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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-um 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 Motivation

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),
1 OReference

TCref = ,
™ Reference OTemperature

(1.1)

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
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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
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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
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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 (PTAT?) 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
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in 0.18-um 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-1-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-pm 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.
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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 E,. The temperature
dependency of E; of silicon is given by [7]

4.73 x 107472

Ey(T) = 1170 ~ ~——pas

(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), E, has a weak
temperature dependence.

Intrinsic Carrier Concentration: The concentration n; 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]

=49 15 [ MdeMMdh 3 3/2 “Eg . 3/2 _Eg
n; = 4.9 x 10 — T “exp | —= | = AT %exp SiT (2.2)
0

where k is the Boltzmann’s constant, mg. and mgy, are the electron and hole effective

masses and myg is the free electron mass.
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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, n., can be expressed by [10]

(ND - NA) -+ \/(ND — NA)2 -+ 4:7%2 (n—type)

’

1
2

(2.3)

Ne = <

—(NA — Np) + \/(ND — Ny + 4n?- (p-type)

1
L 2 [ ]
where Np and N4 are donor and acceptor concentration, respectively. As long as the
magnitude of the net impurity concentration |Np — N4| is much larger than n;, the
intrinsic carrier concentration, will be approximately equal to the substrate doping

concentration (i.e.,(Np — Ny) for n-type and (N4 — Np) for p-type).

X 10 15
“S
3k
Intrinsic
2 region
s 2L
(o)
kel
§ ¢
k3
% e ExtriNSIC region
LI S
Intrinsic
3 \ Freeze-out temperature
region
0 I3 1 4 A A I -
0 100 200 300 400 500 600
Temperature (K)

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

concentration of Np = 10%cm ™3 (after [10])

Figure 2.2 shows the carrier concentration in Si as a function of temperature for
a donor concentration of Np = 10'%¢m™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
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the temperature increases, all impurities are ionized and n. = Np. 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, n;,
is increased as well and we reach a point where the intrinsic carrier concentration
becomes comparable to Np. The temperature at which the intrinsic carrier concen-
tration becomes equal to Np, 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, Vp = k—qz, and is expressed by

or(T) = +-1In (nT(LT)> (2.4)

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

tively.

2.2 Threshold Voltage

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

by [11]

Vrg = ¢ms = -g—si +20r + AVr(N) £ ¥(Ns, toz, L, W)A/26F + Vo + |Vss]  (2.5)

where the positive or negative sign refers to n-channel or p-channel devices, respec-
tively. In this equation: ¢,,, is the metal-silicon work function difference, (J,, is the

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

9
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area, ¢ is the Fermi potential of the substrate, AVp(JV;) is the threshold shift owing
to a channel implant N; with depth, d;, and «y is the body-effect constant that de-
pends on the substrate doping N, the gate-oxide thickness t,,, the channel length L
and width W. Finally, Vo(N;, Ns, d;) is a correction term owing to the threshold shift
implant. For enhancement devices with a AVp shifting implant of the same type as
the substrate, V4 has a sign opposite to that of ¢p.

The major contributions to the variation of threshold voltage with temperature are
the Fermi level, ¢p, and the gate-semiconductor work function difference, ¢,,s. 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

12
. (5 (N—%> (NMOS)
q ng
kT. (N,
\ ——-q—ln (N;) (PMOS)

where N, is the carrier concentration in the polysilicon gate. The temperature-
dependent terms in Equation (2.6) are the intrinsic carrier concentration, n;, and the
thermal Voltage,%. The influence of the work function on the temperature behavior
of the threshold voltage is often neglected in the literature [9]. But it has been shown
that assuming a temperature-independent ¢,,, 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
are the variation in oxide capacitance, as well as the ionization of surface states [7].
To a first-order approximation these effects are very small and can be safely ignored.

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=2/1) 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
Vru(T) = Vru(To) — avr(T — To). (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 \/Ip = \/—HT‘ Y(Vgs — Vry) versus Vg is obtained for different temperatures,
where Ip is the drain current, Vg 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, Vg, 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), ayr, is generally calculated by differentiating

11
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equation (2.5) with respect to the temperature. Considering the fact that ¢ and ¢y,
are the major factors which may cause a temperature dependence in the threshold

voltage, ayr will be equal to

OVry Obms +20¢F + vy Odr

avr = |G =I5 G+ e (9

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

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

Obms 1 Ego 3kT
= = |Ps + —= + ——1 . 2.9
5 =T [¢ T Ty (2.9)
Using (2.4), the temperature coeflicient of ¢ is given by
O¢p _ 1 Eco | 3kT
i — =4+ =] 2.10
T T T [¢F ( 2 2 (2.10)
Therefore, the temperature coeflicient of the threshold voltage becomes
BVTH ¢ms ¢F 'Y(Ns, toxs La W)
ayr = = +2— + 2.11

The value of ay 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 |Vsp|.
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, v,
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 ayr with the length of an NMOS transistor with W=5

can be seen, only for the channel lengths greater than 2um can ayr be considered as

a constant value.

2.3 Carrier Mobility

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, pr, is given by [10]
B ~ (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]
pr ~ (m*) VAN (2.13)

where Np 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
major scattering process and the carrier mobility will be proportional to T-%. The

combined mobility, which includes the two mechanisms above, is given by [§]
1
1 (—1— + i) . (2.14)
8 HL  Hr

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.

