resistors i ?2 and R 3 so that I d  1 =  I d f  and Vgsi — Vgsf- 

Assuming that the temperature behavior of the resistors is described as R4 =  Rio(l +  

fcjAT), (i=l,2,3), and using (4.39), the variation of Idi due to the resistor temperature 

dependencies is obtained as

R20
I d i  +  A/di =  I d f  + A I d i  ~  V g s f - [1 +  (&2 — k\ — fc3)AT]. (4.40)

R iqR-AQ

This variation becomes zero when 2̂ =  k\ +  This circuit was implemented in 

0.35-/um technology. The polysilicon resistor is used for the realization of resistor R\ 

and i ?3 and R^ were implemented using n+-diffusion layer. Experimental results show 

an average temperature drift of 10 ppm/°C.
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4.3 Conclusion

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

The bandgap references 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 technology as well by replacing the BJT transistors with parasitic vertical 

bipolar junction transistor formed in a p-well or n-well. In this chapter, the basic 

principles behind the design of bandgap reference were discussed. The techniques 

used to improve the temperature-behavior of a bandgap reference output voltage, 

such as quadratic temperature compensation, second-order curvature-compensated 

reference using resistor ratio and piecewise-linear curvature correction, as well as 

methods for the design of low-voltage BGR were studied. Finally, we presented the 

techniques used for the implementation of CMOS non-bandgap voltage references 

with the performance comparable to the performance of BGR.
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Chapter 5 

N ew  non-Bandgap CMOS Voltage 

References

In Chapter 4, we reviewed several techniques used in the design of voltage references. 

It was mentioned that the bandgap reference is the most widely used reference since 

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

when the power supply is below 1 V, the performance of a conventional bandgap 

reference degrades. A number of methods which have been used for the design of 

low-voltage bandgap references were introduced, but these techniques required non­

standard devices or complex circuits. It was also mentioned that the presence of ZTC 

point in the transconductance characteristics of a MOS transistor has been used for 

the design of CMOS voltage references. However, for low voltage design the power 

supply might be lower than the ZTC point.

In this chapter, we first propose a voltage reference using transistors with a ZTC 

point, biased with constant currents. Then, the temperature behavior of the gate- 

source voltage of a CMOS transistor biased with a PTAT current source will be 

investigated. This will be followed by designing two CMOS voltage references in 

0.18-/un technology using transistors biased with PTAT currents.
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5.1 Generation of a Virtual ZTC point

It was shown in Chapter 2 that the transconductance characteristics of a MOS tran­

sistor at different temperatures will have a common intercept point called the ZTC 

point. It was shown analytically that this point exists when the mobility parameter, 

m, is equal to 2 [14], However, the value of m  dependens on many factors, one of 

which is the dopant concentration. Consequently, m  might not be equal to 2 and in 

such cases the transconductance characteristics has a bottleneck and an exact point 

of temperature compensation does not exist. To show this, a single NMOS transistor 

was simulated in 0.18-/mi technology and the resulting transconductance character­

istics are shown in Figure 5.1. One can see clearly from Figure 5.1(b) that an exact 

point of temperature compensation does not exist.

This figure also shows that when the transistor is biased with a constant current, 

Ip, above the ZTC point vicinity, the gate-source voltage has a positive tempera­

ture dependency and when it is biased with a temperature-stable constant current 

below the ZTC point vicinity, the gate-source voltage has a negative temperature 

dependency.

The idea of a virtual ZTC point is that by summing the gate-source voltages 

of two diode-connected transistors, biased by temperature-stable constant currents, 

one below the ZTC vicinity and another above the ZTC vicinity, one can obtain a 

temperature independent voltage.

To explain the idea theoretically, the temperature coefficient of the gate-source 

voltage of a MOS transistor biased with a constant current should be derived.
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Figure 5.1: Simulated transconductance characteristics of an NMOS transistor
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Let a diode-connected transistor be biased with a constant current I D. The gate- 

source voltage of such a transistor is given by [20]

