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ABSTRACT

Nowadays, low-voltage and low-power integrated circuits (ICs) are gaining importance due to the
increased demand for portable electronic systems like hearing aids, music players, digital cameras,
laptops, mobile phones, etc. An essential part of analog and mixed-signal circuits designing is the
realization of reliable and precise voltage references. A voltage reference in an entire circuit
establishes a stable reference point which is used by other sub-circuits to generate predictable and
repeatable results. This reference point mustn't change significantly under various operating
conditions. Therefore, the voltage reference should have a low-temperature coefficient, high power
supply rejection ratio (PSRR), low supply voltage requirement, low power consumption, small
occupied chip area, etc. to improve the performance of the entire circuit. But it is difficult to
improve all the parameters simultaneously, and therefore, in the thesis four different CMOS
voltage references namely, CMOS voltage reference-l, CMOS voltage reference-1I, CMOS
voltage reference-111, and CMOS voltage reference-1V are proposed to achieve optimum values of
these performance parameters. The proposed voltage references have been simulated in 180 nm
standard CMOS technology using Cadence virtuoso analog design environment and the simulation
results of these proposed voltage references have been compared with the voltage references
available in the literature.

The proposed CMOS voltage reference-1 and CMOS voltage reference-I1 are based on the addition
of proportional-to-absolute-temperature (PTAT) and complementary-to-absolute-temperature
(CTAT) behaviours to generate their output reference voltages. The proposed CMOS voltage
reference-1 operating at a supply voltage of 0.85 V has a low temperature coefficient of 21.9
ppm/°C over a temperature range of -60 °C to 120 °C and a PSRR of -65.85 dB at 100 Hz. To
improve the PSRR of the proposed CMOS voltage reference-1, another voltage reference named
proposed voltage reference-11 operating at a supply voltage of 0.8 V has been presented which
offers a PSRR of -91.69 dB at 100 Hz and a temperature coefficient of 29.5 ppm/°C over a
temperature range of -55 °C to 125 °C.

Generally, the PTAT behaviour generator circuits require a large number of transistors, and
therefore, the voltage references which are based on the addition of PTAT and CTAT behaviours
do not offer much improvement in terms of power consumption, and area. In view of this, CMOS
voltage reference-111 is proposed which uses only CTAT behaviours to generate its output
reference voltage. The proposed CMOS voltage reference-111 operating at a supply voltage of 0.8
V, consumes low power of 2.75 uW and occupies a small area of 0.0027 mm?2. The proposed

Vi



CMOS voltage reference-111 has a temperature coefficient of 38.85 ppm/°C over a temperature
range of -40 °C to 125 °C and PSRR of -80.84 dB. To further improve the performance parameters
such as supply voltage requirement, temperature coefficient, and PSRR of the CMOS voltage
reference-111, another voltage reference named CMOS voltage reference-1V has been proposed.
The proposed CMOS voltage reference-1V operating at a low supply voltage of 0.65 V, also uses
only CTAT behaviours to generate its output reference. The proposed voltage reference-I1V has a
low power consumption of 1.95 pW, a temperature coefficient of 31.5 ppm/°C over a temperature
range of -55 °C to 125 °C, and a PSRR of -85.4 dB.

To validate the performances of the proposed voltage references, these voltage references have
been employed in the conventional LDO and it is observed that the LDOs based on proposed
voltage references show improved PSRR, load regulation, temperature coefficient, and line

sensitivity than the LDO based on a conventional voltage reference.
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CHAPTER 1
INTRODUCTION

1.1 Introduction

The growing demand for portable and miniaturized electronic products in today's market has
shifted the attention of researchers towards low-voltage and low-power system-on-chip
applications. Due to the increased packing density of integrated circuits (ICs), the electric field
and power consumption per unit area in the ICs increase with the scaling down of the feature size
of the semiconductor devices. This leads to the degradation in the overall performance of an IC
as electromigration and package-related failure can occur. Hence, low-voltage and low-power
ICs must be developed to resolve the expected issues caused by device downscaling. This
inherent trend towards low-voltage and low-power ICs is not only due to the aforementioned
technology constraints, but also to extend the battery life. The low-voltage and low-power ICs
are in higher demand for a wide range of applications, from small biomedical systems such as
hearing aids to bigger and more sophisticated devices like music players, digital cameras,
laptops, and mobile phones. These ICs consist of analog and mixed-signal circuits, where
different blocks having specific functions are integrated to obtain a specific function [1-2]. A
voltage reference is one of the important building blocks of analog, and mixed-signal circuits
which provides constant output voltage with variations in process, supply voltage, temperature,
etc. [3-4]. A few applications in which voltage references are the key elements are digital-to-
analog converters, analog-to-digital converters, and low drop-out regulators [5-11]. In the
literature, different methods have been used to generate the output reference voltage of the
voltage reference circuit. First, the Zener and avalanche diodes were used to generate the output
reference voltage [12]. Using some precautionary measures, the stable output reference voltage
over a moderate range of temperature has been obtained [13].The breakdown mechanism and the
voltage behaviour of these silicon junction diodes have been studied. But, these diodes require
large bypass capacitors to remove the huge noise and consume more current. Due to these
reasons, the Zener and avalanche diodes are not suitable to generate reference voltage for IC
applications. This led to the development of voltage reference circuits, where temperature
dependent voltages are explored and analysed to generate the reference voltage. In these circuits,
two different voltage behaviours, namely the complementary-to-absolute-temperature (CTAT)
and proportional-to-absolute-temperature (PTAT), are generated using the base-to-emitter

voltages of the forward-biased bipolar junction transistors (BJTs). Using the addition of these



different temperature behaviours, the temperature-compensated voltage having ideally zero
temperature coefficient is obtained at the output of the circuit. The concept of voltage reference
was first suggested by D. F. Hilbiber [13] in 1964, but it became popular when R. J. Widlar
introduced the basic bandgap voltage reference also called as Widlar circuit in 1971 [14]. After
this, A. P. Brokaw introduced another topology of voltage reference in 1974 which is also known
as Brokaw bandgap [15]. Earlier, these voltage references were also called bandgap reference
circuits because they provide a constant output voltage around 1.26 V, which is nearly the same
voltage as the bandgap of silicon at 0 K [16-18]. The generated voltage has better temperature
stability than Zener diodes. In comparison to the Zener diode that consumes a large amount of
current, the voltage reference circuit consumes less current and low power. Since the output
voltage of BJT-based bandgap voltage reference is around 1.26 V, the minimum supply voltage
requirement of the circuit approaches a higher value. But, for modern VLSI circuits, the values
of supply voltage and reference voltage are too high especially for portable circuits, which are
designed for biomedical and sensor network applications [19]. So, a typical approach is used in
the voltage reference, which can be implemented by using the temperature characteristics of the
gate-to-source voltages of the subthreshold MOS transistors. The PTAT behaviour is generated
by the subtraction of two gate-to-source voltages of MOS transistors operating in the
subthreshold regions while the CTAT behaviour is generated across the gate-to-source voltage of
a MOS transistor operating in the subthreshold region. Using a subthreshold MOS transistor, the
circuit generates a low output reference voltage with low supply voltage, low power

consumption, and small chip area.
1.2 Voltage reference

The voltage reference is a circuit that can provide a temperature compensated output reference
voltage by the addition of two opposite temperature behaviours of the voltages namely the
proportional-to-absolute-temperature  (PTAT) behaviour and complementary-to-absolute-
temperature (CTAT) behaviour. Ideally, the constant output reference voltage is obtained but
practically it has little variations with respect to temperature, process, supply voltage, etc.

The voltage references are classified into two different categories based on two conventional
topologies [20]. The first topology is known as the voltage-mode topology, where voltages
having opposite temperature dependencies are used to obtain the output reference voltage. The
second topology is the current-mode topology in which currents having opposite temperature
dependencies are used to obtain the output reference voltage.



1.2.1 Voltage-mode voltage reference

The basic concept used in voltage-mode voltage reference is shown in Figure 1.1(a) [21]. The
effect of temperature variations on the reference voltage is mutually compensated by the addition
of proportional-to-absolute-temperature voltage (Verat) and complementary-to-absolute-
temperature voltage (Vcrar). Since voltages Verar and Vcrar have different slopes, the PTAT
voltage is multiplied by a constant K in such a way that the temperature dependent terms of both
the voltages are cancelled out and zero (ideally) temperature coefficient is achieved. The
variations of voltages Vrrat, VcraT, and Vrer With temperature are shown in Figure 1.1(b) [21].
The dotted lines show ideal variations and the solid lines show practical variations of voltages
with respect to temperature. It is shown that when the voltages Vprat and Vcrat are added then
ideally constant reference voltage (Vrer) is obtained but practically it has little variations with

respect to temperature.

w0 o
\.“y_ v(,s
SUM
Thermal voltage
(V1) Verat T o
-
—»Temperature (T)

(a) (b)
Figure 1.1 (a) Basic concept of a voltage-mode voltage reference, (b) Variations of voltages
VpraT, Verat, and Vrer With temperature [21]
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In the voltage-mode voltage reference, the CTAT and PTAT behaviours can be generated using
MOS transistors operating in the subthreshold regions. The MOS transistor can operate in the
subthreshold region when the applied gate-to-source voltage is less than the threshold voltage
(VTH). In this region, the drain-to-source current exhibits an exponential relationship [22] with
the gate-to-source voltage (Ves) and drain-to-source voltage (Vps) which is expressed as
Ips=pCox % (n-1)Viexp (%) <l-e><13 ( \\/,—DTS)> (1.1)
where Cox is the gate-oxide capacitance per unit area, 1 is the non-ideality factor, p is the carrier

mobility, VTH is the threshold voltage and V7 is the thermal voltage.



If Vbs>>4V, the term <1-exp ( %)) can be approximated as 1 and equation (1.1) reduces to
T

W Ves-Vrh
Ips=nCox - (n-1)Viexp (W) (1.2)
Using equation (1.2), the gate-to-source voltage (Ves) of MOS transistor is given as
3 Ips
Vgs=VutnViln (1.3)

W
HCo T (-DVE
The threshold voltage (VtH), mobility (1), and thermal voltage (V) in terms of temperature [23]

can be written as

Vi (T) =Vomo-krT (1.4)
T -m
w(T)=pq (T—O) (15)
kT
Vr (T)=? (1.6)

where Vg is the threshold voltage at room temperature (To), kr is a constant having value
ranging from 0.5 to 3 mV/ 'C, W, is the mobility at room temperature (T,), parameter m is the
mobility temperature exponent (1<m<2), k is the Boltzmann constant, T is the absolute
temperature and q is the electronic charge.

Substituting m=2 and using equations (1.4), (1.5) and (1.6) in equation (1.3), equation (1.3) is

modified as
2
kT IpsLT,?
VGS:VTHO_kTT+n — ln ( DS 0 q 2) (17)
q uocoxw(n'l)k
From equation (1.7), the derivative of gate-to-source voltage (a;/%) can be written as
oV, k InsLq?
G _ g+ n( _bsd 2) (1.8)
ot 4 \RyTo CouW(n-Dk
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<1, both the terms of equation (1.8) are negative and hence, Vgs has a

negative temperature coefficient as Vs decreases with an increase in temperature [24]. Hence,
the CTAT voltage (Vcrat) using a MOS transistor operating in the subthreshold region can be

expressed as

Ips >
\Y =VGs=V.,MVrin 1.9
e (ucox(W/L)m-l)v% 2



The PTAT voltage (VrraT) can be generated by the subtraction of two gate-to-source voltages of
MOS transistors operating in the subthreshold regions. The VpraT can be expressed as

Vprar=nVrin(N) (1.10)
where N is the ratio of aspect ratios of MOS transistors used to generate PTAT voltage.
From equation (1.10), it is observed that the voltage Vprar is directly proportional to the thermal
voltage which confirms its PTAT behaviour.

Hence, the output reference voltage Vygr can be expressed as

Ips
VRer=VprartVerar=nVrln(N)+ (VTH+nVTln < )) (1.11)
PTAT HCo (W/L) (-1 V7

1.2.2 Current-mode voltage reference

The basic concept of current-mode voltage reference is shown in Figure 1.2 [25]. The two
currents proportional-to-absolute-temperature current (letat) and complementary-to-absolute-
temperature current (Ictat) having opposite temperature dependence are added to obtain a
constant voltage Vrer across the resistor which is independent of temperature variations. From
the figure, it can be observed that the currents lprat and Ictar have different slopes therefore,
IptaT is multiplied by a constant ‘K’ in such a way that the temperature dependent terms of both
the currents are cancelled out and a reference current Irer with zero (ideally) temperature
coefficient is achieved. After that, a resistor is used at the output to convert the temperature
compensated current Irer into temperature compensated reference voltage.

In the current-mode voltage reference, the CTAT and PTAT behaviours can be generated using
MOS transistors operating in the subthreshold regions. The MOS transistor can operate in the
subthreshold region when the applied gate-to-source voltage (Vgs) is less than the threshold
voltage (Vtr). The CTAT current (Ictat) generated by using a MOS transistor operating in the
subthreshold region and a resistor (R) can be expressed as

1
VigtnVrln DS
Vgs T (uCOX(W/L)(n-l)V%> (1.12)

I = =
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The PTAT current (Iptat) can be generated by the subtraction of two gate-to-source voltages of

MOS transistors operating in the subthreshold regions and a resistor (R). It can be expressed as
V.
Iprar= % In(N) (1.13)

where N is the ratio of aspect ratios of MOS transistors used to generate the PTAT voltage.