7.4 x 108 x T-23
1+ [IN/(1.26 x 1017 x (T/300)23)]0.88 x (1/300)~0-1%6

—_— T —0.57

(2.15)
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T 1.36 x 108 x 7223

= 54. = 057
Hn = 5430300 TN (2.85 x 1017 x (T/300)°4]0.88 x (77300) 0 1%

(2.16)

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 10%), lattice
scattering dominates and the mobility decreases with temperature as is predicted
by equation (2.12). However, the measured slope is different from (—2) 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

ur) =t (1) (217

where p(Th) is the mobility at the reference temperature, Ty, 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]

1 w

Ip= 'Q-MnCoxT(VGs — Vrm)?. (2.18)

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
the threshold voltage and the mobility decrease. But the decrease of Vry and the
decrease of u, 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
value of Vg, this mutual compensation of mobility and threshold voltage results in
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 0.18um 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
Z'TC point were investigated in detail in [14]. The gate-source voltage for which the
drain current becomes temperature independent, at T' = T}, is obtained by setting
the derivative of equation (2.18) with respect to the temperature, to zero, i.e.,

o0Ip

—(97 =71 = 0 (219)
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Figure 2.6: Transconductance characteristic for an NMOS transistor

which results in

(2.20)

OV /0T
Vas = Veu(Th) + [QM ——CHI—/—“} |T=T, -

" Ou, /0T
By substituting equations (2.7) and (2.17) into (2.20), the desired gate-source voltage

is obtained
2
Vas = VTH(T()) — ayrl] (1 — -TE> + ayrlo. (2.21)

A temperature-independent voltage will exist if m = 2. This voltage is equal to [14]
Vas = Vasr = Vra(To) — avrTo (2.22)

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

,un(TO)Tozcox (W) 2

Ip = Ipp = 7

; o (2.23)

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 (Vgsr, Ipr). As it was mentioned in the previous section, the
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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

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



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 ?) 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 obtainéd
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}

Io kT Ic
Van = =L ) = Xl =2 1
BE = Vrln (Js ) 7 n( 7S ) (3.1)

where I¢ is the collector current, Vo = % is the thermal voltage, Jg is the saturation
current density, k£ is Boltzman’s constant, ¢ 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, ()1 and ()2, can be written as

Ioy AyJs kT Io1 Ay
 Vem =V, _ By ([l 2
Veg — Vere = Vrln (Ale Tos ) — (A1 Icz) (32)

where I and Igo are the collector currents of transistors ¢; and (o, 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 M; and M, form a current mirror, developing
equal currents for transistors ()1 and @, i.e., [; = I5. Following Kirchhoft’s voltage

law and equation (3.1), one can write

IlR = VEBQ — VEBl = —q_ln(;l—gn.ﬁ_) (33)

The current through My must then be

kKT (W/L)s
Iprar = R (W/L)lln(n)

(3.4)

where n = —ﬁi is the emitter-area ratio of @J; to Q2 (A; is larger than Ay). 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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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

M, and M, and resistor R, one can write
RI =Vgs1 — Vs (3.5)

and therefore, the following PTAT current, Iprar, is obtained

Vas1 — V4
Ippar = I = 2222 = SLk (3.6)

The CMOS transistors, M; and Ms, 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 Ip changes exponentially with variations in Vgg,

similarly to a bipolar transistor. The Vgs of a MOS transistor operating in the
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subthreshold region is given by [16]

_ I s
Vos = anln((W/L)l}) +Vryg — nVTln(l —e Vr ) (3.7)

where n and I, depend on process parameters, W is the width of the transistor, L is
the length of the transisto and Vpg is the drain-source voltage. Substituting (3.7) in

(3.6), the PTAT current is found to be

Ippar=1= ";Tm (%ﬁ;i) : (3.8)

which is proportional to the absolute temperature, 7.

One drawback of this circuit, when the transistors M; and M, 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

2Ip

Ves = Vry + O WTT)"

Substituting (3.9) in (3.6) and solving for Iprar, one can write [20]

2 1 1 :
Ippar = 1= Con 2 (\/(W/L)l - \/(W/L)2> . (3.10)

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

dence is expressed as R = Ro(1 + ap (T — Tp) + are(T — Tp)?) where ag; and agy
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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, u, the Taylor series

of equation (3.10) is equal to

_ (Ipraro® m
Iprar = {1+ (7 — 2am)(T —To)
Ry T

2

-1 2
+ (—2aRg + 304, + mm—1)  m it

T ) (T - To)*} + O((T - To)*)

(3.11)

and Tj is the reference temperature.