Vgs(T) = Vt h (T) + K '\J  ID/fx(T) (5.1)

where K '  — . / ~ 4 w X - The tem perature dependency of the threshold voltage and
V Cox\~LJ

the m obility  were given in (2.7) and (2.17), respectively and will be repeated here for 

convenience. T he threshold voltage depends on the tem perature as

Vt h (T )  =  Vtho — o tv r { T  — To) (5.2)

where Vtho is the threshold voltage at T  — To and a v r  is a positive constant. The  

tem perature dependency of the m obility is given by

'l(r)=w  ( i )  ” (5-3)

where m  is a  positive constant. Substitu ting (5.2) and (5.3) into (5.1), the gate-source

voltage can be w ritten  as

VGs (T )  =  V tho -  * v t ( T  -  T0) +  K ( ^ ) f  J T D (5.4)
i-o

where K  =  In order to  find the tem perature coefficient of the gate-source

voltage we increase the tem perature from To to  T0 +  5T} where ST is sm all, and we 

find the change of the gate-source voltage. Using (5.4), the gate-source voltage at 

T  =  To is equal to

Vgs{To) =  V tho V K \ / T d - (5.5)

W hen the tem perature is increased to  To +  ST, the gate-source voltage is equal to

Vg s(To + ST) — V tho ~ o iv tS T  +  K(  1 +  — ) 2 \ /Id -  (5.6)
r 0
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Subtracting (5.5) from (5.6), we find the change in the gate-source voltage with 

temperature as

6yG5 =Vgs(T0 + ST) -  Vgs{To)

= - a VrST  +  A[(l +  — )T -  1]
-to

where A =  Ky/To ■ The Taylor series of (1 +  f r ) ^  is found to be

(5.7)

To-

(1 +  £ - ) *  =  1 + ~ S T  +  y (0" ^  ■■'■STa + 0 (ST3). (5.8)
ST ™ lm  1 m(0.5m — 1) 2
T0J 2 T0 ' 4  Tq

Since ST is small, the high-order terms in (5.8) can be neglected. Therefore, equation 

(5.8) can be simplified to
. ST . m m S T  , .
(1 +  jT ) t  =  1 + j  j r -  (5.9)

Substituting (5.9) in (5.7), the temperature coefficient of the gate-source voltage to 

the first-order approximation is obtained as

SVGS „  , . Am ,
~ W  =  {~ avT + 2 t J -  (5'10)

Equation (5.10) shows that the temperature dependence of the gate-source voltage 

of a MOS transistor biased by a constant current can be controlled by parameter 

A, i.e., the value of the bias current. The gate-source voltage will be temperature- 

independent if the bias current is set to

= = (5'U)K m  m L

If m  =  2, then equation (5.11) will give the ZTC point current I d f , defined in equation 

(2.23). When the current Id  is larger than Idz, the temperature coefficient of the 

gate-source voltage is positive, and when Id  is smaller than Idz, the temperature 

coefficient of the gate-source voltage is negative.

70

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



5.1.1 Circuit Design and Analysis

To verify that a virtual ZTC point can be generated, we designed a circuit consisting 

of two NMOS diode-connected transistors, one biased with a constant current below 

the ZTC vicinity and another above the ZTC vicinity. The circuit is shown in Figure 

5.2 and the value of the resistor, R b , and the sizes of the transistors are given in 

Table 5.1. Transistors (Mi — M4) and resistor R b form the current source which is 

based on the architecture shown in Figure 3.3. All the transistors are operating in 

the saturation region. The circuit is designed in such a way that the diode-connected 

transistor ilfy is biased with a current fy which is less than Idf and transistor Mg 

is biased with 1$, which is larger than I df■ Using KVL, for the loop consisting of 

transistors (M3 — M4) and Resistor Rb , one can write

(5 ,2)

where K' = / -  j W\■, i — 3,4. Solving (5.12) for I s  we obtain
V  c ° x \~l )

T 2 /  1 1_
B ti(T)C0XR2B V v W ^ I  v W L)z 

The temperature dependence of the resistor is given by

Rb =  Ro(l +  a m (T -  T0) +  am (T -  T0)2) (5.14)

where am  and am  are the first and second-order temperature coefficients of the 

resistor. Substituting (2.17) for the temperature dependence of the mobility and 

equation (5.14) for the temperature dependency of R B in (5.13), the Taylor series 

expansion of equation (5.13) will be equal to

1b =  I 1 +  ( jT -  2am )(T -  T0)

+ ( - 2as2 + *4 + + g  - ̂ )  (T -  T„)»} + OUT -  r„)»)
(5.15)
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Table 5.1: Transistor and resistor sizes for the circuit shown in Figure 5.2

Mgl Ms2 m s3 Mx m 2 M 3 m 4

3/i 0.42/t 3/i 15/t In2/i 2/i 2/i 2/t 2/i 2fj, 2/i

M5 m 6 M7 m 8 Rb Ri i?2

ii/i
2/t

16.2/m
2/i

8/i
2/t to |

00
•ft 

fe 2 ktt 20AM 20AM

VDD

R b

M s i M4 M5M3

M s 3

M7
M1 M2

Figure 5.2: Voltage reference using constant bias currents
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2

where I  bo — c ~~ J an<̂  *S reference temperature.