The reference current (Irer) is obtained as

I
Vo nVarln DS
T (ucox<W/L><n-1)v%> (1.14)
R

nvr
Irer=IprattlcTaT= R In(N)+

Hence, the output reference voltage (Vrer) across the resistor (Rrer) is expressed as
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Figure 1.2 Basic concept of current-mode voltage reference [25]
1.2.3 Performance parameters of voltage reference

The characterization of a circuit is the best way to quantify its performance and to relate with
similar circuits. In order to identify the accuracy and reliability of the voltage reference circuit, it
should be measured in terms of different performance parameters such as temperature
coefficient, line sensitivity, power supply rejection ratio (PSRR), and output noise [26]. The
following sections provide formal definitions of each performance parameter of the voltage

reference circuit.
1.2.3.1 Temperature coefficient

The temperature coefficient describes the change in the output reference voltage of the circuit
over a given range of operating temperatures. The temperature coefficient is expressed in parts-

per-million per degree Celsius (ppm/°C). The temperature coefficient is defined as

AVREF’ VIN (nominal) (AT)

Temperature coefficient= 10° (ppm/°C) (1.16)

ATXVREgg (nominal)
where AT represents the variations of temperature, Vrgrmominar) 1S the output reference voltage
at nominal temperature and AVREE Vi tromina (AT) is the change in the reference voltage within

the operating temperature range.



1.2.3.2 Line sensitivity

The line sensitivity is defined as a variation in the output voltage of the voltage reference circuit
with respect to the input voltage variation at a nominal temperature. Line sensitivity is specified
in uV/V or %/V with the following definition

. LR AV, nominal) (AV
Line sensitivity= REF’T(AV p(4Vin) (LVIV) (1.17)
IN

where AVger tmomina) (AViN) IS the variation in the output voltage of the voltage reference

circuit measured within input voltage variation in the range of (Vin(min)»Vingmay) @Nd AViN =
VIN(maX) 'VIN(min) .
1.2.3.3 Power supply rejection ratio

The power supply rejection ratio (PSRR) is the ability of the voltage reference circuit to reject
the supply noise and other undesired signals on the power supply at a particular frequency. PSRR

Is a function of frequency specified in decibels (dB) with the following definition

PSRR=20log XerAc®) (dB) (1.18)

Vin,ac(f)
where Viyac(f) is the power supply voltage affected by noise at a particular frequency f and

Vrer.ac(f) is the output reference voltage at the same frequency.
1.2.3.4 Output noise

The output noise is another frequency-dependent parameter that affects the performance of the
voltage reference circuit. The noise is created by various physical phenomena and is due to
random motion of electrons and holes. Output noise is specified by a graph of noise voltage

spectral density versus frequency in nV /v Hz.
1.3 Motivation

The various analog and mixed-signal circuits such as low dropout regulators, DC-DC converters,
digital to analog converters, analog to digital converters, phase-locked loop, and power
converters require a reference voltage in their cores. But, the reference voltages are sensitive to
the fabrication process, supply voltage, and temperature (PVT) variations which degrade the
overall performance of the circuit. To improve the performance of the circuits, highly accurate
voltage references with significantly less sensitivity to PVT variations are required. The

reference voltage variation over the operating temperature range is known as temperature
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coefficient, which is the most important performance parameter among all the performance
parameters of a voltage reference, such as power supply rejection ratio (PSRR), line sensitivity,
and output noise. In the MOS transistor, an electric field exists between the gate and the channel
of the device, resulting in a leakage current from the gate to the channel. The leakage current is
the main source of shot noise but this current is usually very small. For this reason, we can
usually neglect shot noise during noise analysis. With the advancement in the VVLSI industry over
the past few decades, highly accurate voltage references which consume low power and occupy a
small area are required. The low power supply is a critical parameter of the voltage reference as
it also affects the power consumption of the system where voltage reference has been used. The
voltage reference is also sensitive to the noise that is available in the supply voltage. Therefore,
to make the voltage reference less prone to noise present in the supply voltage and other
undesired signals, the voltage reference should have high PSRR over a wide frequency range. So,
there is a need to design voltage references having high PSRR, low line sensitivity, low
temperature sensitivity, low supply voltage, low power consumption, and small area. But, it is
very difficult to achieve these goals simultaneously, and therefore, voltage reference needs to be

investigated carefully to achieve an optimum value of these parameters.
1.4 Organization of thesis
The thesis consists of five chapters and the overview of all the chapters are as follows:

Chapter 1 presents a brief introduction of the voltage reference, working principle, and
performance parameters. The chapter also addresses the motivation of the proposed work and the

organization of the thesis.

In chapter 2, the literature survey of voltage references based on different topologies is
presented. The identified research gaps and formulated objectives are discussed in the chapter.

Finally, the research methodology followed to achieve the proposed objectives is also addressed.

Chapter 3 proposes four different structures of the voltage reference, namely CMOS voltage
reference-1, CMOS voltage reference-1l, CMOS voltage reference-111, and CMOS voltage
reference-1V. The chapter includes the descriptions and analyses of the proposed circuits. The
applications of the proposed voltage references as low dropout regulators have also been

demonstrated.



In chapter 4, the physical layouts and post-layout simulation results of the proposed voltage
references have been presented. The performance parameters of the proposed voltage references
have been compared with the voltage references available in the literature to demonstrate the
effectiveness of the proposed voltage references. The chapter addresses the simulation results of
the low dropout regulators using proposed voltage references and conventional voltage reference
(MOS version). The performances of the LDOs using proposed voltage references and
conventional voltage reference (MOS version) have also been compared to show the workability

of the proposed voltage references.

The conclusion of the research work is addressed in Chapter 5. The future work which can be

done in this area has also been discussed in this chapter.
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CHAPTER 2
LITERATURE SURVEY

The voltage references can be classified into two main categories: voltage-mode and current-
mode voltage references [20]. This chapter discusses the research work carried out on the voltage

references reported by various authors. A brief review based on the study is as follows.
2.1 Voltage-mode voltage references

The first temperature-compensated voltage reference is presented by R. J. Widlar in 1971 [14].
The circuit generates a temperature compensated output voltage by combining negative
temperature coefficient and positive temperature coefficient voltages. The reported voltage
reference offers advantages over the Zener diode voltage regulator as it increases the output
current capability and reduces the requirement of external components to adjust the output
voltage. The reported voltage reference circuit consisting of bipolar junction transistors (BJTS) is
difficult to implement in the modern CMOS process as BJTs realized in the CMOS process are

sensitive to the process variations.

A. P. Brokaw [15] presented a three-terminal IC bandgap reference to realize a stabilized
bandgap voltage. The circuit uses two BJTs and collector current sensing to achieve the bandgap
voltage. The circuit has a low temperature coefficient, high supply voltage requirement, and high

power consumption.

M. Pan et al. [22] presented a voltage reference that works over a wide temperature range. The
parallel transistors are used to remove the leakage problem and these transistors also improve the
operating temperature range of the circuit. Low line sensitivity and high PSRR are achieved with
the help of an operational amplifier. The limitations of the circuit are high temperature

coefficient and large chip area.

K. E. Kuijik [27] proposed a voltage reference that generates temperature-compensated output
voltage. In a conventional voltage reference, there is an error due to the voltage drift of the
operational amplifier. The presented reference circuit overcomes the error of the conventional
voltage reference by using an operational amplifier and an integrated circuit that consists of

diode pairs, a low drift preamplifier, and an emitter follower. The circuit offers low noise and
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high PSRR but the circuit has limitations of high supply voltage requirement and high power

consumption.

G. C. M. Meijer et al. [28] suggested a curvature corrected voltage reference circuit. The
curvature correction technique is used to reduce the non-linear temperature terms of the reference
voltage. In the reported voltage reference circuit, the nonlinearity of base-to-emitter voltage with
temperature has been compensated directly. The output voltage with low temperature
dependency is obtained and the supply voltage variations are also stabilized in the circuit. The
limited operating temperature range, high power consumption, and high supply voltage

requirement are the main disadvantages of the circuit.

B. S. Song et al. [29] presented a high precision curvature compensated CMOS voltage reference
circuit. The output reference voltage is obtained by the addition of linear temperature
compensated PTAT voltage, quadratic temperature compensated PTAT voltage, and CTAT
voltage. In order to minimize the temperature sensitivity, each compensated voltage is
individually trimmed. The circuit has a high supply voltage requirement and high power

consumption.

A. V. Staveren et al. [30] proposed a low supply voltage, low power second-order compensated
voltage reference circuit. The second-order compensation is achieved by using two base-to-
emitter voltages of different BJTs, where one of the BJTs is operated with PTAT current and
another BJT is biased with a constant current. The circuit compensates additional temperature
dependency of the output voltage due to the reverse early effect. The high supply voltage, high

power consumption, and large area are the main disadvantages of the circuit.

A. E. Buck et al. [31] suggested a voltage reference without resistors. The circuit consists of
diodes and MOS transistors operating in the strong inversion region. The proposed circuit has

high power consumption and high temperature sensitivity.

K. N. Leung et al. [32] proposed a voltage reference based on the weighted difference of gate-to-
source voltages of NMOS and PMOS transistors working in the saturation region. The circuit has

high power consumption and high line sensitivity.

Y. Dai et al. [33] presented a voltage reference circuit that uses temperature dependence

behaviours of PMOS and NMOS threshold voltages to generate a temperature-compensated
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output reference voltage. These threshold voltages are insensitive to the supply voltage variations
which improve the line sensitivity of the circuit. The supply voltage requirement and power

consumption of the circuit are high.

A. Lahiri et al. [34] suggested voltage reference circuits that provide sub-1 V reference voltages.
The reported circuits use the concept of reverse bandgap voltage principle to generate
temperature-compensated reference voltages at the outputs. The reported circuits have high

supply voltage requirements and limited operating temperature ranges.

K. Ueno et al. [35] presented a CMOS voltage reference circuit with a low temperature
coefficient and high PSRR. The reported circuit has a current source subcircuit and a bias-
voltage subcircuit. The current source subcircuit uses a MOS resistor to generate the current,
which is copied to bias-voltage subcircuit and an output reference voltage is produced. The
circuit uses MOS transistors operating in the subthreshold region. The operating temperature

range of the circuit is limited while the supply voltage requirement of the circuit is high.

S. S. Chouhan et al. [36] presented a CMOS voltage reference circuit using MOS transistors
only. Using a series composite NMOS transistors, the thermal compensation has been achieved
to generate the output reference voltage. The power consumption and the area occupied by the
circuit are less. The circuit has a high supply voltage requirement and a moderate temperature
coefficient over a limited operating temperature range.

B. Wang et al. [37] presented a compact CMOS voltage reference circuit. An active curvature
compensation technique is introduced in the circuit to achieve a precision voltage reference. This
curvature compensation technique is more effective than many other curvature-corrected
techniques in terms of current consumption, operating temperature range, and temperature

coefficient. But the circuit has disadvantages of high supply voltage requirement and large area.

A high PSRR CMOS voltage reference circuit is presented by S. Yousefi et al. [38] which is
based on the difference of weighted gate-to-source voltages of MOS transistors. The MOS
transistors used in the circuit are operating in the subthreshold region. The values of PSRR of the
circuit are improved by reordering the locations of poles and zeros of the PSRR transfer function
and supply independent biasing circuit. The high temperature coefficient, high supply voltage

requirement, and large area are the main disadvantages of the circuit.
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X. Li et al. [39] proposed a low temperature coefficient and high PSRR voltage reference circuit.
The low temperature coefficient is achieved by using a high-order temperature compensation
technique. The negative feedback is also used in the high-order compensation technique to
enhance the PSRR and line sensitivity of the circuit. The circuit has disadvantages of high supply

voltage requirement and large area.

H. Wu et al. [40] presented a high precision voltage reference circuit with curvature
compensation and high PSRR. The pre-regulator of the supply voltage is used to immune the
circuit from supply variations which increases the PSRR. The curvature compensation decreases
the temperature dependency for a better temperature coefficient. The high supply voltage
requirement, high power consumption, and large area are the main disadvantages of the circuit.

A low-voltage CMOS voltage reference circuit with a small temperature coefficient is proposed
by J. Wang et al. [41]. The reference voltage is obtained by the addition of a CMOS voltage
divider and a current source. The temperature coefficient of the circuit is reduced by
compensating the temperature dependency of the current source. The circuit has low power

consumption and high PSRR. But, the operating temperature range of the circuit is limited.

J. Jiang et al. [42] proposed a voltage reference circuit using MOS transistors only. The circuit
has a low temperature coefficient and high PSRR. The curvature compensation technique is used
to achieve a low temperature coefficient over a wide temperature range. A high PSRR of the
circuit is achieved by using an active attenuator and impedance adapting compensation

technique. The circuit has the disadvantage of high power consumption.

A compact temperature compensated CMOS voltage reference circuit has been proposed by S.
Huang et al. [43]. The suggested circuit consists of a cascode current generator and a voltage
reference generator. The cascode current generator uses a start-up circuit, the self-biased
generator, and the PTAT core to generate a PTAT current. The temperature coefficient of the
gate-to-source voltage of the NMOS transistor operating in the subthreshold region has been
utilized for adequate temperature compensation with the PTAT current. The operating

temperature range is limited and current consumption is high in the circuit.

N. Alhassan et al. [44] presented a CMOS voltage reference circuit without resistors and BJTS.
All MOS transistors are biased in the strong inversion region. A feedback topology is also used

to enhance the PSRR. However, the circuit occupies a large area.
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Z. Luo et al. [45] presented a low-power voltage reference circuit. To obtain a low temperature
coefficient, the second-order curvature compensation technique has been employed by using the
resistor ratio of two types of resistors having opposite temperature dependency. In the circuit, a
voltage divider is used to reduce the supply voltage value, and PTAT voltage generators are
employed to reduce the values of resistors for low-power applications. But the temperature
coefficient, area, and operating temperature range of the circuit are not much improved as per the

demand of modern VVLSI circuits.