2
where Ipraro = g (\/(W/L)l v (W/L)2>

Using a first-degree approximation, the current Ippa7 can be written as

Iprar =~ Ipparo(1 + (T — To)) (3.12)

where v = (£ — 2ag1). Equation (3.12) shows that the temperature coefficient of
the current Ippar can be controlled by the value of the ag; and it will be positive if
ap < 5%, 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

Lyes = ‘%’?—. (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 /,.; 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 Ms 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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Figure 3.4: CTAT current generator using Vg (after [17])
and source of transistor M3 can be written as

Vsps = Vsas — Vspa. (3.14)

If transistor M operates in saturation and Ms in the triode region, then Vsps is given

where K; = 1pCop(¥):,i = 1,2,3. By making the width-to-length ratio of M3, three

by

times that of M, and M, i.e, K, = K, = K3/3, and substituting (3.15) in (3.14), the

drain-source voltage of transistor M3 is expressed as

2 61 21

2= — = |V . 3.16
Kl + Kl + Kl l Tle ( )

61
Vsps = |VTHp| + \/gf(—l* -

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

create the Iorar current which is given by

Icrar = : (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, Iprar is
generated by the loop consisting of transistors @)1 and )2 and resistor R1 and the
CTAT current is created by transistor Q3 and resistor R2. It is again assumed that
the temperature coeflicients 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 M, 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

m
= — 3.18
AR 9T, ( )
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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 5m

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 PTAT? Current References

PTAT? 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 PTAT? 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 PTAT? current reference (after [1])

Multiplier circuits can also yield in generating a PTATZ. Figure 3.7 shows a
PTAT? current reference designed with BJT transistors. Applying KVL for the loop
consisting of transistors @1, @2, @3 and @4 and using equation (3.1) for each base-

emitter voltage one can find that

Ieql IZ
Lo = Ioa = === = Pl (3.20)
c3 LLAT + lorar

where A is the emitter area of transistors 1-Q4. If the circuit is designed in such a way
that the sum of Iorar and Ippar/A will be equal in the desired temperature range,
then I,,; in equation (3.20) will be proportional to the square of the temperature.
Figure 3.8 illustrates a CMOS implementation for a PTAT? current generator. In
this circuit, transistors M; and M, operate in subthreshold region, transistors M3 in
the saturation region and M, operates in the triode region. Using KVL for the voltage

loop composed of transistors M), M, and M,, the output current can be expressed

32

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Mirror

Figure 3.8: CMOS PTAT? current reference (after [1])

as
Vasa — Vgs1  nVr ( (W/ L)1>
Ipy = = In 3.21
. Rpss Rpss  \(W/L), (3:21)
where Rpgq is the output resistance of transistor M, and is given by
1
(3.22)

R -
b K4(Vesa — Vrn)

where K, = ,LLCOz(%/-)L;. The mirroring factors, provided by the mirror block, are equal
to 1. Therefore, Ip3=Ip;=Ips=1I,;. Also, since transistor M3 operates in saturation

one can write
21
K;

Vess = Vasa = Ve + (3.23)

where K3 = 1Coq(%)s. Using equation (3.21) and (3.22) the output current can be

expressed as

20°K7 o o ((W/L)
Tt = @ Viln <(W/L)g>' (3.24)

K;,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 I,,, 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 PTAT? 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 Vi, 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
3.2).

Following [36], we now obtain the relation between the base-emitter voltage and
the bandgap energy. The base-emitter voltage, Vpp, of the bipolar transistor can be

expressed as

Vee(T) = %ln(f&?) (4.1)

where T is the absolute temperature, ¢ is the electron charge (1.6 x 107')C, k is the
Boltzmann constant (1.38 x 1072J/K), Io(T) is the collector current and Is(T) is

the saturation current. I (7T') is described as

Is(T) = Dgny(T)*T' ™ (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

KT, (Ic(T)\  E, kT (Io(T)
T = = _ . .
Vorll) == 111(qD'T"> T T ln(qD'Tn + Voo (43)

In (4.3) D' = DA? and 7 = 4 — n are constants. Now assume that the collector

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

Io(T) = Ico (%)0 (4.4)

where I is the current at the reference temperature Ty, 8 is the order of the tem-
perature behavior of the current (for the constant current § = 0 and for the PTAT

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

Vee(T) = Veo — [Veo — VBE(TO)]% - %?:(77 ~0)ln (%) (4.5)

where Vpg(Tp) is the base-emitter voltage at the reference temperature Ty. Equation
(4.5) is depicted in Fig 4.1 for several values of 6. 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, Viomp,
so that the sum of Vgg and V4, 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.InT") is the nonlinear temperature dependence factor of Vgg.

The Taylor series of Vgg(T) is given by
Vee(T) = ap+ ayT + agT? + a3T° + ... + a, T" + O(T™) (4.6)

where a;,7 = 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 4

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 Vi = 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
Ver and Vo, i.e.,

Verer = Vg +mVp (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 Vg and Vp are added properly in order to obtain a temperature-independent
reference. In the second method two currents, one proportional to Vg and an-
other one proportional to V7, 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

KT [ I AgJS(T)) kT (101 A2>
AVpr =V, ™ -V T = —In = —|n| =——= 4.8
e = Var(T) = Vara(T) = = ( T Tn(222) )

where J5(T') = (I,(T)/Area) is the saturation current density and A; and Ay 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 My form a
current mirror which defines a given ratio between the currents in 1 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., Vgpy). Thus, the voltage
drop across the resistor R; is equal to the base-emitter voltage difference of transistor