Consequently, to a first-order approximation, the current Ib can be written as

l B ^ h o { l  + l { T - T Q)) (5.16)

where 7 =  ( |r  — 2am). Hence, the current source will generate a temperature-

independent (TI) current when

= ^ r -  (5-17)

Transistors M 5 and Mq mirror the current Ib and supply TI currents to the transistors 

Mi and M%.

The output voltage in the circuit shown in Figure 5.2 is given by

(6 ' 18)

Since the output voltage depends on the ratio of resistors Ri and R 2 , the sensitivity 

of the output voltage to the variations of R\ and R 2 is reduced. We assumed that 

Ri= R2. All the resistors are realized using an N + nonsilicide diffusion layer with 

am  =  1.47 x 10~3deg-1 and am  — 0.832 x 10~6deg~2. By taking the derivative of

(5.18) with respect to the temperature, we can find that the temperature coefficient 

of the reference voltage is

SVref ( 6 V Gsv  SVGs s \
ST ' \  ST ST )  (519)

m . .
=  — 2o:vT +  7^7 (^ 7 +  As)110

where A, =  As =  and K, =  =  7,8). TVan-

sistors M? and M8 have the same length and width, and therefore, K 7 — K 8. Using

(5.19), if the sizes of transistors M5 and M6 are chosen to satisfy

¥) ,7 (
then the reference voltage will be temperature-independent.
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5.1.2 Simulation Results

The circuit in Figure 5.2 was simulated over the temperature range —50°C to 150°C 

using a power supply voltage of 1.8 V. Figure 5.3 shows the simulation results for the 

currents. I b , h  and Ig. As it can be seen, the changes of the currents, I b , h  and Ig 

over the temperature range -50°C-150°C are less than 3/lcA.

Figure 5.4 shows the simulation results for the gate-source voltages of transistors 

My, Mg and the output voltage Vref . The change in the output voltage, obtained in 

simulation, is 4mV over the temperature range of —50°C to 150°C and its tempera­

ture stability is equal to 28 ppm/°C. Since the temperature-dependence of the bias 

current is not exactly zero, a nonlinear temperature-dependent error voltage appears 

at the reference output voltage. The results of simulation verify that the circuit op­

erates according to the analysis given above and a temperature-stable voltage can be 

obtained.

Equation (5.12), has an additional solution, and that is Ib — 0. If the current 

source falls into this state, the generated current will be zero and the circuit will not 

work. Therefore, a start-up circuit is required to prevent the circuit from remaining in 

the zero-current state. A start-up circuit ensures a non-zero current state by flowing 

a small amount of current to the current generator. An additional requirement is 

that the start-up circuit must not interfere with the normal operation of the reference 

once the desired operating point is reached. In Figure 5.2, transistors (Msi — Msg) 

form the start-up circuit which operates as follows. When the gate voltage of Mg is 

high, transistor Ms2 turns on and pulls down the gate voltage of transistor Ms3. This 

causes transistor M s3 to turn on and pull up the gate-drain connection of transistor 

My. As a result, transistors (Mi — M3) will turn on and the current reference will 

be out of its zero-state mode. Consequently, the gate-voltage of transistor M4 drops,
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Figure 5.3: Simulation results for Ib , h  and /g for the circuit shown in Figure 5.2

transistor Msi turns on, pulling up the gate voltage of transistor M s3 and turning it 

off.

To verify the performance of the start-up circuit, we replaced the power supply 

by a step voltage and performed a transient simulation. The waveforms are shown in 

Figure 5.5 and confirm the correct operation of the start-up circuit.
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Figure 5.4: Simulation results for Vqs7 , Vqss and Vref  for the circuit shown in Figure 

5.2
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Figure 5.5: Simulation results for the start-up circuit in Figure 5.2

77

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



5.2 Diode-Connected Operation w ith PTAT Drain 

Current

In this section, we investigate the temperature behavior of the gate-source voltage of 

a MOS transistor when its drain current is proportional to the absolute temperature. 