S. S. Chouhan et al. [46] proposed a voltage reference using parasitic BJTs, MOS transistors, and
resistors. In the circuit, the PTAT current thermally compensates the threshold voltage of the
diode-connected NMOS transistor to obtain the output reference voltage. The circuit consumes
low power and occupies a small area but it has a high supply voltage requirement, high

temperature coefficient, and limited operating temperature range.

All MOS transistor-based low-power current reference circuit is presented by S. S. Chouhan et
al. [47]. The reference circuit is based on a resistorless beta multiplier circuit and an additional
temperature compensation technique. This technique decreases the reference current value and
improves the temperature coefficient over a wide temperature range. The circuit has some

limitations like high supply voltage requirement, high line sensitivity, and large area.

A. C. D. Oliveira et al. [48] presented a voltage reference based on self-cascode MOS that gives
a reference voltage proportional to the threshold voltage difference of two NMOS transistors.
Since the circuit is derived from the subtraction of two different threshold voltages, two devices
having different threshold voltages are required. Therefore, the manufacturing cost of the design

is comparatively high, and accuracy may be affected by the manufacturing variations.

L. Liu et al. [49] presented a low power, high-precision voltage reference circuit. A curvature
compensation circuit is used to reduce the temperature coefficient over a wide temperature range.
The clock scaling-down circuit is employed in the suggested circuit to achieve a good line

sensitivity. However, the area occupied by the circuit is large.

Q. L. Li et al. [50] presented a voltage reference circuit with low line sensitivity in which high-
order curvature compensation technique is used to achieve a low temperature coefficient over a

wide temperature range. The negative feedback technique applied in the reported circuit replaces
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the requirement of the operational amplifier. The circuit requires high supply voltage and it

consumes more current.

Y. Liu et al. [51] proposed a low-power CMOS voltage reference circuit. In the circuit, the
PTAT voltage is generated by injecting the leakage current of the NMOS transistor to two diode-
connected NMOS transistors in series whereas the CTAT voltage is generated by using the body
diodes of another NMOS transistor. The main limitations of the circuit are high line sensitivity
and low PSRR.

X. Ming et al. [52] proposed a high precision and area-efficient voltage reference circuit. The
first-order and high-order curvature compensation techniques are used to improve the
temperature coefficient over a wide temperature range. The supply noise bypassing technique is
used to achieve high PSRR for high frequency. However, the supply voltage and current

consumption of the circuit are high.

L. Wang et al. [53] proposed a CMOS voltage reference circuit with high PSRR and low
temperature coefficient. The single BJT, two resistors, and subthreshold MOS transistors are
used to realize the voltage reference circuit. The CTAT voltage circuit uses two resistors and a
vertical BJT, whereas the PTAT circuit uses two cascaded sub-PTAT circuits with MOS
transistors operating in the subthreshold region. But, the supply voltage requirement of the circuit
is high, and the occupied chip area is large.

R. Nagulapalli et al. [54] presented a voltage reference using MOS transistors. In the circuit,
PTAT voltage is generated using a self-bias cascode structure whereas CTAT voltage is
generated by the threshold voltage of the MOS transistor. The circuit consumes low power and

less area, but the temperature sensitivity of the output voltage is high.

L. Wang et al. [55] proposed a CMOS voltage reference circuit in which the MOS transistors are
operated in the subthreshold region for low voltage operation. But, the sensitivity of reference
voltage due to temperature variations and supply variations is high. Also, the design occupies a

large area due to large valued resistors and capacitors.

Y. Liang et al. [56] presented a low power voltage reference circuit using MOS transistors only.

Since the circuit does not use an amplifier, resistor, or BJT, the reported structure of the voltage
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reference is a power-efficient structure. However, the circuit has disadvantages of high
temperature coefficient, low operating temperature range, and high line sensitivity.

Z. Zhou et al. [57] proposed a resistorless CMOS voltage reference circuit. The high-order
curvature compensation technique is used to compensate the thermal nonlinearity of the base-to-
emitter voltage of the BJT. A resistorless self-biased current source with feedback is also
employed to improve the power supply noise attenuation without increasing the power supply.
The high supply voltage requirement, high current consumption, high line sensitivity, and large

area are the main disadvantages of the circuit.

The voltage reference presented by T. G. Nejad et al. [58] uses a logarithmic-curvature
compensation technique to cancel the logarithmic temperature dependent terms. The linear
temperature dependence of the reference voltage is eliminated by the addition of PTAT and
CTAT voltages. The first-order and high-order temperature compensation in the circuit provides
a low temperature coefficient over a wide temperature range. The circuit is insensitive to
mobility temperature exponent, which makes the circuit compatible with various technologies.

However, the circuit requires high supply voltage.

T. M. Brito et al. [59] suggested a resistorless voltage reference circuit using a self-cascode
composite transistor and a Schottky diode. The self-cascode composite transistor is used to
generate the PTAT behaviour whereas the CTAT behaviour is generated by a Schottky diode.
The trimming circuit is also used to improve the temperature coefficient of the output reference
voltage. The main limitations of the circuit are high supply voltage requirement and high line

sensitivity.

J. lin et al. [60] proposed a voltage reference circuit with a self-regulating circuit to improve the
line sensitivity of the reference voltage without using passive devices and amplifiers. The circuit
also mitigates the channel length modulation effect. All the MOS transistors of the circuit are
working in the subthreshold region, which helps to achieve low voltage operation. The main

limitation of the circuit is the high-temperature coefficient.

A low temperature coefficient, low-noise, and low-offset voltage reference is suggested by L.
Liu et al. [61]. The offset and noise suppression techniques are used to reduce the offset and

noise generated by the error amplifier. The five-piece linear compensation technique is used to
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improve the temperature sensitivity of the reported circuit. The limitations of the circuit are the

high supply voltage requirement and high-power consumption.

J. Lei et al. [62] presented a resistorless voltage reference with low power consumption. The
circuit consists of a BJT, MOS transistors, and a temperature compensation amplifier. The PTAT
and CTAT voltages are generated using four PMOS transistors and a BJT, respectively. The high
supply voltage, high line sensitivity, and large chip area are the major limitations of the presented

circuit.

R. B. A. Zawawi et al. [63] proposed a voltage reference in which a line regulation control unit is
used to decrease the effect of the channel length modulation factor. The curvature corrected
control unit is also used to provide output reference voltage with improved temperature
sensitivity. The high PSRR is achieved by using a high-gain operational amplifier. The limitation

of the circuit is the high supply voltage requirement.

S. R. Khan [64] suggested a low temperature coefficient and high PSRR voltage reference
circuit. To improve the power consumption and area of the circuit, a single-node-based
temperature compensation feature and a single transistor-based start-up circuit are used. The dual
PSRR enhancement stages are utilized to improve the PSRR of the suggested circuit. However,

the circuit requires high supply voltage for proper operation.

P. K. Pal et al. [65] suggested a low voltage and low power CMOS voltage reference in which
temperature compensated output reference voltage is obtained by combining the PTAT and
CTAT voltages along with body biasing. The basic beta multiplier circuit with cascode transistor
is used to generate the supply independent current which is given to the active load circuit. The
body bias technique employed in the circuit reduces the process effect. The major disadvantages
of the suggested circuit are low operating temperature range, low PSRR, low line sensitivity, and

large area.

Y. Shi et al. [66] presented a self-biased voltage reference with high PSRR. The local negative
loop and global self-biased feedback loop are used to enhance the PSRR of the circuit. The
global self-biased loop is also used to bias the voltage reference in the steady-state which
eliminates the requirement of an additional bias circuitry and hence it helps to save the chip area.
The main limitations of the self-biased voltage reference are high supply voltage requirement and

high power consumption.
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H. Aminzadeh et al. [67] proposed a voltage reference circuit without any integrated resistor or
BJT. The reported design uses a voltage reference core which is driven by a flexible biasing
current. The voltage reference core consists of NMOS transistors and it is shielded from supply
voltage variations through a voltage follower MOS transistor. Since the reported circuit uses only
MOS transistors instead of linear capacitors and passive resistors, it has a low supply voltage
requirement, low power consumption, and small area. The high temperature coefficient and high

line sensitivity are the limitations of the circuit.

J. Liang et al. [68] presented a high PSRR and low temperature coefficient voltage reference
circuit with a non-linear compensation technique. The high-order non-linear compensation
technique utilizes the systematic non-linear offset voltage within the voltage reference to
improve the temperature coefficient. The feedback loop of the start-up circuit and coupling
structure of the supply voltage increase the PSRR of the voltage reference circuit. The circuit has

a high supply voltage requirement and high power consumption.

J. Hu et al. [69] proposed a low-power voltage reference using a self-biased circuit. The
temperature characteristics of the base-to-emitter voltage of BJT and the threshold voltage of the
MOS transistor are used to generate a temperature-compensated reference voltage. The circuit

has high line sensitivity and low PSRR.

M. Caselli et al. [70] presented a voltage reference circuit with low power consumption and low
temperature coefficient over a wide temperature range. The output reference voltage of the
circuit is obtained by the addition of PTAT and CTAT voltages. The presented circuit is biased
using a PTAT current, which is insensitive to the MOS transistor process tolerance. The CTAT
voltage is developed across the base-to-emitter voltage of BJT. The high supply voltage
requirement, high line sensitivity, and large area are the limitations of the reported circuit.

For modern VLSI circuits, the values of supply voltage and output reference voltage should be
low, especially for portable devices and internet of things (loT) applications. Therefore, the
voltage references should be designed that can operate at low supply voltage and generate low
output reference voltage with more accuracy. Due to the high supply voltage requirement, the

voltage-mode voltage references are not suitable for the low-voltage environment [16].
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2.2 Current-mode voltage references

Y. Jiang et al. [1] proposed a low voltage reference by using a transimpedance amplifier. The
operational amplifier of the conventional voltage reference is replaced by a transimpedance
amplifier to overcome the limitation of the high supply voltage requirement. The limitations of
the proposed voltage reference are low operating temperature range, low PSRR, and high power

consumption.

The voltage reference presented by H. Banba et al. [16] uses diodes, resistors, PMOS transistors,
and an operational amplifier. The output reference voltage is obtained by the addition of two
currents with a feedback loop, which results in a low-voltage operation as compared to the
conventional voltage reference. But, the main disadvantage of the reported voltage reference is

the high temperature sensitivity.

P. B. Basyurt et al. [17] presented two low-supply voltage references using two different
compensation schemes; one is known as current regulated loop and another is known as a duty-
cycle regulated loop. The circuits use sampled-data amplifiers to optimize the power
consumption. Low temperature coefficients of the circuits are obtained without using any

trimming technique. However, the circuits occupy a large area.

G. Souliotis et al. [19] proposed a voltage reference with low line sensitivity and low
temperature coefficient. The conventional operational amplifier is used instead of the rail-to-rail
operational amplifier, making the circuit simple in design and more compact in the layout. The
large valued external capacitor is not required for the filtering or stability issues. The high supply
voltage requirement, high power consumption, and large area are the main limitations of the

circuit.

The current-mode voltage reference suggested by J. D. Chen et al. [21], uses two-stage
operational amplifiers. The regulated cascode is also used in the circuit to increase the output
impedance and accuracy of the current mirror. The suggested circuit achieves low temperature
coefficient and high PSRR by using the curvature compensation technique and increased gain of
the feedback loop, respectively. However, the circuit has disadvantages of high supply voltage,

high power consumption, and large area.

Z. K. Zhou et al. [25] proposed a CMOS voltage reference by using the mutual temperature

compensation of threshold voltages of NMOS and PMOS transistors. The low temperature
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coefficient of the reference voltage is achieved by using strong inversion MOS transistors. The
high power supply noise attenuation and low line sensitivity are achieved via negative feedback
branches in the proposed design. Since the circuit uses strong inversion MOS transistors, the

power consumption of the circuit is high.

G. Giustolisi et al. [71] suggested a voltage reference circuit based on subthreshold MOS
transistors. The temperature characteristics of gate-to-source voltage of subthreshold MOS
transistor have been used. The PTAT behaviour is generated using two gate-to-source voltages of
subthreshold MOS transistors and a resistor. In contrast, the CTAT behaviour is generated using
a gate-to-source voltage of the subthreshold MOS transistor. The high temperature coefficient,

high supply voltage, and large area are the main limitations of the circuit.

P. Huang et al. [72] proposed a voltage reference circuit using subthreshold MOS transistors and
channel length modulation compensation technique. The channel length modulation
compensation technique is used to enhance the line sensitivity of the reference voltage. But, the
circuit has a high temperature coefficient over a wide temperature range and large area.

H. Luo et al. [73] proposed a subthreshold current-mode voltage reference circuit that uses a
body bias technique to compensate the process-related fluctuations at the reference voltage. The
circuit provides different body bias voltages to the MOS transistors using resistor trimming to
control the threshold voltages of the MOS transistors, thus it compensates the process variations.
This body bias technique also improves the PSRR and line regulation of the circuit. The
limitations of the circuit are high supply voltage requirement, low operating temperature range,

high current consumption, and large area.

The voltage reference presented by A. Tsitouras et al. [74] is based on current-mode topology.
The circuit uses a conventional bandgap core to generate the PTAT current and a voltage to
current converter converts a CTAT voltage into a CTAT current. The addition of these currents
generates a temperature compensated current which is converted to a reference voltage across a
resistor. The circuit also uses two rail-to-rail output stage operational amplifiers to improve the
stability and decrease the supply voltage and process variations. The circuit has high PSRR and
low temperature coefficient over a wide temperature range but it suffers from high supply

voltage requirement, high power consumption, and large area.
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J. Wu et al. [75] proposed a voltage reference circuit with high PSRR. The circuit consists of
MOS transistors, BJTs, resistors, and an error amplifier. In the error amplifier, a local feedback
loop is employed to achieve high gain. The error amplifier and a trimming resistor array are used
to enhance the PSRR of the circuit. The limitations of this circuit are high supply voltage

requirement and low operating temperature range.