()2 and transistor ¢);. Current [; is given by

AVgp  Vr I, A
_ _Vr (LA 4.9
h=—g =m" (A2 11> (49)

where A; and A, are the emitter areas of transistors @; and (), respectively. The

output voltage, V¢, is given by
Vier = Ralz + Vipo. (4.10)

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

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

Vi, (A
Vieg = RQR%ln(Z—i) + Vaga. (4.11)

Therefore, for first order compensation, the resistor ratio, Ry/R; and the ratio of

the emitter areas, A; and Aj, should satisfy
a1 + .]E.'.Rizln(é) = {J, (412)

where a; is the first-order temperature coefficient of Vgp in (4.6).
Figure 4.4 shows an implementation of a current-mode bandgap reference. Tran-
sistors M3-M; form the current mirror with the mirroring factor equal to 1. The

operational amplifier drives the voltages of nodes 1 and 2 equal to Vggs. 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

transistors @9 and ); and the current I; will be proportional to Vr and is given by

Vepe —Vemr Vo, (A
e BB BB 4.13
[1 R1 R In(Az) ( )

The emitter-base voltage of transistor ()5, across the resistor Ry, generates current

I = —‘%;f, with negative temperature coeflicient. The sum of currents I; and I is

then equal to
kT

Ay VEes
I —] —_— 4.14
+h= () + 72 (4.14)
The temperature behavior of Vg is given in (4.6). If
(11 k A1 >
+ ——In =0 4.15
Ry ' qR, (Az (4.15)

then I; + I will be temperature-independent to a first approximation. This current
is flowed into resistor Rs, generating a first-order temperature compensated voltage,

Vres, which is equal to

R3 Rs A
—_ il 4.16
Vref VEBR + VpRl hl(AZ) ( )

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
the generated bandgap voltage by scaling the value of resistor R3. This will affect the
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 Mj-Mj5 from being forced to
operate in triode region. Therefore, for both circuits, the minimum required power

supply is expressed by

VDDmin = ‘/'ref + VSDsat- (417)
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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 V. is 1.25V and the value
of Vgpsa: ranges from 0.1V to 0.3V. Thus, the theoretical value for the minimum
required power supply is 1.4V. However, since V,.s 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 Vg, the current
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I; is defined by the condition
AVgp + Vos = Ryl4. (418)

If the value of the offset is comparable to the value of AVgpg, then the offset will
significantly affect the performance of the circuit. One way to reduce the effect of
Vos on V,er is to increase the value of AVgp. This can be done by increasing the
ratio (A;/Ag) 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 coeflicient of
the temperature-dependence of Vgg. 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 (n — 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 PTAT? 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 PTAT?
to the first-order temperature compensated BGR. Since the PTAT? 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

47

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Temp.
independent
Current -
Generator

PTAT I, 4 \

Current il __Gain Block o

Ge' erator e

a1 i (e,
.

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 V,.; in Figure 4.5 results.
One implementation of this technique is illustrated in Figure 4.6 [3]. The current
Iy and the bias current Ip shown in this figure are temperature-independent and the
PTAT current Iy is given by
Ir=adVpr+ 3 (4.19)

where o and 3 are constant coefficients. The output voltage, V,.r, can be expressed

as
Viet = Vens + G(Ves2 — Vep1) = Veps + G A Vs (4.20)
where
AVips = Vpln [ a2t 1T (4.21)
Iy—1Ir
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A is the emitter area ratio of ); and ()9 and G is the gain. The Taylor series expansion

of equation(4.21) will result in

3
AVgp = VrlnA + 2Vr (ZZ> + gVT (&) +0 ((@1)4) (4.22)
Iy 3 Ip Iy

Substituting (4.19) into (4.22), and neglecting higher order terms, (4.20) can be writ-

ten as

2
Vyes = Vips + GVrlnd + G%Vﬁ + Ve (4.23)
0

where Vg is the error voltage and is less than 1 mV at room temperature [3]. As
it can be seen, a PTAT? voltage is appeared in equation (4.23). The temperature
dependence of Vgps is given by (4.6). If ax+ G-zig—” = (), 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 Curvature 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, Ry
and R, are implemented using the same material and resistor Rs is implemented by
a different material.

The PTAT current, I, is generated by transistors @y, (2 and resistor R; and is
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given by
. VTln(N )
=R

where N is the emitter-area ratio of ¢); and Q2. The current I is passed through

I (4.24)

resistors Ry and R3 and so the output voltage Vs is expressed as

R R
V;ef = Vepo + [—REIH(N)} Vr + [—RSQIH(N)} Vr. (425)
1 1

The resistor ratio Ry/R; is temperature-independent since both resistors are imple-
mented by the same material. However, the ratio R3/R; 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 Rj3/R; 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,/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 PTAT? 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/R;), 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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tor My is biased with KiIprar current.For the first lower half of the temperature,
(when Kylvpr < Kilprar), transistor Ms is forced to operate in the triode region
(Inr1 = KiIprar). Consequently, M3 does not conduct any current and Iy, is equal
to zero. For the upper half of the temperature range, KiIprar becomes larger than
the Kylypgr. Therefore, My becomes saturated and supplies Iy = Kslygg, forcing
M3 to source the difference of KyIygr and KiIprar. The resulting current Iy is

nonlinear and can be described by

0 (Ivyy = Iprar)
Inp = (4.26)
Kilprar — Kolvy, ({vyp < IpTar)
where K; and K, are constants defined by the ratios of the mirroring transistors
defining Iprar and Iy,,.
Curvature correction can be obtained by combining the three temperature-dependent

currents, Iy gx, Iprar and Iyr. 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;ef = AIVBE[R1 + Ry + Rg] + BIPTAT[Rl -+ Rg] + CInR1. (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
Ing 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
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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 V,; voltage. The apparent material bandgap in the DTMOS is given
by