Let us consider a diode-connected n-channel transistor biased by an external PTAT 

current, I d ( T ) ,  which is expressed by

ID(T) = Im [l + 7 ( T - T 0)] (5.21)

where 7 is a positive constant and T0 is the reference temperature. The gate-source 

voltage, Vqs, is equal to [20]

Vgs(T) =  Vt h (T) +  K 'y / lD{T)/n(T) (5.22)

where K' — t w \ - The temperature behavior of the threshold voltage and the
V Cox\ T j

mobility were given in (5.2) and (5.3), respectively. Substituting (5.2) and (5.3) into 

(5.22), the gate-source voltage can be written as

Vas(T) = VTm  -  a VT(T -  T„) + K ( T f ^ / I D(T) (5.23)
j- 0

where K  — K' /  In order to find the temperature coefficient of the gate-source 

voltage, we increase the temperature from To by a small amount of ST to To +  8 T  and 

we find the change of the gate-source voltage. Using (5.23), at T  =  To the gate-source 

voltage is equal to

VGS(To) = Vtho +  K \ / I d (Tq). (5.24)

When the temperature is increased to To +  5T, the gate-source voltage is equal to

S T ,
Ugs(To +  ST) — Vtho ~  Q-v t ST +  K (  1 +  — ) 2 \ J /do(1 +  7^T). (5.25)

Jo
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Subtracting (5.24) from (5.25), we find the change in the gate-source voltage with 

temperature to be

SVGS =Vg s(T0 +  ST) -  Vgs(T0)
ST,

=  - a VT5T +  A[V(1 +  7<5T)(1 +  _ ) f  -  1]
J-o

(5.26)

where A =  K y/ID0 . The Taylor series expansion of (1 +  is given in (5.8) and 

the Taylor series expansion of yj(l  +  'yST) is found to be

y /(l  +  7ST) =  1 +  1-fST -  l ^ S T 2 +  0(STz). (5.27)
2  o

Since ST is small, the high-order terms in (5.27) can be neglected. Therefore, equation 

(5.27) can be simplified to

\ / ( l+ 7 $ r )  =  1 +  (5.28)

Substituting (5.28) and (5.9) in (5.26), the temperature coefficient of the gate-source 

voltage, to a first-order approximation, is obtained as

SVq s  ^  , A , nr , ,  , oro=  ( - a y r  + _ ( _  +  7 )). (5.29)

Equation (5.29) shows that the variables which can be used by the designer to alter 

the temperature behavior of VGs for a specific transistor are IDQ and 7 which are, 

in fact, parameters of the current source. Overall, these parameters can be chosen 

to make the temperature coefficient of the gate-source voltage of such a transistor, 

positive, negative or zero. Figures 5.6 and 5.7 show the simulated transconductance 

characteristics (with a temperature as a parameter) for a typical NMOS transistor 

in 0.18-/am CMOS technology. Figure 5.6 shows the case for which the parameters 

of the current source are chosen to make VGs(T) temperature independent. Figure 

5.7 shows the cases for which the PTAT current parameters are chosen to make the 

temperature dependence of VGs positive and negative.
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Figure 5.6: Simulated transconductance characteristics of an NMOS transistor

80

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



Dra
in 

Cu
rre

nt,
 u

A

T r a n sc o n d u c ta n c e  C h a ra cteristic s
100

-  T1=-50 
T2=0

-  T3=50 
T4=100

-  T5=150
80

ZTC
60

20

Vgs is increasing with Temperature

Vgs Is decreasing with temperature

0.80.55 0.65 0.7 0.750.6
G ate-Source Voltage, V

Figure 5.7: Simulated transconductance characteristics of an NMOS transistor

81

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



5.3 A Simple Voltage Reference Using a PTAT  

Current Source

It was shown in the previous section that the designer can alter the temperature 

coefficient of the gate-source voltage of a diode-connected transistor biased with a 

PTAT current, by changing the PTAT current source parameters. Therefore, accord­

ing to (5.29), in order to have a temperature-independent Vgs for a diode-connected 

transistor biased with a PTAT current, the current parameters A and 7 should satisfy

This condition can be used to design a simple CMOS voltage reference, as explained 

in the next section.

5.3.1 Circuit Design and Analysis

A circuit consisting of a PTAT current reference and a diode-connected NMOS tran­

sistor is designed in 0.18-pm TSMC technology. The circuit is shown in Figure 5.8. 

The value of the resistor, R B, and the sizes of the transistors are given in Table 5.2. 