Y. W. Zhang et al. [76] presented a voltage reference circuit with low offset voltage. The offset
voltage compensation technique is used in the circuit which is designed by using two feedback
loops and a cross-coupled BJTs structure. The proposed voltage reference has high PSRR and

low temperature coefficient over a wide temperature range but it requires a high supply voltage.

D. Osipov et al. [77] presented a current reference based on a temperature-compensated beta
multiplier circuit. The reference circuit consists of MOS transistors, BJTs, and a resistor. The
temperature coefficient and process variations of the circuit have been improved by using the
compensation technique. The limitations of the circuit are high supply voltage requirement, high

power consumption, and high line sensitivity.

A. Parisi et al. [78] introduced a low power voltage reference circuit based on PTAT current and
CTAT current generators. The first-order temperature compensation is used to provide the
reference voltage which is less sensitive to the temperature. The MOS transistors operating in
the weak inversion region and an operational amplifier are employed in the circuit to achieve low
power consumption and high PSRR. The circuit has a low operating temperature range, high

supply voltage requirement, high line sensitivity, and large area.

L. Wang et al.[79] proposed a current-mode voltage reference circuit in which cascode current
mirrors and a frequency compensation technique are employed to increase the PSRR of the

circuit. However, the circuit occupies a large area.

J. Duan et al. [80] presented a CMOS voltage reference circuit with low power and high PSRR.
The temperature compensation of the reference current is obtained by the current subtracting
technique. The area and power consumption of the circuit are reduced because it uses only MOS
transistors. The cascode current mirrors increase the PSRR of the reported circuit. The circuit has

a low operating temperature range and it requires high supply voltage.
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The voltage reference based on the difference of two similar CTAT behaviours has been
suggested by F. Olivera et al. [81]. The presented circuit provides an adjustable reference voltage
that depends on the value of the output resistance. But, it has the disadvantages of high power

supply requirement, high line sensitivity, and large chip area.

G. C. Huang et al. [82] presented a current-mode voltage reference with a low temperature
coefficient and high PSRR. The proposed circuit uses the complementary loop locking technique
that stabilizes the drain-to-source voltages of the current mirrors to increase PSRR. The reported

circuit consumes more power.

K. Kondo et al. [83] suggested a current-mode voltage reference with low supply and low power
consumption. The self-regulator with adaptive biasing technique is used in the circuit to
minimize the PVT variations of the core reference circuit. The limitations of the circuit are high

temperature coefficient and large area.

Y. Liu et al. [84] presented a voltage reference with low temperature coefficient and high PSRR.
The curvature compensation technique is applied that offers a low temperature coefficient and
high PSRR. But, the main disadvantages of the circuit are the high value of the supply voltage

and high power consumption.

X. Guan et al. [85] proposed a current-mode voltage reference circuit using resistors, BJTs, MOS
transistors, and an operational amplifier. A curvature compensation technique is employed in the
circuit to decrease the sensitivity of reference voltage with temperature variations. But, the

drawbacks of the circuit are high supply voltage requirement and high power consumption.

J. Li et al. [86] suggested a voltage reference circuit in which piecewise curvature-corrected
technique is used to compensate the high-order temperature dependent terms of the reference
voltage. The PTAT current is used to bias the rail-to-rail operational amplifier that provides
negative feedback to the circuit. The circuit achieves low temperature coefficient and high

PSRR at the cost of high supply voltage, high line sensitivity, and high power consumption.

D. F. Bowers et al. [87] presented a curvature compensated CMOS voltage reference circuit. In
the circuit, MOS transistors are used to form a feedback loop and the BJTs are used to generate

the reference voltage. The temperature coefficient is improved by using the curvature
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compensation technique. The limitations of the presented circuit are high supply voltage

requirement, high power consumption, and large area.

B. Ma et al. [88] proposed a voltage reference circuit with a high-order curvature compensation
technique to compensate the temperature dependent nonlinearities. The circuit has two
operational amplifiers operating in the linear amplification state. The circuit has low temperature
coefficient over a wide temperature range and low line sensitivity at the expense of high supply

voltage, high power consumption, and large area.

Q. Duan et al. [89] suggested a CMOS voltage reference that uses a high-order curvature
compensation technique to achieve the low temperature coefficient. In the curvature
compensation technique, two conventional bandgap cores and a curvature corrected circuit are
employed. A low temperature coefficient over a wide temperature range is achieved without
using any trimming circuit. The high supply voltage requirement, high power consumption, low
PSRR, and large area are the limitations of the circuit.

J. Lv et al. [90] proposed a voltage reference in which a high-order curvature compensation
technique is employed to obtain low temperature coefficient. The curvature compensation
technique has been realized using two dual differential input operational amplifiers. The circuit
has a high current driving capability and high PSRR. However, the circuit requires high supply

voltage and a large area.

The current-mode curvature compensated voltage reference has been introduced by P. B. Basyurt
et al. [91]. It uses a non-linear current to further compensate the temperature variations to
achieve a better temperature coefficient. The limitations of the circuit are high supply voltage

requirement, high power consumption, and large area.

C. M. Andreou et al. [92] presented a high-order curvature compensation voltage reference
circuit with low supply voltage, low power consumption, and low temperature coefficient over a
wide temperature range. The performance of the circuit has been improved by combining the
non-linearities of NMOS transistors operating in the subthreshold region with the non-linearities
of two different kinds of poly-silicon resistors. The circuit has low PSRR and a large area.

H. M. Chen et al. [93] proposed a voltage reference in which an adjusted-temperature-curvature
compensation circuit is employed to obtain the low temperature coefficient over a wide

temperature range. The adjusted-temperature-curvature compensation circuit consists of an
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addition circuit, subtraction circuit, and current mirror. The high supply voltage and high power

consumption are the main limitations of the voltage reference circuit.

R. Wang et al. [94] suggested a high precision CMOS voltage reference. The process-insensitive
logarithmic, leakage, and piecewise curvature compensation techniques are used to improve the
temperature coefficient over a wide temperature range. Beta compensation technique is also used
in the circuit to cancel the inaccuracy due to beta variations in the BJTs. The circuit has a high

supply voltage requirement and high power consumption.

L. Liu et al. [95] presented a voltage reference circuit that uses a high-order curvature
compensation technique to improve the temperature coefficient over a wide temperature range.
The circuit employs second-order and third-order curvature current generators with current-to-
voltage converters. All the MOS transistors of the compensation circuit are operated in the
subthreshold region which reduces the quiescent current. The presented voltage reference circuit
has low line sensitivity and high PSRR due to the utilization of cascode structure. However, the
circuit uses a high supply voltage and a large area.

G. Pan et al. [96] proposed a current-mode curvature compensated voltage reference. The
curvature compensation technique compensates non-linear temperature term which is generated
by the voltage difference of two transistors working in the different current states. The proposed
circuit achieves a low temperature coefficient over a wide temperature range at the expense of

high supply voltage, high power consumption, and a large area.

A curvature compensated voltage reference circuit proposed by X. Liu et al. [97] consists of two
first-order voltage references and a subtraction circuit. Temperature characteristics of BJT are
utilized to generate the first-order temperature compensated reference voltages. The circuit has a
low temperature coefficient over a wide temperature range and high PSRR at the expense of

increased power consumption and a large area.

A voltage reference is presented by T. Yan et al. [98] in which a segmented curvature
compensation technique is used to achieve a low temperature coefficient over a wide temperature
range and low power consumption. The circuit has the disadvantages of high supply voltage,

high line sensitivity, and large area.

25



Y. Zhang et al. [99] proposed a voltage reference with a curvature compensation technique to
achieve a low temperature coefficient. In the presented design, the piecewise curvature
compensation and digital trimming techniques are combined to improve the temperature
coefficient, mismatches due to current mirrors, and process variations. The high supply voltage

and large area are the main limitations of the design.

Finally, it can be concluded that the current-mode voltage references based on diodes or BJTs
require a higher power supply and larger chip area than the MOS-based current-mode voltage
references. Therefore, new techniques can be applied in the current-mode voltage references
based on MOS transistors to improve their performance parameters.

2.3 Research gaps identified

Several authors reported the various structures of voltage references and presented their
performances in terms of temperature coefficient, PSRR, area, power, etc. The architectures

proposed in recent years are studied and the following gaps are identified:

e The voltage references composed of diodes or BJTs require high power supply, high
power consumption, and large chip area, which degrade the performance of the circuit.
Therefore, the diode or BJT free voltage references may be investigated.

e The temperature coefficient has been decreased by using several curvature compensation
techniques but the high-order temperature dependent nonlinearities of PTAT and CTAT
voltages in the voltage references resulted in high temperature coefficient, which
decreases the temperature stability of the circuit. So, design techniques may be
investigated that provide high temperature stability over a wide temperature range.

e The PSRR has been increased to suppress the supply voltage variations from the voltage
references at the expense of area and power dissipation. Alternate schemes for improving

PSRR may be investigated.
2.4 Objectives of the proposed work

From the research gaps, the following objectives are formulated:
e To design a voltage reference circuit with high temperature stability over a wide range
of temperature.
e To design a voltage reference circuit with high power supply rejection ratio (PSRR).

e To demonstrate the capability of proposed voltage reference circuit for an application.
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2.5 Research methodology

To achieve the objectives, the following research methodology has been used:

e The specifications required for designing the voltage references for 180 nm CMOS
technology are defined and then the proposed voltage references as per the specifications

have been developed.

e The analyses of the proposed voltage references have been performed to validate the

results.

e The low dropout regulators using proposed voltage references have been presented and
the specifications of these low dropout regulators for 180 nm CMOS technology are also
defined.

e The proposed voltage references and low dropout regulators have been simulated using
Cadence virtuoso analog design environment and their performances have been compared

with the similar circuits available in the literature.
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CHAPTER 3
PROPOSED CMOS VOLTAGE REFERENCES AND THEIR
APPLICATIONS

3.1 Introduction

The voltage references are essential building blocks for analog and mixed-signal circuits which
are widely used in portable devices, computer systems, biomedical electronics, communication
systems, etc. [17, 100-102]. The ever-increasing development of very large-scale integration
(VLSI) circuits also necessitates the need for accurate voltage references. The conventional
voltage references designed using BJTs [16, 29, 34, 103] have been improved continuously in
terms of supply voltage requirement, power consumption, temperature sensitivity, line
sensitivity, and chip area. But, the improvements in supply voltage requirement, power
consumption, output reference voltage, and chip area are not significant as per the demand of
modern VLSI circuits which are designed for portable devices and internet of things (loT)
applications. Thus, to overcome these drawbacks, the current trend is to design CMOS voltage
references based on MOS transistors. In the conventional first-order temperature-compensated
voltage reference, the output reference voltage (Vrer) depends on proportional-to-absolute-
temperature (PTAT) and complementary-to-absolute-temperature (CTAT) voltages [21]. The
effect of temperature variations on the reference voltage is mutually compensated by adding the
weighted sum of PTAT voltage (Verat) and CTAT voltage (Vcrat). But the temperature
sensitivity of the first-order circuit is high, which results in a large temperature coefficient (TC).
Also, the conventional voltage reference provides an output reference voltage of around 1.26 V,
which needs a supply voltage greater than 1.4 V to attain reasonable PSRR [21]. But, for modern
VLSI circuits, these supply and reference voltage values are too high. In conventional voltage
reference, the complexity, power consumption, and area are also increased. Thus, to overcome
the limitations of a conventional voltage reference, it is necessary to design a novel CMOS
voltage reference to enhance its performance at low supply voltage.

In the literature, various voltage references with improved performance have been proposed in
which output reference voltages depend on PTAT and CTAT behaviours [66, 72-73, 78-79, 89,
101, 104-110]. The voltage references [89, 104, 105] use the compensation technique to improve
the temperature coefficient but the supply voltage, output reference voltage, and power
consumption of these circuits are high. S. K. Koh and L. Lee [106] presented a voltage reference

using two temperature-compensation techniques which are based on the resistor-subdivision and
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resistor-less techniques, but the temperature coefficient and the power dissipation of the circuit
are not improved. The voltage reference presented by L. Wang et al. [79] achieves high PSRR by
using a frequency compensation technique and cascode current mirrors but the temperature
coefficient of the circuit is high. H. Luo et al. [73] suggested a voltage reference that uses the
operational amplifiers to increase the accuracy, but the circuit has a high supply voltage
requirement, high-power consumption, and large chip area. The voltage references [72, 78] are
based on MOS transistors operating in the subthreshold region for low power consumption and
less chip area, but the output reference voltages are more sensitive to the temperature variations.
R. Nagulapalli et al. [107] proposed a voltage reference using a modified beta multiplier circuit.
The circuit is operated at low supply voltage, but the values of line sensitivity, temperature
coefficient, and power consumption are high. The voltage references [108-110] use the curvature
compensation techniques to improve the temperature coefficients but these circuits have high
power consumption and high supply voltage requirement. Y. Shi et al. [66] presented a self-
biased voltage reference that uses two types of feedback loops, namely, local negative feedback
loop and global self-biased loop to enhance the PSRR at the expense of high supply voltage and
high power consumption.