Vgap,apparent = Vgapo — Pb1 (4.28)

where ¢y, 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-um 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 1V 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
the bandgap voltage used in bandgap voltage references [6]. One typical parameter
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 M,. Assuming equal current for both transistors and using

[1
Vos = Vru + e (4.29)

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

is given by
N }
VK1 VK|’

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

Vier = [Vasi| — |Vesa| = [Ver| — |Vewa| + VI [ (4.30)

erence voltage is given by

OVrer _O(\Vrm| — |Vrna|) " 1 < 11 )_8_1;
orT or wWI \VEK: VK;)OT
+£( 1 opy 1 aul)
2 \pevVKy 0T /Ky 0T .

(4.31)
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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., K1 = K, 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
V;ef ~ IVTHll — ]VTHQ}. (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, 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;-M,3 form the start-
up circuit. The bias circuit is similar to the circuit shown in Figure 3.3 and consists

of transistors M;-M, and resistor Rg. 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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Ig(T) which is given by
2

Ip(T) =

2)% C(433)

11 (Tt) ComRB \/_V—},’-‘ \/—_‘2,_— (T)mp = Ip(To) (TO

The reference core circuit is formed by transistors My and Mp and resistors K; and

Ry. From the circuit the reference voltage is given by

Ry

V;"ef: (1+R

) Vasn — Vaspl- (4.34)

For proper operation of this circuit, all the transistors, especially Mp and My, 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

Wy (| R 8VGSn_6|VGSp|
T R,) oT

[ Ry 2MIp To
= 1+'—)OéVTn+aVTJ+——’3
i ( Ry g o\ 1p(T0)Con(F )

() G ) e (R )“L"

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

3

()]

(4.35)

S | S

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

Rl Qy

% 4.36

R a (4.36)
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The high-order term can be set to zero at the T' = T,., (T, is the room temperature)

by transistor size ratio, which is given by

W Nn(TO) (Zt>mp—mn
(_E)p - Mp(TO) To (4 37)
(). (2@2)2 (1 + er_)z' '
Y Tn 2 2myp

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

temperature, Tmin, where Vry, and |Vpp,| are maximum, and it is given by

Ry

VbDmin = (—R—2 + 1) Vesn(Tmin) + |V ss(sat) (4.38)

which shows that the circuit is able to operate with low-power supply voltage when
low-threshold voltage devices are available.

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

Ry
Ip = . 4.39
p1 = Vasi RiE; (4.39)

63

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Vop

Cowd wd B

- lE'Mz Mslil + Vou

§R1 l—’l M
alee | Ch

Figure 4.14: Schematic of the voltage reference using ZTC point (after [48])

One should choose the resistors Ry, Ry and R3 so that Ip; = Ipr and Vgs1 = Vigsr.
Assuming that the temperature behavior of the resistors is described as R; = Ry(1+
k;AT), (i=1,2,3), and using (4.39), the variation of Ip; due to the resistor temperature

dependencies is obtained as

Ry
Ry B3

Ipi + Alpy = Ipr + Alpr = Vs {1 + (k’g -k — k‘g)AT] (4.40)

This variation becomes zero when ky = k; + k3. This circuit was implemented in
0.35-um technology. The polysilicon resistor is used for the realization of resistor R
and R3 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

New 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 ZT'C
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-um 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-um 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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Transconductance Characteristics
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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'p. The gate-

source voltage of such a transistor is given by [20]

Ves(T) = Vrr(T) + K'/Ip/u(T) (5.1)

where K’ = E—%V’V“)“ The temperature dependency of the threshold voltage and
ox T

the mobility were given in (2.7) and (2.17), respectively and will be repeated here for

convenience. The threshold voltage depends on the temperature as
Vru(T) = Vrmo — avr(T — To) (5.2)

where Vppo is the threshold voltage at T = Ty and ayr is a positive constant. The

temperature dependency of the mobility is given by

W) = (1) - (53)

where m is a positive constant. Substituting (5.2) and (5.3) into (5.1), the gate-source

voltage can be written as
T m
Vas(T) = Vrao — ave(T — Tp) + K(ﬁ) 2/ Ip (5.4)

where K = K'/,/lig. In order to find the temperature coefficient of the gate-source
voltage we increase the temperature from Ty to Ty + 67, where 6T is small, and we
find the change of the gate-source voltage. Using (5.4), the gate-source voltage at
T =T is equal to

Ves(To) = Vrao + K4/ Ip. (5.5)

When the temperature is increased to Ty + 67", the gate-source voltage is equal to

0T . m
Vgs(T() + (5T) = Vrwo — ayrdT + K(l + —j-;-)_f\/ In. (56)
0
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Subtracting (5.5) from (5.6), we find the change in the gate-source voltage with

temperature as

6Vas =Vas(To + 0T) — Vas(To)