Transistors (Mi — M 4 )  and Resistor Rg  form the current reference circuit. The cur­

rent reference circuit is similar to the current reference used in Figure 5.2. The only 

difference is that the current in the circuit shown in Figure 5.8 is generated by the 

gate-source voltage difference of two NMOS transistors, while in the circuit shown 

in Figure 5.2, the current is generated by the gate-source voltage difference of two 

PMOS transistors. The operation is similar and both current references generate a 

current which is given by

(5.30)

I b  =  Ibo(1 + 7 ( T - T q)) (5.31)
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where
7TL

1 = - - 2 a m . (5.32)
-to

Note that in the Figure 5.2 a constant current was required, i.e., 7  ~  0, while in 

the circuit shown in Figure 5.8 a PTAT current is required, i.e., 7  > 0. In (5.32), m  is 

in the range of (1.5-2) for the electron mobility and assuming To =  27° C, %  should 

be less than 0.0278/°C in order to have 7  > 0. We used N + non-silicide diffusion 

with aR 1 =  1.47 x 10~3deg_1 and aR2 =  0.832 x 10~6deg~2 for the realization of the 

resistor.

In Figure 5.8, transistors {Ms\ — Ms3) form the start-up circuit. The structure is 

different from the one used in Figure 5.2. When the power supply is turned on, M s 1 

is initially on and operates in the triode region and transistor Ms2 is off. The voltage 

at the gate of Ms3 is high and therefore, its drain is down, pulling the gate of M2 

down as well. As soon as the gate-drain voltage of transistor M4 increases, the drain

voltage of transistor M s2 decreases, which turns off transistor Ms3.

In Figure 5.8, transistor M5 mirrors the current Ib by a factor of . As a

result, the current that biases transistor M6 is given by

/D6 =  /D6o[l +  7 (T -T o )]  (5.33)

where Id 60 — (Wyi)f^£o and 7  is given by (5.32). To obtain a temperature-independent 

Fgs6> the parameters of the current Im  should satisfy (5.30), where A =  K e\/Imo. 

Using (5.32), (5.30) and (5.33), the design equation is obtained as

I W h  _  avT (5 34n
V ( ? ) i  -  am y  J

Therefore, if the sizes of transistors M% and M5 satisfy (5.34), the gate-source voltage, 

Vase, will be temperature-independent.
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Table 5.2: Transistor and resistor sizes for the circuit shown in Figure 5.8

Msi m s2 m s3 Mi m 2

.42/i 10/i 3/i 8/i 8/i
2/i 2/i 2/i 2/i 2/t

M3 m4 M5 m 6 R b

5.5/i in 18.4/i 8/i 2kQ,2/i 2/i 2/i 2/i

VDD

M5M2M1Msl

ID6

M s 3
O  V out

VG S6M4M3
M s 2 M6

R b

Figure 5.8: Voltage reference using a diode-connected transistor biased with a PTAT 

current source
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The above analysis is based on the assumption that all the MOS transistors are 

operating in the saturation region. Thus the minimum supply voltage must be main­

tained in order to prevent the current source M5 from being forced to operate in the 

triode region. Since Vthu and |Vggp| have negative temperature coefficients, the mini­

mum required power supply should be evaluated at the lowest operating temperature. 

That is,

VDDmin =  (VrHn) max +  | Vz>S5(saf) |. (5.35)

Note that the circuit can be easily designed with the saturation voltage, | Voss (sat) | 

less than 0.2 V and therefore, the minimum required power supply can be less than 

1 V.

5.3.2 Simulation Results

The circuit shown in Figure 5.8 was simulated in the temperature range of —50°C to 

150°C using a power supply voltage of 1.8 V. Figure 5.9 shows the simulation results 

for the PTAT currents, /g  and I6 and the gate-source voltage V q s &- Note that currents 

Ib  and Iq increase as the temperature increases and they can be approximated as a 

linear function of temperature with the temperature coefficient of 7 =  1.85 x 10~3/°C. 

However, as (5.15) shows, /g  includes higher-order temperature terms that results in 

not an exact linearalization of PTAT currents.

The change in the gate-source voltage of transistor M q is 500/zV only, over the 

temperature range of — 50°C to 150°C and its temperature stability is equal to 4 

ppm/°C. Since the temperature-dependency of the threshold voltage and bias current 

are not perfectly linear in the whole temperature range, a nonlinear residue appearing 

on the Vose waveform. The results of simulation verify that the circuit operates 

according to the analysis given above.
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Figure 5.9: Simulation results for /# , Ips and Voss for the circuit shown in Figure 

5.8
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5.4 A Sub-l-V  Voltage Reference

It was shown in Section 5.2 that it is possible to control the temperature coefficient of 

the gate-source voltage of a diode-connected transistor biased with a PTAT current 

by altering the parameters of the PTAT current source. Using this feature, we have 

designed a sub-l-V CMOS voltage reference, which takes advantage of summing the 

gate-source voltages of two NMOS transistors operating in the saturation region. 