In this brief, it can be concluded that most of the designs of voltage references reported in the
literature are based on the addition of PTAT and CTAT behaviours. The PTAT behaviour is
generated by the subtraction of two gate-to-source voltages of MOS transistors operating in
subthreshold region having different aspect ratios with a resistor in the loop while the CTAT
behaviour is generated across the gate-to-source voltage of a MOS transistor operating in a sub-
threshold region. So, the PTAT generator requires a greater number of transistors with complex
circuitry than the CTAT generator. However, the output reference voltage can also be obtained
by the subtraction of two CTAT behaviours. Therefore, the voltage references based on the
addition of PTAT and CTAT behaviours use a large number of transistors and hence they
consume a large chip area and high power. Some of the recently reported designs use subtraction
of two CTAT behaviours to overcome the disadvantages of the topology which was based on the
addition of PTAT and CTAT behaviours [25, 81, 111-112]. Z. K. Zhou et al. [25] proposed a
CMOS voltage reference by applying mutual temperature compensation of N-type and P-type
threshold voltages. Since the circuit uses strong inversion MOS transistors, the power
consumption of the circuit is high. The voltage reference based on the difference of two voltages
having similar CTAT behaviours has been suggested by F. Olivera and A. Petraglia [81]. The

perfectly matched NMOS transistors are used to develop similar CTAT behaviour curves. The
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suggested circuit provides an adjustable reference voltage that depends on the output resistance
value, but it has the disadvantages of high supply voltage requirement, high line sensitivity, and
large chip area. F. Olivera and A. Petraglia [111] presented another voltage reference by using a
computer-aided design approach. The circuit is based on the difference of two similar CTAT
behaviours which are generated by using perfectly matched NMOS transistors. The circuit has
the disadvantages of high supply voltage requirement, high line sensitivity, and large chip area.
C. J. Liang et al. [112] presented a voltage reference in which the difference of two base-to-
emitter voltages of BJTs are combined to generate the reference voltage. The power consumption
of the circuit is low, but the values of line sensitivity, temperature coefficient, and supply voltage
are high.

In this chapter, four different circuits of voltage references namely CMOS voltage reference-I,
CMOS voltage reference-11, CMOS voltage reference-11l, and CMOS voltage reference-I1V are
proposed. The proposed CMOS voltage references | and Il use PTAT and CTAT behaviours to
generate their output reference voltages while proposed CMOS voltage references Il and 1V use
only CTAT behaviours to generate their output reference voltages. The proposed CMOS voltage
references offer various improved performance parameters such as low temperature coefficient,
wide operating temperature range, high PSRR, low line sensitivity, low supply voltage, and low
power consumption. Further, the performances of the proposed voltage references have been
validated using a basic VVLSI circuit of the low dropout voltage regulator (LDO).

This chapter is organized as follows. The circuit descriptions of proposed CMOS voltage
references | and Il are described in section 3.2 while section 3.3 explains the circuit descriptions
of proposed CMOS voltage references Il and V. The analyses of proposed CMOS voltage
references are presented in section 3.4. The design considerations used in the proposed voltage
references are addressed in section 3.5. The trimming circuit for the proposed CMOS voltage
references is explained in section 3.6. Section 3.7 presents the applications of proposed CMOS

voltage references. Finally, the chapter is concluded in section 3.8.
3.2 Proposed CMOS voltage references | and 11

In this section, the circuit descriptions of proposed CMOS voltage references (I and IlI) are

discussed.
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3.2.1 Basic principle

The basic concept employed to design the proposed CMOS voltage references (I and 1) is
depicted in Figure 3.1. The PTAT and CTAT current generators are used to generate PTAT and
CTAT behaviours, respectively which have opposite temperature dependencies and different
slopes. The effect of temperature variations is mutually compensated by the weighted sum of
PTAT and CTAT behaviours to obtain the temperature-compensated current (Irer). Finally, the

current Irer is converted into a temperature-compensated reference voltage (Vrer) by using a

resistor.
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Figure 3.1 The basic principle of proposed CMOS voltage references | and 11
3.2.2 Proposed CMOS voltage reference-I

The proposed CMOS voltage reference-1 shown in Figure 3.2 consists of two similar supply
independent first-order temperature-compensated voltage references (SIFTCVR-1 and

SIFTCVR-II) and a curvature compensation circuit.
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Figure 3.2 Proposed CMOS voltage reference-|
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The proposed SIFTCVR-1 and SIFTCVR-I1 are based on the basic principle discussed in section
3.2.1, in which PTAT and CTAT currents having opposite temperature dependencies are used to
generate first-order temperature-compensated reference currents Irer1 and Irerz, respectively. In
SIFTCVR-I or SIFTCVR-II, only the simple first-order temperature dependent terms are
compensated to reduce the temperature dependency of the output reference current whereas high-
order temperature dependent terms are not compensated. So, a curvature compensation circuit
that compensates the high-order temperature dependent terms by subtracting first-order
temperature-compensated reference currents Iygr; and Ixgp, Of SIFTCVR-1 and SIFTCVR-II,
respectively is used to provide a low temperature coefficient output reference voltage across

resistor Rrer.
3.2.2.1 Supply independent first-order temperature-compensated voltage references

The supply independent first-order temperature-compensated voltage reference-1 (SIFTCVR-I)
uses two resistors (R1 and R2) and sixteen transistors (M1 to M16) which are operating in the
subthreshold region. In the proposed SIFTCVR-I, the supply independent lptat: and lctaTt
currents are generated using negative feedback loops. The transistors M11, M10, M6, M5, M8,
and M9 form a negative feedback loop to generate a supply independent current Iptat1. Also, this
negative feedback ensures equal voltages at nodes Al and B1l. If the voltage of node C1
increases with the increase in the supply voltage, then voltage at node D1 decreases. The
decreased voltage at node D1 increases the voltage at node E1, and finally, this increased voltage
of node E1 will help to decrease the voltage of node C1. So, the voltage at node C1 is constant
and independent of the supply voltage variations, which generates a supply independent current
IptaT1. Similarly, another negative feedback loop formed by transistors M1 to M4 is used to
generate a supply independent current Ictati. As the supply voltage increases, the current Ictat:
will increase, which increases the voltage at node F1. This increased voltage increases the
current in the M4 branch, and the voltage at node G1 will be dropped down. The current IctaT1
will decrease, and the voltage at node F1 will be dropped down. So, the voltage at node F1
remains constant with respect to supply voltage variations, and hence the current IctaT1 flowing
across Ry is also independent of the supply voltage variations. Due to these supply independent
currents lptat: and Icrati, the proposed circuit shows improved line sensitivity and PSRR. But
the addition of the weighted sum of Iprat1 current and Icrat1 current across node H1 gives the

first-order temperature-compensated reference current Irgrs.
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The supply independent first-order temperature-compensated voltage reference-11 (SIFTCVR-I1I)
Is also used in the circuit, which consists of transistors M21 to M36 operating in the subthreshold
region and two resistors (R3 and R4) to generate another first-order temperature-compensated
reference current Irer2. These two supply independent currents Irer1 and Irer2 generated from

SIFTCVR-I and SIFTCVR-II, respectively have the same curvatures with respect to temperature.
3.2.2.2 Curvature compensation circuit

The curvature compensation circuit is developed using transistors M17 to M20 and a resistor
(Rrer). A current mirror formed by transistors M16 to M17 is used to copy the current Irer1. The
current mirrors formed by transistors M18 & M19 and M20 & M36 are used to generate currents
I'rer1 and I'rerz, respectively, at node I. The current I'rer2 is subtracted from I'rer1 to compensate
the high-order temperature dependent terms of gate-to-source voltages (Vess and Vgs31) and a
curvature-compensated output reference voltage is obtained across the resistor Rrer.

The proposed CMOS voltage reference-1 can offer an improved temperature coefficient due to
the high-order curvature compensation technique as compared to first-order temperature-
compensated voltage references available in literature but at the expense of the high supply
voltage requirement, complexity, and increased chip area.

3.2.2.3 Start-up circuit

The start-up circuit [113] for SIFTCVR-I shown in Figure 3.3 (a) is connected at nodes E1 and
C1. It uses transistors Msal-Msa3 and helps the SIFTCVR-I to come out from the zero-current
state. At the beginning of the start-up process, the potential at node C1 is low which will turn ON
transistor Msal and increase the potential at the gate of Msa2. The increased potential at the gate
of Msa2 will turn ON transistor Msa2 and drop down the potential at node E1. The decreased
potential at node E1 helps to flow the currents into the circuit through the transistors M8 and M9.
Finally, when the SIFTCVR-I starts working properly, the start-up circuit turns OFF without
affecting the normal operations. The start-up circuit [113] for SIFTCVR-II is shown in Figure
3.3 (b) which uses transistors Msgl-Msg3. It is connected at nodes E2 and C2. It helps the
SIFTCVR-II to come out from the zero-current state. At the beginning of the start-up process, the
potential at node C2 is low which will turn ON transistor Msgl and increase the potential at the
gate of Msg2. The increased potential at the gate of Msg2 will turn ON transistor Msg2 and drop
down the potential at node E2. The decreased potential at node E2 helps to flow the currents into
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the circuit through the transistors M28 and M29. Finally, when SIFTCVR-II starts working
properly, the start-up circuit turns OFF without affecting the normal operations.

-1 VDD —1 VDD
M, 1 El M k2
C1 C2
| |
MS.-\3 MqAZ MSB3 MSBZ
(a) (b)

Figure 3.3 Start-up circuits [113] for (a) SIFTCVR-I (b) SIFTCVR-II

3.2.3 Proposed CMOS voltage reference-11

The proposed CMOS voltage reference-11 shown in Figure 3.4 is also based on the basic
principle discussed in section 3.2.1, in which output reference voltage is obtained by the addition
of PTAT and CTAT currents across resistor Rrer. The proposed circuit mainly consists of a start-
up circuit, a bias current generator, a self-biased cascode branch, a PTAT and CTAT currents
generator, and a current adder. The proposed CMOS voltage reference-1l overcomes the
limitations of the proposed CMOS voltage reference-I by using only a self-biased cascode branch
to generate both the PTAT and CTAT voltages which makes the circuit simple and area efficient.
The operational amplifiers (OP-AMPS) are used in the negative feedback topology. The negative
feedback makes it possible to set the gain and cut-off frequency to the desired values, thereby
improving their stability and reducing performance variation, part-to-part variation, and
sensitivity to the temperature as well as other environmental parameters. Due to the high gain of
the OP-AMP, the voltage at inverting input terminal is maintained almost equal to the voltage at

the output terminal. The relation of output voltage to the input voltage is expressed as

Vour = G. (Vin — VouT)

(3.2)
where G is the open loop gain of the operational amplifier.
After simplification, the output voltage Vour is obtained as
Vour = VI—Nl (3.2)
1+(g)
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From equation (3.2), it can be seen that the output voltage is equal to the input voltage for high
value of gain G.
The high gain operational amplifiers in the negative feedback loop are used to achieve low line

sensitivity and high PSRR of the proposed CMOS voltage reference-I1.
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Figure 3.4 Proposed CMOS voltage reference-II
3.2.3.1 Start-up circuit

The start-up circuit developed by transistors M1-M5 supports the proposed circuit to come out
from a zero-current state. The gate of transistor M1 is connected to the ground, which will help
to increase the potential at node P, due to which the transistor M3 turns ON. The turned ON
transistor M3 decreases the potential at node G1, which will provide the current in the circuit
through the transistors M10 and M11. Finally, the circuit starts working properly and the well-
conducted transistor M4 will drop down the potential at node P. So, the transistor M3 enters into
the cut-off region and the start-up circuit is turned OFF.

3.2.3.2 Bias current generator

The bias current generator block consists of transistors M6-M9 is employed to generate the bias

currents lp1 and ly2 for the operational amplifiers OP-AMP1 and OP-AMP2, respectively.
3.2.3.3 Self-biased cascode branch

The self-biased cascode branch using transistors M12 and M13 generates the PTAT and CTAT
voltages at nodes A and C, respectively. The transistors M12 and M13 are operating in the
subthreshold region.

36



3.2.3.4 PTAT and CTAT currents generator

PTAT current generator uses transistors M10 and M11, a resistor Ry, and an operational
amplifier OP-AMP1 to generate the current Iptat while CTAT current generator uses a transistor
M14, a resistor Rz, and an operational amplifier OP-AMP2 to generate the current lctat. The
OP-AMP1 with transistor M10 forms a negative feedback loop that maintains the equal potential
at nodes A and B. Hence, the potential at node B and the current flowing through transistor M10
have PTAT behaviours. The OP-AMP2 with transistor M14 forms a negative feedback loop that
maintains the equal potential at nodes C and D. Hence, the potential at node D and the current
flowing through transistor M14 have CTAT behaviours.

The circuit diagrams of operational amplifiers namely OP-AMP1 and OP-AMP2 [4], which are
used in the negative feedback loop to improve the line sensitivity and PSRR are shown in
Figures 3.5 and 3.6, respectively. In OP-AMP1, PMOS transistors are used to design the
differential pair. Due to the low voltage at node A in the proposed design, PMOS transistor-
based differential amplifier is required which can be effectively operated at the low voltage. In
OP-AMP2, the NMOS transistors are used to design the differential pair. The high voltage at
node C makes the NMOS transistors-based differential amplifier a good choice as the NMOS
transistors are effectively operated at the high voltage.
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Figure 3.5 OP-AMP1 [4]
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Figure 3.6 OP-AMP2 [4]

3.2.3.5 Current adder

The current adder circuit uses transistors M15-M16 and a resistor (Rrer). The transistor M15
copies the PTAT current (lptat) from transistor M10 with a scaling factor of ‘o’ and the
transistor M16 copies the CTAT current (Ictar) from transistor M14 with a scaling factor of ‘B’.
To obtain a constant reference current Irer, the currents a.lptat and B.Ictar are added at node F.

The reference voltage Vrer is generated across resistor Rrer by the reference current Irer.