5.7)
5T o (
— ayrdT A1+ 7
Ty
where A = K+/Ip . The Taylor series of (1 + %)LS‘ is found to be
0T\ m 1m 1m(0.5m—1) ., 3
1+ )% =14 - At . :
( +TO)2 1+2T05T+4 T2 6T + O(6T7) (5.8)

Since 67 is small, the high-order terms in (5.8) can be neglected. Therefore, equation

(5.8) can be simplified to

oT
(1+ _T;)

m T
2Ty

wol3

=1

(5.9)

Substituting (5.9) in (5.7), the temperature coefficient of the gate-source voltage to

the first-order approximation is obtained as

5VGS ~ Am
T (—ayr + E'TE)- (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

QTQOJVT

27202 W
IDZZID=[Km ]2: 0“vVT

#oCon(7)- (5.11)

If m = 2, then equation (5.11) will give the ZTC point current Ipr, defined in equation
(2.23). When the current Ip is larger than Ipz, the temperature coefficient of the
gate-source voltage is positive, and when Ip is smaller than Ipz, the temperature

coefficient of the gate-source voltage is negative.
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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, Rp, and the sizes of the transistors are given in
Table 5.1. Transistors (M; — My) and resistor Rp 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 M- is biased with a current I; which is less than Ipr and transistor Mg
is biased with Ig, which is larger than Ipp. Using KVL, for the loop consisting of

transistors (M3 — My) and Resistor Rg, one can write

IzK! IgK],
Rplg = Vs — Vsas = \/ B4 \/ B (5.12)

wT)’

where K’ = Z2o~,1=3,4. Solving (5.12) for Iz we obtain
Cox( %)’

2
2 1
I . 5.13
5T W(T)ConRS ( (W/L)s (W/L)g) (513
The temperature dependence of the resistor is given by
Rp = Ro(1+ am(T — Tp) + ap(T — Tp)?) (5.14)

where ag; and apo 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 Rp in (5.13), the Taylor series

expansion of equation (5.13) will be equal to
I
Iy = (é‘s ) {1+ (F ~ 2am)(T - Ty
( - 1) m2 2ma Rl
—5m T

) (T - To)?} + O((T — To)?)

(5.15)

+ (——2a32 + 30%1 +
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Table 5.1: Transistor and resistor sizes for the circuit shown in Figure 5.2

Mg | My | Mg | My | My | M; My
S | 042 | 3w | 1w | i | o | m
24 2u 2u 2u 2u 2u 2u
My | Mg | M; | Mg | Rp Ry Ry
11 16.2 8 8
—2—5 —gﬁﬁ ﬁ ﬁ 2k | 20kQ) | 20k02
VDD
Rs
Mst i ma o[ —]E M4 | |[> me
llB v v2
IE Ms3 l|7 Vref 1|3
Ms2
;1 | M7 IE M8
M1 HL_ I M2

Figure 5.2: Voltage reference using constant bias currents
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where Igg = and Ty is the reference temperature.

2
2 1 —_ 1
CoaoBg \ \/(W/L)s  +/(W/L)3

Consequently, to a first-order approximation, the current Iz can be written as
Ig ~ IB()(]. +’Y(T~—T0)) (516)

where v = (TT% — 2ag;). Hence, the current source will generate a temperature-

independent (TT) current when

T
2Ty

Transistors My and Mg mirror the current Iy and supply T1 currents to the transistors

aRry = (517)

My and Ms.

The output voltage in the circuit shown in Figure 5.2 is given by

Vasy Viss
Vier = . 5.18
'~ 14 (Ri/Ry) ' 1+ (Ro/Ry) (5.18)

Since the output voltage depends on the ratio of resistors R; and Ry, the sensitivity
of the output voltage to the variations of R; and Ry is reduced. We assumed that
Ry=R,. All the resistors are realized using an N nonsilicide diffusion layer with
ag1 = 1.47 x 10~3deg™" and ap, = 0.832 x 10~%deg~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

0WVyes 05 (5VGS7 4 5VG58>

oT orT oT (5.19)

m
= —2ayr + -2-1-,—0()\7 -+ /\g)

where Ay = Kry [ GiHE Ing, s = K/ Whpie Ino and K; = K/ \/fio(i = 7,8). Tran-

sistors M7 and Mz have the same length and width, and therefore, K7 = Ks. Using

(5.19), if the sizes of transistors My and Mg are chosen to satisfy

(D Bl o

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, Ip, I7 and Ig. As it can be seen, the changes of the currents, Ig, I7 and Iy
over the temperature range -50°C-150°C are less than 3uA.