Both transistors are working below their ZTC points. The PTAT currents are used 

to bias two diode-connected transistors in such a way that their drain voltages will 

have opposite temperature coefficients. Then, on a resistor connecting their drains, 

one can find a point where the voltage does not change with temperature. The voltage 

reference circuit is shown in Figure 5.10 and it is implemented in a standard G.18-/im 

CMOS process. The values of the resistors and the sizes of the transistors are given 

in Table 5.3. The circuit consists of three parts: i) a start-up circuit (transistors 

Msi-M3s) which is the same as the one used in Section 5.3, ii) a PTAT current source 

(transistors M1-M4 and resistor Rg)  similar to the one used in Section 5.3 and iii) the 

reference core circuit (two diode-connected transistors M7 and M8 operating below 

their ZTC points). Transistors M5 and Mq supply PTAT currents to the transistors 

Mi and Mg. As it was shown in the previous sections, the PTAT current source 

generates the current

Ib (T)  = Ibo[1 + i ( T - T 0)}, (5.36)

where 7 =  ^  — 2am- Again, we have used an N + nonsilicide diffusion layer with 

am — 1.47 x 10"3deg_1 for the realization of the resistor, Rg.
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Table 5.3: Transistor and resistor sizes for the circuit shown in Figure 5.10

Msi M s 2 M s3 Mi m 2 M 3 m 4

.42/t 10 ft 3/i 8/i 8/i 5.5/i
2 fj, 2 /i 2/i 2/i 2/i 2/i 2/i

M b Me m 7 M8 R b i?! i?2

12.4/t
2/t

25/t
2/4

8/i
2/t

3J 3. 
OOjd 2kVL 20AM 20AF2

VDD

M2 M5 M6M1M s i

M S3

M4M3
M8M7

R b

Figure 5.10: A Sub-l-V voltage reference
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5.4.1 Circuit Design and Analysis

In Figure 5.10, the output voltage reference is given by

r r  V G S T  , VGS 8  / r -  0 - \

+ +  i + ( 5 ' 3 7 )

Note that the reference voltage depends on the ratio of the resistors R\ and I?2 and,

therefore, the sensitivity of the temperature coefficient of the output voltage to the 

variation of R\ and R 2 ratio (due to doping gradient, non-optimized layout and high 

stress area of die) is reduced.

The temperature coefficient of the output voltage is obtained by taking the deriva­

tive of equation (5.37) with respect to the temperature. Doing so and using (5.29), 

the temperature coefficient of the output voltage will be equal to
8Vref  1 /  £k<3S7\ 1 /  5VgS8\

5T ~ l  + (R1/ R 2) V ST J 1 + (R2/ R 1) \  ST )
A7 , A8 \  (  m  t 7 X 

a v r  +  1 1 +  (R1IR 2) 1 +  (R2/ R 1) )  \2 T 0 2/

where A7 =  K 7J W & I B0, A8 =  k J W ^ I b0 and 7 =  £  -  2am . If the sizes ofcw/L)1j-m ’ ~  (w/L) i± m  1 — To

transistors M5 and Mq are chosen to satisfy

¥). + y/m. «W (f) ( , 3 9 )

1 +  ( R 1 / R 2 ) 1 +  ( R 2 / R 1 ) ( |r  — OLr \ ) ( K ' 7 \ / I b g )

then the reference voltage will be temperature-independent. The minimum required

power supply is given by

I'CAnin =  {Yt Hu ) max +  \ VDSb(sat)\ (5.40)

and the circuit can be easily designed with Vos(sat) of less than 0.2 V.

5.4.2 Simulation Results

The circuit shown in Figure 5.10 was simulated in the temperature range of —50°C 

to 150°C using a power supply voltage of 1.8 V. Figure 5.11 shows the simulation
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results for the PTAT currents, Is , h  and I7. As it can be seen, the currents Is , 

Iq and I7 increase as the temperature increases and they can be approximated as a 

linear function of temperature with a temperature coefficient of 7 =  1.85 x 10~3/°C. 

However, (5.15) includes higher-order terms that results in not an exact linearalization 

of the PTAT currents.