In the proposed CMOS voltage references | and 11, the output reference voltages are obtained by
the addition of PTAT and CTAT behaviours [66, 72-73, 78-79, 89, 101, 104-110]. In both of the
proposed circuits, the PTAT behaviours have been generated by the subtraction of two gate-to-
source voltages of MOS transistors operating in the sub-threshold regions with the resistor in the
loop while the CTAT behaviours have been generated across the gate-to-source voltage of the
MOS transistor operating in the sub-threshold region. So, the PTAT generators require more
transistors with complex circuitries than the CTAT generators and therefore it is evident that the
reference voltage generators which are based on the addition of PTAT and CTAT behaviours use
a large number of transistors. Hence, this technique does not offer much improvement in the
circuit's complexity, power consumption, and chip area. To overcome these limitations, the
CTAT-CTAT technique that uses less number of transistors has been employed to design the
proposed CMOS voltage references 111 and 1V.
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3.3 Proposed CMOS voltage references 111 and 1V

In this section, the circuit descriptions of proposed CMOS voltage references (111 and V) are

described.
3.3.1 Basic principle

The basic concept used to design the proposed CMOS voltage references (Il and 1V) is
illustrated in Figure 3.7. Two CTAT current generators (I and 11) provide two currents (lctat:
and Ictat2) which have different slopes but similar temperature dependencies. The current Ictat2
is multiplied by a constant ‘N’ and hence, a current N.Ictat2 IS Obtained, whose temperature
slope is equal to the temperature slope of the current Ictart1. Thereafter, the current N.lctat2 IS
subtracted from lcrat1 using a current subtractor, which results in a temperature independent
reference current (Irer) due to the cancellation of the same temperature dependence behaviour of
the currents. The temperature-compensated current Irer iS converted into a temperature-

compensated reference voltage (Vrer) by using a resistor.

I
CTAT current Temp. (T)— REF
generator-I —>Ieram

Subtractor

Current (I) —»

CTAT current| — py. ..o
generator-I1

—

Temp. (T) ——»

[( TAT2

Temp. (T);- Temp. (T)—=
Figure 3.7 Basic principle of the proposed CMOS voltage references 11l and 1V
3.3.2 Proposed CMOS voltage reference-111

The proposed CMOS voltage reference-111 shown in Figure 3.8 is based on the CTAT-CTAT
technique that offers various advantages in terms of circuit simplicity, power consumption, and
area[114]. It is designed using two supply independent CTAT generators (SICG-1 & SICG-II)
and a current subtractor. The supply independent CTAT generator consists of cascode current
mirrors and a negative feedback loop that opposes the change in the CTAT current with the

change in the supply voltage. The SICG-1 and SICG-II generate two currents (Ictatz and lctat?)
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which have different slopes but similar temperature dependencies. The current lctat2 IS
multiplied by a constant N and hence, a current N.lctaT2 is obtained, whose temperature slope is

equal to the temperature slope of the current lctaT1.
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Figure 3.8 Proposed CMOS voltage reference-ll1

After that, a current subtractor is used to subtract N.lctat2 from lctaT1, Which results in a
temperature independent reference current (Irer) due to the cancellation of the same temperature
dependence behaviour of the currents. Finally, the temperature-compensated current Irer is

converted into a temperature-compensated reference voltage (Vrer) using a resistor (Rre).
3.3.2.1 Supply independent CTAT generator

The supply independent CTAT generator-1 (SICG-I) consists of transistors M1-M8 and a resistor
(R1). The transistor M1 is operating in the subthreshold region and it generates the current Icrat:
across the resistor (R1). The transistors M1, M2, M3, and M5 form negative feedback in the
circuit that opposes any change in the value of the current lctat1 and hence, an independent of
supply voltage variations current lctat1 can be achieved. As the supply voltage increases, the
current Ictatz will increase, which increases the voltage at node A. This increased voltage
increases the current in the M1 branch and thus, the voltage at node B will be dropped down.
This dropped voltage at node B decreases the current in the M2 branch, due to which the voltage
at node C will increase. Finally, this increased voltage at node C will help to decrease the current

lcTaTI.
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The supply independent CTAT generator-Il1 (SICG-I11) consists of transistors M15-M22 and a
resistor (R2). The transistor M15 operates in the subthreshold region and generates a current
IctaT2 across the resistor (R2). The transistors M15, M16, M17, and M19 of SICG-II form
negative feedback in the circuit that opposes the change in the value of current Ictat2 and hence,
a current Ictar2 that is also independent of supply voltage variations can be achieved. The
cascode current mirrors are used in the proposed circuit to improve the line sensitivity and
PSRR.

3.3.2.2 Current subtractor

The transistors M9-M14 and a resistor (Rrer) form a current subtractor that generates a reference
current Irer. The current Ictat: is copied from SICG-I using cascode current mirror formed by
transistors M9 and M10, whereas the current Ictat2 of SICG-II is mirrored through cascode
current mirror formed by transistors M1land M12. The current Ictat2 is multiplied by a constant
‘N’ using the current mirror formed by transistors M13 and M14. At node G, the current N.Ictat2
is subtracted from IctaTi1 to obtain a constant reference current Irer. Finally, the current Irer is

used to generate the output reference voltage Vrer across resistor Rrer.
3.3.2.3 Start-up circuit

The start-up circuit [113] for SICG-1 shown in Figure 3.9 (a) is connected at nodes B and H. It
uses transistors Msal-Msa3 and helps the SICG-1 to come out from the zero-current state. At the
beginning of the start-up process, the potential at node B is low which will turn ON transistor
Msal and increase the potential at the gate of Msa2. The increased potential at the gate of Msa2
will turn ON transistor Msa2 and drop down the potential at node H. The decreased potential at
node H helps to flow the currents into the circuit through the transistors M6 and M7. Finally,
when the SICG-I starts working properly, the start-up circuit turns OFF without affecting the
normal operations. The start-up circuit [113] for SICG-II is shown in Figure 3.9 (b) which uses
transistors Msg1-Msg3. It is connected at nodes E and I. It helps the SICG-II to come out from
the zero-current state. At the beginning of the start-up process, the potential at node E is low
which will turn ON transistor Msgl and increase the potential at the gate of Msg2. The increased
potential at the gate of Msg2 will turn ON transistor Msg2 and drop down the potential at node I.
The decreased potential (at node 1) helps to flow the currents into the circuit through the
transistors M20 and M21. Finally, when the SICG-II starts working properly, the start-up circuit

turns OFF without affecting the normal operations.
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The proposed CMOS voltage reference-111 uses a reduced number of transistors with less
complexity as compared to the proposed CMOS voltage reference-I and Il. However, as per the
demand of modern VLSI, the proposed CMOS voltage reference-Ill requires further

improvements in the line sensitivity and PSRR.
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Figure 3.9 Start-up circuits [113] for (a) SICG-I (b) SICG-II
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3.3.3 Proposed CMOS voltage reference-1V

To achieve low line sensitivity and high PSRR, another circuit of voltage reference named
CMOS voltage reference-1V is proposed. The proposed CMOS voltage reference-1V shown in
Figure 3.10 is also based on the subtraction of two CTAT behaviours having similar temperature
dependencies. A beta-multiplier is used in the proposed CMOS voltage reference-1V to generate
two CTAT voltages. These CTAT voltages are converted into CTAT currents by using two
operational amplifiers in the negative feedback loop to achieve low line sensitivity and high
PSRR. The proposed voltage reference-1V uses a start-up circuit, a bias current generator, a beta-
multiplier circuit, two CTAT currents generators (CCG-1 and CCG-11), and a current subtractor.

3.3.3.1 Start-up circuit

The start-up circuit [113] developed using transistors M1-M3 helps the proposed circuit to come
out from the zero-current state. At the beginning of the start-up process, the potential at node E is
low which will turn ON transistor M1 and increase the potential at node C. The increased
potential at node C will turn ON transistor M2 and drop down the potential at node D. The
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decreased potential at node D helps to flow the currents into the circuit through the transistors
M9 and M11. Finally, the proposed circuit starts working properly and the start-up circuit turns

OFF without affecting the normal operation of the circuit.
3.3.3.2 Bias current generator

The bias currents Ipiasz and lpias2 for the operational amplifiers OP-AMP1' and OP-AMP2',
respectively are generated from the bias current generator block, which consists of transistors
M4-M7.

Figure 3.10 Proposed CMOS voltage reference-1V

3.3.3.3 Beta-multiplier circuit

The standard beta-multiplier circuit [115] consists of transistors M9-M12 and a resistor Rg. It is
used to generate the CTAT voltages at nodes A and E. The transistors M9 and M11 form a
current mirror that provides the same current through transistors M10 and M12. The transistors
M10 and M12 are operating in the subthreshold region. These transistors generate the CTAT

behaviours at nodes A and E due to their exponential current-voltage relationships.
3.3.3.4 CTAT currents generators

The CTAT currents generators CCG-1 and CCG-II are used to generate two CTAT currents lcat1
and Icrare, respectively. The CCG-I consists of an operational amplifier OP-AMP1' [4],
transistor M8 and resistor R1. The CCG-I1I consists of an operational amplifier OP-AMP2' [4],
transistor M13, and resistor R>. The circuit diagram of the OP-AMP1' and OP-AMP2' is shown
in Figure 3.5. A negative feedback loop formed by OP-AMP1' and transistor M8 provides an
equal voltage at nodes A and B. The voltage at node A has CTAT behaviour due to the gate-to-

source voltage (Ves,12) of transistor M12 working in the subthreshold region and hence, the
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voltage with CTAT behaviour can also be achieved at node B. The resistor R1 at node B converts
the CTAT voltage into a CTAT current lctati. The operational amplifier OP-AMP2' and
transistor M13 form a negative feedback loop that provides an equal voltage at nodes E and F.
The voltage at node E has CTAT behaviour due to the gate-to-source voltage (Ves10) of
transistor M10 working in the subthreshold region and hence, the voltage with CTAT behaviour
can also be obtained at node F. The resistor R, at node F converts the CTAT voltage into a

CTAT current lctaT2.
3.3.3.5 Current subtractor

The current subtractor circuit uses transistors M14-M17 and a resistor Rrer. The current Ictat: IS
copied from transistor M8 to M14 with a scaling factor of a; while current Ictat2 is copied from
transistor M13 to M17 with a scaling factor of a,. The currents ay.lctat1 and ay.lctaT2 are
subtracted at node G' to obtain a constant reference current Irer. Thereafter, the reference current

Irer is converted into a reference voltage Vrer across the resistor Rrer.
3.4 Analysis of proposed CMOS voltage references

The analyses of all of the proposed CMOS voltage references (I, Il, 111, and V) have been

presented in this section.
3.4.1 Analysis of proposed CMOS voltage reference-I

This section includes the output reference voltage expression of the proposed CMOS voltage
reference-1 (Figure 3.2) and minimum temperature coefficient conditions of supply independent
first-order temperature-compensated voltage references (SIFTCVR-1 and SIFTCVR-II). To
improve the temperature sensitivity of the proposed CMOS voltage reference-1, a high-order

curvature compensation technique has also been employed.
3.4.1.1 Output reference voltage

In the proposed CMOS voltage reference-I, the transistors M12 and M13 of supply independent
first-order temperature-compensated voltage reference-1 (SIFTCVR-I) are operating in the
subthreshold region and due to the equal voltages at nodes Al and B1, the relation between gate-

to-source voltages Vesi2 and Vesis is given as

Vas13=VasizthiaR, (3.3)
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Since the voltages Vpsi2 and Vpsi13 are greater than 4V, the gate-to-source voltages Vesi2 and
Vasi13 of transistors M12 and M13, respectively can be expressed using equation (1.3) as

Ly,
VGSIZZVTH12+nVTln< >
1Cor(W/L) 2 (- 1) V3 (34)

Li3
Vasi3=VraizmVrin < > (3.5)
MCOX(W/L) 13 (ﬂ'l)V%

Substituting the values of Vgsi2 and Ves1z from equations (3.4) and (3.5) in equation (3.3), the

current l12 is obtained as

Vgsi13.V nv (W/L)
_Vesi3-Vasiz MV, < 2) (3.6)

1,= n
2 R, R, (W/L)13

where (W/L),, and (W /L) are the aspect ratios of transistors M12 and M13, respectively.
From equation (3.6), it is evident that the current Iprat1 is directly proportional to the thermal
voltage V1 and independent of power supply variations.

From Figure 3.2, the current Ictar1 can be expressed as

Vs
IetaTi= R, (3.7)

From equation (3.7), it can be seen that current Ictat1 depends on the gate-to-source voltage of
transistor M4 working in the subthreshold region.

The currents 114 and 15 are expressed as
((W/L)4
Li4= W/L)s IpraTi (3.8)
(W/L)15>
Is=|——]1 3.8
15 < (W/L)2 CTATI1 ( )
where (W/L),, (W/L)o, (W/L)4, and (W/L),s are the aspect ratios of transistors M2, M9,

M14 and M15, respectively.
Applying KCL at node H1, the reference current (Irer1) of the SIFTCVR-1 is obtained as

(W/L)14 (W/L)1s

IREF]ZIMHls:m PTATlJFWL)ZICTATl (3.10)
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Substituting the values of Iptat1 and lctat1 from equations (3.6) and (3.7) in equation (3.10), the

current Irer1 IS expressed as

I :<(W/L)14> nVr In ((W/L)12>+ <(W/L)15>VGS4
REFE\ (W/L)o ) R, (W/L)y3 (W/L), ) Ry

(3.11)

Since the thermal voltage (V) possesses PTAT behaviour and gate-to-source voltage (Vess) has
CTAT behaviour then these PTAT and CTAT behaviours can be cancelled out to achieve first-
order temperature-compensated reference current by choosing appropriate values of resistances
and aspect ratios of transistors.

Similarly, the current Irer2 of the SIFTCVR-11 can be expressed as

T <(W/L)35> NV In ((W/L)22> N <(W/L)34> Vas3i
RERZZ\(W/L) 2 ) Rs (W/L)y, (W/L)s3) Ry

(3.12)

Since thermal voltage (V1) possesses PTAT behaviour and gate-to-source voltage (Vess1) has
CTAT behaviour, these PTAT and CTAT behaviours can be cancelled out to achieve first-order
temperature-compensated reference current by choosing appropriate values of resistances and
aspect ratios of transistors.