Figure 5.4 shows the simulation results for the gate-source voltages of transistors
My, Mg and the output voltage V,.;. 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 Iy = 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 (Mg — M,3)
form the start-up circuit which operates as follows. When the gate voltage of M3 is
high, transistor M,y turns on and pulls down the gate voltage of transistor M,s. This
causes transistor M3 to turn on and pull up the gate-drain connection of transistor
M;i. As a result, transistors (M; — M3) will turn on and the current reference will

be out of its zero-state mode. Consequently, the gate-voltage of transistor M, drops,
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Figure 5.3: Simulation results for Ig, Iy and I for the circuit shown in Figure 5.2

transistor M,; turns on, pulling up the gate voltage of transistor M3 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 Vg7, Viags and V,es 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
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5.2 Diode-Connected Operation with 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, Ip(7), which is expressed by
ID(T) = ID()[l -+ ’)’(T _— T())] (5.21)

where v is a positive constant and Tj is the reference temperature. The gate-source

voltage, Vgs, is equal to [20]

Vas(T) = Vru(T) + K'/Ip(T)/i(T) (5.22)

where K' = E’% The temperature behavior of the threshold voltage and the
ox T

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
T\ m
Vgs(T) = VTHO - CMVT(T — T()) + K(—j;(;) 2 ID(T) (523)

where K = K'/,/lig. In order to find the temperature coefficient of the gate-source
voltage, we increase the temperature from T by a small amount of 67" to T+ 67" and
we find the change of the gate-source voltage. Using (5.23), at T" = T; the gate-source

voltage is equal to
Vas(To) = Vrro + KA/ Ip(To). (5.24)

When the temperature is increased to Ty + 67", the gate-source voltage is equal to

0T . m
Vgs(To -+ 5T) = Vrgo — CL’VT5T -+ K(l -+ —7—_,—)—2— LV, Ipo(l - ")/5T) (5.25)
0
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Subtracting (5.24) from (5.25), we find the change in the gate-source voltage with

temperature to be
oVas ZVGS(TO + 5T) — VGS(TO)

6T m
= —ayrdT + A[\/(1 +~v6T)(1 + 7,0—)7 —1]

where A = K+/Ipo . The Taylor series expansion of (1 + 1%)’2"l is given in (5.8) and

(5.26)

the Taylor series expansion of 1/(1 + v6T) is found to be

V36T =1+ 20T - %7257"2 +O(5TS). (5.27)

Since 6T is small, the high-order terms in (5.27) can be neglected. Therefore, equation

(5.27) can be simplified to

5T
VO T 7o) 21+ 12- (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

5VGS ~ A _’IZ’L_

T (—avr + 5

5\ T, + 7). (5.29)

Equation (5.29) shows that the variables which can be used by the designer to alter
the temperature behavior of Vg for a specific transistor are Ipg and v 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-pm 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 Vgg positive and negative.
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Figure 5.6: Simulated transconductance characteristics of an NMOS transistor
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Figure 5.7: Simulated transconductance characteristics of an NMOS transistor
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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
coeflicient 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 Vgg for a diode-connected

transistor biased with a PTAT current, the current parameters A and v should satisfy

A,m

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, Rg, and the sizes of the transistors are given in Table 5.2.
Transistors (M; — My) 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

Ig = Ipo(1 + (T — To)) (5.31)
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where

m
Y= '1—,,,(')' — 20&R1. (532)

Note that in the Figure 5.2 a constant current was required, i.e., v ~ 0, while in
the circuit shown in Figure 5.8 a PTAT current is required, i.e., v > 0. In (5.32), m is
in the range of (1.5-2) for the electron mobility and assuming Ty = 27°C, ag should
be less than 0.0278/°C in order to have v > 0. We used N* non-silicide diffusion
with ap; = 1.47 x 1073deg™! and age, = 0.832 x 10~8deg™ for the realization of the
resistor.

In Figure 5.8, transistors (M;; ~ M,3) 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
is initially on and operates in the triode region and transistor M is off. The voltage
at the gate of M3 is high and therefore, its drain is down, pulling the gate of M,
down as well. As soon as the gate-drain voltage of transistor M, increases, the drain
voltage of transistor M,y decreases, which turns off transistor M,s.

In Figure 5.8, transistor My mirrors the current Iz by a factor of % As a

result, the current that biases transistor Mg is given by
Ips = Ipeo[l + (T — Tp)] (5.33)

where Ipgy = %ﬁgi Ipo and 7 is given by (5.32). To obtain a temperature-independent

Vase, the parameters of the current Ipg should satisfy (5.30), where A = Kgv/Ipeo-

Using (5.32), (5.30) and (5.33), the design equation is obtained as

(s ayr (5.34)
(%)1 - Ks\/E(% - OARI)' -

Therefore, if the sizes of transistors M; and My satisfy (5.34), the gate-source voltage,

Viass, will be temperature-independent.
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Table 5.2: Transistor and resistor sizes for the circuit shown in Figure 5.8

Msl MsQ MsB M1 Mz

A2 | log | 3u | Su | 8w
2u 2u 2u 21 2u

sou | a4 | 184u | 8 | 9pq

vDD

o wall L

| lls b oy
=

M3 M4 VGsé
";] Meé
% RB

Figure 5.8: Voltage reference using a diode-connected transistor biased with a PTAT

Ms2

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 My from being forced to operate in the
triode region. Since Vry,, and |Vrp,| have negative temperature coefficients, the mini-
mum required power supply should be evaluated at the lowest operating temperature.
That is,

Vobmin = (VrHn)max + |VDss(sat)|. (5.35)

Note that the circuit can be easily designed with the saturation voltage, |Vpgs(sat)|
less than 0.2 V and therefore, the minimum required power supply can be less than

1V.