Figure 5.12 shows the simulation results for the gate-source voltages of transistors 

M7 and M8 and the output voltage Vref. The change in the output voltage, obtained 

in simulation, is only Q.5mV, over the temperature range of —50°C to 150°C and its 

temperature stability is 4 ppm/°C. Since the temperature-dependence of the threshold 

voltage and bias current are not perfectly linear over the whole temperature range, 

a nonlinear temperature-dependent error voltage appears at the reference output 

voltage. The results of simulation verify that the circuit operates according to the 

analysis given above.

Another important parameter which should be considered in the design of voltage 

references is called power supply rejection ratio (PSRR). It applies to the changes 

in the reference voltage that result from variations in the power supply [17]. Figure 

5.13 shows the change of the output voltage, Vref, while the power supply, Vdd 

changes from 0 V to 2 V. The circuit was designed for the supply 1.8 V. When the 

power supply deviates by ±10% from 1.8 V, the change in the output voltage is 

approximately ±4mV. Although the change in the output voltage seems to be small 

but it can be improved using suitable circuit solutions. In this project, we intended to 

focus on temperature stabilization and no attempts were made to improve the PSRR 

factor.
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Figure 5.11: Temperature dependencies of Is,  h  and Is for the circuit shown in 

Figure 5.10
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Figure 5.12: Temperature dependencies of Vas7 , Vgss and Vref  for the circuit shown 

in Figure 5.10
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Figure 5.13: Change in Vref  due to the variation in power supply, for the circuit shown 

in Figure 5.10, T  — T0 = 27°C
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5.5 Performance Comparison of Various Voltage 

References

A comparison of the voltage references proposed and studied in this thesis is tabu­

lated in Table 5.4. For each design technique, the technology used to implement the 

voltage reference, the required power supply, Vdd, the output voltage, Vref  and the 

temperature coefficient of the reference voltage are given. Table 5.4 shows that the 

voltage references proposed in Section 5.3 and 5.4 have a much better temperature 

performance compared to the other non-bandgap references those of [44], [46] and

[14]. Also one can see from Table 5.4 that the temperature performance of the cir­

cuits proposed in Sections 5.3 and 5.4 are comparable to the curvature compensated 

bandgap references of [3], [39] and [33]. The proposed references can be implemented 

in a standard CMOS technology unlike the voltage references of [44], which need ex­

tra fabrication steps for implementation. Also our voltage references can be designed 

for low voltage operation, while the voltage references [5] needs low threshold voltage 

devices for low voltage operation.
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Table 5.4: Comparison of Various Voltage References

Design Technique Technology Vdd Vref TC(ppm/°C)

First-order BGR 

using current processing [5] 0.4-pm CMOS 2.1 V 0.515 V ± 59(27°C-125°C)

Curvature-Compensated BGR 

using Vptat [3] 6-pm CMOS 1.192 V 25.6 (-55°C-125°C)

Curvature-Compensated BGR 

using TC of resistors [39] 0.6-pm CMOS 2 V 1.14 V 5.3 (0°C-100°C)

Curvature-Compensated BGR 

using nonlinear current [33] 2-pm CMOS 1.1 V 0.595 V 20 (-15°C-90°C)

CMOS Voltage Reference 

using DTMOS devices [40] 0.35-pm CMOS 0.85 V 0.650 V 57 (-50°C-75°C)

CMOS Voltage Reference 

using Vth subtraction [44] SOI-MOS 2.38 V 33.8 (-50°C-75°C)

CMOS Voltage Reference 

using V q s  subtraction [46] 0.6-pm CMOS 1.4 V 0.313 V 36.9 (0°C-100°C)

CMOS Voltage Reference 

using ZTC point [14] 0.35-pm CMOS 3.3 V 0.799 V 13 (-20°C-100°C)

CMOS Voltage Reference 

presented in Section 5.1 0.18-pm CMOS 1.8 V 0.703 V 28 (-50°C-150°C)

CMOS Voltage Reference 

presented in Section 5.3 0.18-pm CMOS 1.8 V 0.640 V 4 (-50°C-150°C)

CMOS Voltage Reference 

presented in Section 5.4 0.18-pm CMOS 1.8 V 0.640 V 4 (-50°C-150°C)
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5.6 Conclusion

In this chapter, three new voltage reference circuits were proposed and designed in