Now, the high-order curvature-compensated reference current Irer can be obtained using a

curvature compensation circuit formed by transistors M17-M20. The current Irer is expressed as

IREF:I REFI -1 REF2 (3 13)

The current Ixgg; across transistor M19 is given as

o ((W/L)1o) ((W/L)yy
IRep1= <(W/L)18> <(W/L)16> IREF1 (3.14)

where (W/L) s, (W/L);7, (W/L),g and (W/L),, are the aspect ratios of transistors M16, M17,
M18 and M19, respectively.

Substituting the value of Irer1 from equation (3.11) in equation (3.14), the current Iggg, iS

modified as
T ((W/L)w) ((W/L)n) <(W/L)14> nVr In ((W/L)m) N
REFEA(W/L) 15/ \(W/L) 16/ \ (W/L)g ) R, — \(W/L),3
(W/L) 1o\ ((W/L)17\ ((W/L)15\ (Vasa
<<W/L>18) <(W/L)16> ( W/D) ) ( R, ) (3.15)
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The current Izgg; can also be written as

I T N, +B. 5 3.16
REF1~ (llR—z NINREF1 Bl R, (3.16)
_((W/D)19 ((W/L)17 ((W/L)14
where = ((W/Lng) ((W/L)lﬁ) ((W/L)9 )
_ (WV/Dio\ ((W/L)i7 ((W/L)1s _(W/D»
Bi= ((W/L)lg) ((W/L)m) ((W/L)z)’ and Ny ((W/L)lg)
The current Ixgg, across transistor M20 can be written as
(W/L)20>
I I 3.17
REF2™ ((W/L):;é REF2 ( )

where (W/L),, and (W/L);¢ are the aspect ratios of transistors M20 and M36, respectively.
Substituting the value of Irer. from equation (3.12) in equation (3.17), current Iggg, is modified

as

~\(W/L)3s/ \(W/L)y9 (W/L)y

<(W/ L)zo) <(W/ L)34> Vas3i
(W/L)36) \(W/L)33

. <(W/L)20> <(W/L)35> nVr | <(W/L)22>
REF2 1 +

R, (3.18)

The current Izgg, can also be written as

' V1 Vassi
I =0, — InN +B, —— 3.19
REF2~ 02 R, N NREF2 Bz R, ( )

where o (i752) () o () () ond e (575

By substituting the values of Iygr; and Ixgg, from equations (3.15) and (3.18) in equation (3.13),

the current Irer is obtained as

((W/L)w) <(W/L)17) <(W/L)14> T]VTl ((W/L)u) N

R\ W/D) s/ \(W/D) e/ \(W/D)s ) Ry \(W/D)15
((W/L)w) ((W/L)n) ((W/L)15> VGS4> )
(W/L)15) \(W/L)y5/ \ (W/L),
((W/L)zo) ((W/L)ss) nVT <(W/L)22>
(W/L)36) \(W/L)2/ Rs (W/L)y
((W/L)zo> ((W/L)34> GS31
(W/Dss) \(W/D5s) R, (3:20)
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Using equation (3.20), the high-order curvature-compensated output reference voltage (Vrer)
across the resistor (Rrer) is expressed as

VREF=(I'REF1 'IVREFZ)RREF=IREFRREF (3.21)

From equation (3.21), it is clear that output reference voltage (Vrer) with a low temperature
coefficient is obtained using a curvature compensation circuit by eliminating the higher-order

temperature dependent terms.
3.4.1.2 Conditions for minimum temperature coefficients of SIFTCVRs

In the SIFTCVR-I of the proposed CMOS voltage reference-I, the condition for minimum
temperature coefficient can be obtained by differentiating the output reference current of the
SIFTCVR-I with respect to temperature and equating it to zero. Therefore, by differentiating the
equation (3.11) with respect to temperature and equating it to zero, we have

oVr, ((W/L) oV,
Olger1 _ (W/L)14 n' aTT In ((W/L)ﬁ) N (W/L)s 8%84 0 (3.22)
oT  (W/L)g Ry (W/L), R,
Equation (3.22) can be written as
oVr, ((W/L) oV,
(W/L);, " a7 In ((W/L)iz) _(W/D)s- il (3.23)
(W/L), Ry (W/L), R,

After simplification, the condition for the minimum temperature coefficient of SIFTCVR-I is

obtained as
oV
Ri_(W/L)is (W/L)o ot -
R, (W/L), (W/L)y 'n.ln (ngi%lz) 5(;{; (3.24)
13

Similarly, the condition for the minimum temperature coefficient of SIFTCVR-I11 is expressed as

_OVgssi
Ry _ (W/L)3s (W/L)y9 oT 395
R V700 T/Ds”, 1 (/) 20y (3.25)
21

Equations (3.24) and (3.25) give the relations between resistors, aspect ratios of MOS transistors

and technology-dependent parameters to obtain the minimum temperature coefficient (TC) for
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SIFTCVR-I and SIFTCVR-II, respectively. The technology-dependent parameters 1, V1 and Vs
are fixed for the particular technology while resistors and the aspect ratios of transistors are the
only free variables that can be selected during circuit designing to attain the minimum TC. But,
the high-order temperature dependent terms are not compensated in SIFTCVR-1 and SIFTCVR-
Il. Therefore, to achieve low temperature sensitivity, a high-order curvature compensation
technique is employed in the proposed CMOS voltage reference-1 for the cancellation of high-

order temperature dependent terms.

3.4.1.3 Temperature stability improvement using a high-order curvature compensation
technique

In the high-order curvature compensation technique introduced in the proposed CMOS voltage
reference-1, it is necessary that the derivatives of currents Izgr; and Ipgp, With respect to

REF1
oT

temperature (i.e. 22 angd al‘;“ ) must be equal at a minimum of two points to achieve high-

order curvature compensation so that alf‘;% becomes zero at two points [24]. These two points are

used to obtain the minimum and maximum values of the current Irer.
From equations (3.15) and (3.18), it is clear that the currents Ixgg, and Izgr, depend on the gate-
to-source voltages Vess and Ves3i, respectively. Since the voltages Vpss and Vps31 are greater
than 4V, the gate-to-source voltages Vess and Ves31 can be expressed in equations (3.26) and
(3.27), respectively using equation (1.3).
lLg’

2 2mr2-m

HOTO Coxw(n'l)k T

Vsa=VutVr 1n< ) =VrrmVr (In(A)-(2-m) In(T)) (3.26)

IisLq®
1o To’ Cox W(n-DKT>™

Vis31=VmatnVr In < ) = VoV (In(Ay)-(2-m) In(T)) (3.27)

I1gLq”
1o To*Cox W(n-DK*’

ToLq?

where Aj=——————
D 1T Coa W DI

and A,=

However, for appropriate design, the gate-to-source voltage relation can be expressed as a
function of reference temperature (T;). Using equation (3.26), the gate-to-source voltage Vgss at
the reference temperature (Ty) is given as [116].

Vasa(TD=Vu(T)Vr, (In(A})-(2-m) In(T,)) (3.28)
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where Vgsa(Tr) is the gate-to-source voltage of transistor M4 at the reference temperature T, V1r
is the thermal voltage at the reference temperature T, and Vtw(T:) is the threshold voltage at a
reference temperature T,.

From equation (3.28), the constant In(A ) at reference temperature (T) is defined as

Vasa(T)+2-m)nV In(T,)-Voy (T,)

In(A))= 3.29
1 iy (3.29)
Using equations (3.26) and (3.29), the gate-to-source voltage Vgss is expressed as
V1 T
Vesa=Vrut Vo (Vasa(T)-Viu(T))-(2-m)Vyin <?> (3.30)
Similarly, the gate-to-source voltage Vesaz is given as
Vo T
Vgs31=Vrut Vo (V31 (T)-Vru(T,))-(2-m) Vyln (?) (3.31)
r T

Using Taylor series expansion, the logarithmic terms of equations (3.30) and (3.31) can be
expanded for the cancellation of linear as well as high-order temperature dependent terms to

obtain a high-order curvature-compensated reference voltage.

Now, the Taylor series expansion of the logarithmic term (T In (Tl)) can be written as

T

T (T'Tr)2 (T'Tr)3 (T'Tr)n
T1n(i)—bo+b](T.Tr)+b2 ST b Tt (3.32)
Es Tln(l))
where bi=<—Tr (1=1,2,3, ...... , .

aT!

Using equations (3.30), (3.31) and (3.32), gate-to-source voltages Vess and Vesa1 for third-order
polynomials (it is important to mention that these higher-order terms like T2, T3, .....etc., will
also affect the lower-order terms since the expansion is done about temperature T;, e.g., (T-

T.)3=T>-T.>-3T>T,+3TT?) are obtained as

T T nk
Vgsa=Vut T Vasa(T))- T Vru(T)+ q (m-2)(by+b; T-b; T, +
2 2

r by 3 by _3b3 , by
—+b —-b, TT,+—=T-—=T,-=T°T,+=TT
by b22b2 Fe e -5 Tt T (3.33)
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T T
Vas3i VTH+T Vs (To)- VTH(Tr)+ (m 2)(by+b, T-b; T, +

2 2

b ——+b-—~b’FT+b .2 T3-93T”r+PiTT2) (3.34)
22,2 2 6 6 " 2 277 '

Substituting the values of Vess and Vesa: from (3.32) and (3.34) in (3.16) and (3.19),

respectively, the currents I ggr; and I ggp, are obtained as

I‘REF1=T3 E_ll (tﬁ (m-2) nq ) +12 L Bl [nk (m-2) (%- %T )] +

6
B, [Vasa(Ty) Vu(T,) T]k
R (o

b3 2 (X]le
szr'i‘?Tr ) B RZ lnNREFl -kT

T b
El [VTH(T0)+—(m 2) <b0'b Tetby — -gTﬁﬂ (3.35)

B, /bs nk B nk b, bs
=732 )— )+ 2_2[ m- (___T>]+
IREFz T R4<6( m-2) q) T R m-2) 2 2

B, [Vass1 (T Vu(T)) 0
TR_i[ T ) (o

b o, Ryk
2 >+ i In Nggpo- kg |+

T+ =T,

by

12
b, lVTH(TO)+_(m 2) (bo b, T +b2 2 e 3)] (3.36)

Ry

Now, substituting the values of I'rgr; and Irgp, from equations (3.35) and (3.36) in equation

(3.13), the high-order curvature-compensated current (Irer) is given as
Irer = (A3,REF1‘A3,REF2)T3+(A2,REF1'AZ,REFZ)T2+(A1,REF1' Al,REF2)T1+(A0,REF1'AO,REFz) (3.37)

where

B k T b
Ao REFI= R_Iu [VTH (To)+ % (m-2) (bO'bl Titby —-- f Tr3)],

Ao rER2= o [VTH(T0)+ (m-2) (bo-b T +b2T -ET )],

51



B, [Vasa(Ty) Vu(Ty) | mk b Rk
AI,REFIZR_II GSTt - H;r +%(m-2) (bl'szr+73Tr2) Bi lnNREFl'kT]

A| REF2™ % VGS;i(Tr) - VTI;ETY) + % (m-2) (b1 -b, T, + 132_3 Trz) gj?k In Nggpo ‘kT]

AZ,REF1=E_11 E( m-2) (b—z'b—3T )]

AZ,REFZZI[Z _g( m-2) (—2'—T )]
A3,REF1:I§_11 (% (m-2) %), and

A3 RER2™ ( (m-2) > )

The first-order and second-order derivatives of current Irer can be expressed in equations (3.38)

and (3.39), respectively.

OIRgF
T =3 (A3,REF1‘A3,REF2)T2+2(A2,REF1‘AZ,REFZ)T"_(ALREF{ A} rEF2) (3.38)
821REF _ (3 39)
T2 =6(As rEr1 'A3,REF2)T+2(A2,REF1 -As REF2) '

By choosing appropriate values of resistances and aspect ratios of transistors used in the
proposed CMOS voltage reference-I, the coefficients Airerr and Airer2 (i= 0 to 3) can be
cancelled out and Olrer/0T becomes zero at two points. The current Irer Will have minimum and
maximum values at these two points and the turning point where the Irer changes from minimum
to the maximum value is obtained by setting d°lrer/0T? equals to zero. By choosing appropriate
values of resistances and aspect ratios of transistors, the coefficients (Aireri- Airer2)|i=1,23
become zero and hence temperature dependent terms of equation (3.37) are cancelled out. The

high-order curvature-compensated reference current is obtained as
Irer= (AO,REFI -Ao rEF2) (3.40)

Using equations (3.21) and (3.40), the curvature-compensated output reference voltage (Vrer) of

the proposed CMOS voltage reference-1 is given as
Vrer= (A rgr; ~AorEF2)RREF (3.41)

From equation (3.41), it can be seen that the higher-order temperature dependent terms are

eliminated and a less temperature-sensitive output reference voltage is obtained.
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3.4.2 Analysis of proposed CMOS voltage reference-11

This section presents the output reference voltage expression and minimum temperature

coefficient condition of the proposed CMOS voltage reference-II.
3.4.2.1 Output reference voltage

In the proposed CMOS voltage reference-I1 (Figure 3.4), the PTAT voltage (VrraT) across node
A is generated by using the transistors M12 and M13 operating in the subthreshold region.
Since the voltages Vpsi2 and Vps13 are greater than 4V, the gate-to-source voltages Vesi2 and

Vs13 can be written using equation (1.3) as

Ipsiz )
Vv =V V+ In
asim (ucox(W/Lm(n-l)v% (342)

Ipsiz
Vgs13=Vra™mVrIn ( ) (3.43)
uCo (W/L)5(n-1) V7

The voltage at node A is expressed as
Va=Vassi13-Vaesiz (3.44)

Substituting the values of Ves12 and Vesiz from equations (3.42) and (3.43) in equation (3.44),

the voltage at node A (Va) is obtained as

VA:T]VT ln(N) (345)
(D).,
.
(),

Now, OP-AMP1 with transistor M10 makes the negative feedback loop which results in equal

where N=

potential at nodes A and B. Therefore, we can write
VA:T]VT ln(N) :VB (346)

From equation (3.46), it is observed that the voltages Va and Vg are directly proportional to the
thermal voltage, which confirms their PTAT behaviour.