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, Ig and I and the gate-source voltage Vzss. Note that currents
Ip and Ig increase as the temperature increases and they can be approximated as a
linear function of temperature with the temperature coefficient of v = 1.85x 1072 /°C.
However, as (5.15) shows, Ip includes higher-order temperature terms that results in
not an exact linearalization of PTAT currents.

The change in the gate-source voltage of transistor Mg is 500V 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 Viggs 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 I, Ips and Vggg for the circuit shown in Figure

5.8
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5.4 A Sub-1-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-1-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 0.18-pm
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
Mj1-M,3) which is the same as the one used in Section 5.3, ii) a PTAT current source
(transistors M;-M, and resistor Rp) similar to the one used in Section 5.3 and iii) the
reference core circuit (two diode-connected transistors M, and Mg operating below
their ZTC points). Transistors My and Mg supply PTAT currents to the transistors
M; and Mg. As it was shown in the previous sections, the PTAT current source

generates the current

Ip(T) = Ipo[l + (T — Tp)], (5.36)

where v = % ~ 20p;. Again, we have used an N* nonsilicide diffusion layer with

apy = 1.47 x 10~3deg™" for the realization of the resistor, Rp.
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Table 5.3: Transistor and resistor sizes for the circuit shown in Figure 5.10

—_—'E Ms1

Mszq

Mg | Mg | Moz | My | My | My | M,
A2p | 10p 3p 8p 8u 5.5u 4y
2u 2u 2u 24 2u 2u 2u
My | Mg | My | Mg | Rp | Ry Ry
24 ) 20p | B B 9RO | 90KQ) | 20k
2u 2u 2u 2u
VDD
- IE M2 ms <
I V'1
| Ms3 B
l|7 Vref
M3 M4
g ! ]E ": M7 __JETMS
Re

V-2

Figure 5.10: A Sub-1-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

Vesr Vess
Vier = + . 5.37
ef 1+ % 1+ % ( )

Note that the reference voltage depends on the ratio of the resistors R; and Ry and,
therefore, the sensitivity of the temperature coefficient of the output voltage to the
variation of R; and R, 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

Veer 1 0Vasr N 1 (5VGSS
6T 1+ (Ri/Ry) \ oT 1+ (Ry/Ry) \ 6T

= Tovr (1 n (271/32) 17 (282/31)) (5% T %)

where A; = K7 %ﬁgflgo, s = Ky ggﬁ%? Ipo and v = % — 2ap. If the sizes of

(5.38)

transistors M5 and My are chosen to satisfy

V ('V{")s 4 \V (LLV)G _ QvVTH) (%)1 (5.39)

1+ (Ri/Ry) 1+ (Ro/Ri) (2 — am)(KjvIpo)

then the reference voltage will be temperature-independent. The minimum required

power supply is given by
VDDain = (VrHn)max + [Vss(sat)| (5.40)

and the circuit can be easily designed with Vpg(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, Iz, I; and I;. As it can be seen, the currents Ip,
Is and I increase as the temperature increases and they can be approximated as a
linear function of temperature with a temperature coefficient of v = 1.85 x 1073 /°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
My and Mg and the output voltage V,..;. The change in the output voltage, obtained
in simulation, is only 0.5mV, 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, Vi, while the power supply, Vpp
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 Ig, I; and Ig for the circuit shown in

Figure 5.10
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Figure 5.12: Temperature dependencies of Viggr, Viass and V.. for the circuit shown

in Figure 5.10
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Figure 5.13: Change in V,.s due to the variation in power supply, for the circuit shown

in Figure 5.10, T' = T = 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, Vpp, the output voltage, V,.¢ 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 Vop Vres TC(ppm/°C)

First-order BGR
using current processing [5] 0.4-pm CMOS | 21V | 0.515V | £ 59(27°C-125°C)

Curvature-Compensated BGR
using Vi 41 [3] 6-um CMOS - 1.192 V | 25.6 (-55°C-125°C)

Curvature-Compensated BGR
using T'C of resistors [39)] 0.6-um CMOS | 2V | 1.14V | 5.3 (0°C-100°C)

Curvature-Compensated BGR
using nonlinear current [33] 2-um CMOS 1.1V [ 0595 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 Vrp subtraction [44] SOI-MOS - 238V | 33.8 (-50°C-75°C)

CMOS Voltage Reference
using Vg subtraction [46] 0.6-um CMOS | 1.4V | 0313V | 36.9 (0°C-100°C)

CMOS Voltage Reference
using ZT'C point[14] 0.35-ym CMOS | 3.3V |0.799 V | 13 (-20°C-100°C)

CMOS Voltage Reference
presented in Section 5.1 0.18-pm CMOS | 1.8V | 0.703 V | 28 (-50°C-150°C)

CMOS Voltage Reference
presented in Section 5.3 0.18-um CMOS | 1.8V | 0.640 V | 4 (-50°C-150°C)

CMOS Voltage Reference
presented in Section 5.4 0.18-um CMOS | 1.8V | 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-um 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 PTAT? 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-pm 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-pm 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-pum technology. The diode-connected transistors have
been biased below their ZTC points and, therefore, this circuit is able to operate
with sub-1-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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