0.18-pm technology. First, a voltage reference was presented which takes advantage 

of summing the gate-source voltages of two diode-connected transistors biased by 

temperature-stable currents. The temperature coefficient of the output voltage of 

this reference was shown to be 28 ppm/°C over the temperature range of -50°C to 

150°C. It was also shown that the temperature dependence of the gate-source voltage 

of a CMOS transistor biased with a PTAT current source can be controlled by the 

parameters of the PTAT current source. Based on this idea, two voltage references 

were designed and implemented in 0.18-pm technology. The temperature dependence 

of the reference voltage in both circuits was found to be 4 ppm/°C over the range 

of -50°C to 150°C. Finally, the performance of the proposed voltage references was 

compared with other voltage references in the literature and it was concluded that our 

voltage references have a performance comparable with the bandgap voltage references 

and a better performance than the non-bandgap ones.
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Chapter 6

Conclusion

Current and voltage references find applications in a variety of analog and digital 

circuits and systems. Designing a reference merits the scrutiny of several factors. 

Temperature-drift is one of the most important issues with which to contend.

The temperature drift of the current references must be well characterized and 

controlled. There are four types of current references used in circuit designs. The 

most frequently used current reference is a PTAT current reference which generates a 

current which is linearly proportional to temperature. A CTAT current, the comple­

ment of PTAT, is also used as a reference current. Temperature-independent current 

references are usually designed based on properly combining temperature-dependent 

currents or using available voltage references. Finally, a PTAT2 reference is another 

useful type of a current reference which generates a current that is proportional to 

the square of the temperature.

Voltage references are divided into three categories when considering temperature 

compensation. A zero-order reference simply is a naturally existing voltage (such as 

a Zener diode) that does not fluctuate significantly with operating conditions. There 

is no effort on the part of the designer to improve the existing tolerance of the given
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voltage. When the accuracy is improved by attempting to cancel the first-order term 

of the polynomial relationship with respect to temperature, the order of the reference 

is increased by 1. Finally, curvature-corrected references improve the accuracy by 

cancelling the second-order and higher-order components of the given voltage. The 

most widely used first-order or higher-order voltage reference is a bandgap reference. 

Its output voltage is referred to the bandgap energy of silicon and is stable against 

temperature and process variations. Bandgap references are bipolar in nature but can 

also be implemented in any standard CMOS technology, using parasitic vertical BJTs. 

As an alternative, voltage references in MOS technology can also be implemented 

using the threshold voltage difference. However, this technique is not applicable in 

standard low-cost CMOS technologies since additional fabrication steps are needed. 

Exploiting the presence of the ZTC point has also been proposed and used for the 

design of CMOS voltage references, but this technique might not be suitable for low 

voltage design. In this thesis, the techniques used for the design of these references, 

as well as the advantages and disadvantages of each method were studied.

The main contributions of this thesis are highlighted below.

1. A new CMOS voltage reference using two diode-connected NMOS transistors bi­

ased by constant currents has been designed and implemented in 0.18-/rm technol­

ogy. The circuit was designed using gate-source voltage summation of two NMOS 

transistors, which show opposite temperature behaviors. The temperature coeffi­

cient of the output voltage of this reference has been found to be 28 ppm/°C over 

the temperature range of -50°C to 150°C.

2. The temperature behavior of the gate-source voltage of a CMOS transistor biased 

by a PTAT current source has been investigated analytically. It was shown that
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the temperature-coefficient of the gate-source voltage of the transistor can be con­

trolled by the parameters of the PTAT current source. This idea can be used for 

the design of CMOS voltage reference.

3. A new CMOS voltage reference consisting of a PTAT current source and a diode- 

connected NMOS transistor has been proposed and realized in 0.18-^m technol­

ogy. The parameters of the PTAT current source have been chosen so that the 

gate-source voltage of the diode-connected transistor shows minimum temperature 

dependence. Simulation results have shown a temperature coefficient of 4 ppm/°C 

over the range of -50°C to 150°C.

4. A new CMOS voltage reference, which takes advantage of summing the gate- 

source voltages of two diode-connected transistors biased by PTAT currents, has 

been implemented in 0.18-pm technology. The diode-connected transistors have 

been biased below their ZTC points and, therefore, this circuit is able to operate 

with sub-l-V power supply. The circuit has been simulated over the temperature 

range of -50°C to 150°C and the reference voltage shows a temperature coefficient 

of 4 ppm/°C.

5. The performances of the proposed voltage references were compared with other 

voltage references in the literature and it was shown that our voltage references 

have a performance comparable with the bandgap voltage references and a better 

performance than the non-bandgap ones.
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