The PTAT current Iptat flowing through resistor Ry is expressed as

Vg nVtIn(N)
I -1 7 3.47
PTATT R R, (3.47)
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The potential at node C has CTAT behaviour due to the gate-to-source voltage of subthreshold
transistor M13. The potentials at nodes C and D become equal due to the negative feedback
formed by OP-AMP2 and M14, which is expressed as

Vc=Vp=Vasi3=Verat (3.48)
The CTAT current Ictat flowing through resistor Rz is expressed as

Vb Vasis
ICTAT:R_2: R, (3.49)

The currents 135 and l16 can be expressed as

Iis=o.IpraT (3.50)

Lig=B.IctaT (3.51)

©)

w
(L)ls and B=52 .

©) (©),4

The current adder circuit is used to add PTAT and CTAT currents to obtain reference current

where o=

Irer. By applying KCL at node F, the reference current Irer is obtained as
Irer=li5tTie=0Iprart B-leTAT (3.52)

Substituting the values of currents lptat and lctat from equations (3.47) and (3.49), respectively

in equation (3.52), the current Irer is expressed as

NVt In(N) VGsi3
= + )
IREF Q. 1 B ; (3 53)

The output reference voltage Vrer across the resistor (Rrer) is given as
VRrEF=RREF-IREF (3.54)

Substituting the value of Irer from equation (3.53) in equation (3.54), the output reference

voltage Vrer at node F is obtained as

nVrIn(N) B VGS]3> (3.55)

Vier=Rgpr. | o.
REF~RREF <0€ R, R,

From equation (3.55), it is clear that the first term of the equation possesses a PTAT behaviour
due to thermal voltage (V) and the second term possesses CTAT behaviour due to gate-to-

source voltage (Ves13). These PTAT and CTAT behaviours can be neutralized by selecting the
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appropriate values of a, B, N, R1, Rz, and Rrer. The resistance Rrer can also be reduced to keep

the layout compact with the help of o and f.

3.4.2.2 Condition for minimum temperature coefficient of proposed CMOS voltage

reference-11

The condition for minimum temperature coefficient can be obtained by differentiating the output
reference voltage with respect to temperature and equating it to zero. Hence, by differentiating

equation (3.55) with respect to temperature and equating it to zero, we get

aVT 6\/GSB
OVREF N7 In(N) oT
= | a. + B. = 3.56
o Rwer-| & b=, |7 (3.56)
Equation (3.56) can be written as
oV OVasi3
Q“WIH(N):B "ot (3.57)
: R TR,

After simplification, the condition for the minimum temperature coefficient is obtained as

oV
R, oM. In(N) O_TT

R, -OVgs13
B—1

(3.58)

Equation (3.58) gives the relation between resistors (R1 and Ry2), ratios (a, B, and N) of aspect
ratios, and technology-dependent parameters (1, V1 and Ves13) to obtain the minimum TC. The
equation shows that the resistors and ratios of aspect ratios are the only free variables that can be

selected properly during the circuit designing.

3.4.3 Analysis of proposed CMOS voltage reference-111
This section addresses the output reference voltage expression and minimum temperature

coefficient condition of the proposed CMOS voltage reference-llII.

3.4.3.1 Output reference voltage
The current lctat1t of SICG-1 (Figure 3.8) shows CTAT behaviour with the variations in
temperature due to transistor M1 operating in the subthreshold region. The current Ictat: flowing

through the resistance R1 of SICG-1 is expressed as

Vasi
IeraTi= R, (3.59)
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Similarly, Ictat2 flowing through the resistance R> of SICG-I1 is expressed as

Vs
letam™ R3215 (3.60)

From equations (3.59) and (3.60), it can be seen that the currents IctaTi and Icrar2 are directly
proportional to the gate-to-source voltages of the transistors M1 and M15, respectively. These
gate-to-source voltages of subthreshold transistors M1 and M15 decrease with an increase in
temperature as discussed in section 1.2.1.1 of chapter 1. Thus, we can conclude that the currents
lctatt and Ictat2 have the same CTAT behaviours. Also, the currents Ictat: and lcrar2 are
supply independent due to the formation of the negative feedback paths in SICG-I and SICG-II,
respectively.

Substituting the value of Vs from equation (1.3) in equations (3.59) and (3.60), we get

Ipsi
VTH1+nVT1n W
I _ “COX (f)l (T]'I)V% (361)
CTATI R,
Vi Vrln “I;DS” (3.62)
hCo (L), (-DVE |
Ietam= R
2

Since the threshold voltage (V1) and mobility (1) depend on temperature, the equations (3.61)

and (3.62) can be written as

I
(Vrho-kr1. T)Vrln DS1_
Mo (T/Tp)™Cox (f)l (-DVi (3.63)
I -
CTATI =
I
(V1ro-kr15. T)Vrln DS! %V
1o (T/T)™Cox () (VR (3.64)
I - 15
CTAT2 o
2

where VTH=Vtho-kT.T, u=po(T/To)™, VTHo is the threshold voltage at room temperature, k1 is a
temperature parameter of the threshold voltage (lies between 0.5 to 3 mV/°C), Mo is the mobility
at room temperature, m is the mobility temperature exponent (lies between 1.5 to 2), Ips; is the

drain current of transistor M1 and Ipsis is the drain current of transistor M15.
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Using equation (3.64), the current N.IctaT2 can be written as

I
(Vrro-kr15. T Vrln DSI%V
1o(T/To)™Cox (7). _(n-DVE (3.65)
N'ICTAT2=N~ = 15
2

where scaling factor N= ((W/ Dur W/ 1z, W/ L)”) .

(W/L),  (W/L)19  (W/L)13

The current N.IcTaT2 is subtracted from Ictar1 using the current subtractor and the temperature-

compensated reference current Irer is obtained as
IRer=Ilcpari-N-IctaT2 (3.66)
From equation (3.66), the output reference voltage Vrer can be expressed as

Vrer=(lerati-N-etara) -Rpge (3.67)

Substituting the values of Ictat1 and Ictat2 from equations (3.59) and (3.60) in equation (3.67),
the output reference voltage Vrer is obtained as

Vasi . Vasis
Vagr= (2N~ R 3.68
REF- "R R, REF (3.68)
Equation (3.68) can be written as
RRer RREr
Vrer=Vasi- & —"N-Vasis. 7 — (3.69)
1 2

From equation (3.69), it can be seen that the first and second terms of output reference voltage
depend on gate-to-source voltages that have the same CTAT behaviours.
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Using equations (3.62), (3.64) and (3.67), the output reference voltage Vrer can also be
expressed as

Ips RRer
VRer= ((VTHO -kr;. T)+nV1ln W -5
ho(T/To)"Cox (). -1V !

I R
N.| (Vigo-kpis. T)+nVoln Dsf,v -1 I;‘EF
1o (T/T)™Cox (1) _(-DVE | | R
15 (3.70)
Using the value of scaling factor N from equation (3.65), equation (3.70) is modified as
I \ R
Vrer= | (Vruo-kri.T)+Vln DSIW Rk EEF -
ho(T/T)™Coy (), rDVE | | 5
<(W/L)11 y (W/L)1, y (W/L)14>
(W/L)y (W/L)jy (W/L)i3)
I R
((VTHO'kTIS T)MVrin DSI%V e IEE . 3.71)
\ 1o (T/To)™Cox (T)  (-DVE / 2 |

5w () _125W(W) 5 W
15 2L’ \L/y3 9 "LPA\L/yy 9 TL7

SR R;EF =R, and Ky;=Ky;5=K7y then equation (3.71)
1
can be written as

1

4 (Ips1)- ( IDSIS)

VREF= g-(VTHO'kT-T)+nVT In 4| | R (3.72)
W 3

(Tr @/T)mCotrDVE)

From equation (3.72), it is evident that the output reference voltage Vrer depends on the

technology-dependent parameters (Kr, Cox, VTHo, VT, U, and n), the aspect ratio (W/L) of the
transistor, and resistance (R).
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3.4.3.2 Condition for minimum temperature coefficient of proposed CMOS voltage

reference-111

The derivative of the output reference voltage (given in equation (3.70)) with respect to

temperature defines the temperature coefficient (TC) as

/ nkT IDSlq2
a\ a " 1oTo*Cox (1) (DI
TC= OVREF _ a(VTHO'le-T)+ L/ RRer ]
oT oT oT R,
a/ nléT in| — IDs\i;qZ 2 \
Ty Cox | — -k
N a(VTHO'kTIS-T)+ \ Hoto OX(L)ls (n-1) / Ryer (3.73)
' aT aT "R,
k Inei A 1 Nnk | A 1
TC=| kot S| 22 | | — | Nkt —=n | 2352 ) | — (3.74)
q (E) R, q (E) R,
L/, L /s
where A:m and leszISZkT'
N
R, nk Ipsis-A Ipsi-:A | Ry
TC:N-kT-kT-R_l'? ln W -lIl W R_1 (375)
t).) \),
N R
R k 1 A Iper.A
TC=k; (N- —2) SR ISP etk UMY ) (3.76)
i/ q (ﬂ) (ﬂ)
L/is L/,
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R
(1) (0"
R k I T R
TC=kT(N-—2)-n— n| | =285 ) . A4 +ln<AN 2/R1> (3.77)

q \ (%) ) Ipsi

After simplification, the TC is obtained as

AN
(B nk nk bsis. L/,
TC= (N- RI) (kT- - ln(A))- Sln ™ . (3.78)
L 15
The expressions for Ips: and Ipsis can be written as

_(V (W/L); (W/L)4
IDSI_( GSI/RI) , <(W/L)8 . (W/L)5> (3.79)
_(V (W/L)y; (W/L)g 3.80
IDSIS_( GS]S/Rz) ' <(W/L)22 ' (W/L)19> 450

The values of currents Ips: and Ipsis have been substituted in equation (3.78) from equations
(3.79) and (3.80) and then the simplified equation (3.78) is equated to zero to obtain the

condition for minimum temperature coefficient as

52)-SIn(Ry) )
5

)) (3.81)

_ _ (1. _nk _ (W/L);.(W/L)s.(W/L)g __ (W/D)19.(W/L)x»
where Ry=p.R;, B (kT q ln(A))’ o= D A B G D W /D

B.Rfr% R, (In (Vzm) #n (

R k. [V
n GS1

N{B-—1

( q n B

From the equation (3.81), it is clear that po, kT, Cox, and n are technology-dependent parameters,
whereas resistances (R1 and Rz) and the aspect ratios of transistors (M1 and M5) are the only free
variables that can be selected during circuit designing to obtain the condition of minimum

temperature coefficient.
3.4.4 Analysis of proposed CMOS voltage reference-1V

The expressions of the output reference voltage and minimum temperature coefficient condition

of the proposed CMOS voltage reference-1V is presented in this section.
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3.4.4.1 Output reference voltage

In the proposed CMOS voltage reference-1V (Figure 3.10), the CTAT voltages across nodes A
and node E are generated using the transistors M12 and M10, respectively. The transistors M12
and M10 are working in the subthreshold region. Since the drain-to-source voltages Vps 12 and
Vps,10 are greater than 4V, the gate-to-source voltages Vas,12 and Ves 10 Of transistors M12 and

M10, respectively can be expressed as

Ips.i2
Vs, 2=VumVr In 5 (3.82)
(T),, -HCot-DVE
Ips,10
Vas.10=Vra™mVr In (3.83)

(T) | HCox (- DV

The operational amplifier OP-AMP1' and transistor M8 form a negative feedback loop that

provides the equal voltage at nodes A and B, which can be expressed as

_ _ Ips.12 B
Va=Ves=VmtVrin| <5 =Vg (3.84)

(T),, #Cox(n-DV

Similarly, the operational amplifier OP-AMP2' and transistor M13 form a negative feedback

loop that provides the equal voltage at nodes E and F which can be expressed as

_ _ Ips.io B
Ve=Vas10=VuVrin| =5 =Vg (3.85)

(T),, #Cox(n-DV

The current Ictat1 flowing through the resistance R1 of CCG-I is given as

Ve Vas.i2
ICTATIZR_IZ R, (3.86)

Similarly, IctaT2 flowing through the resistance Rz of CCG-I1 is expressed as

Vi Vasio
Ietam™= R, R

(3.87)
2
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The currents Ictat1 and IctaTz are copied to the transistors M14 and M17 and hence, the currents

l14 and 117 can be expressed as

Li4=0y IctaT) (3.88)
Li7=0y IctaT2 (3.89)

(£),0 ), @

where o= and o,= L x .
: (%)g ? (W)l(, (W)B

L

L

The current subtractor circuit is used to subtract the CTAT currents at node G' to obtain

reference current Irer. The reference current Irer at node G' is expressed as
Irer=hli4-117=0; IctaTi- ®2-IcTAT2 (3.90)
Using equation (3.90), the output reference voltage (Vrer) across the resistor (Rrer) is given as
Vrer=Irer-Rggr= (@1 IetaTi-0-IetaT2) - RREF (3.91)
Using equations (3.86), (3.87) and (3.91), the output reference voltage Vrer is obtained as

RREF RREF
VREF:al 'VGS,IZ' R_l -az.Vstlo. R2 (392)

From equation (3.92), it is clear that the first and second terms of output reference voltage
possess CTAT behaviours due to the dependencies on the gate-to-source voltages of transistors
M12 and M10 working in the subthreshold region.

Using equations (1.3), (3.84), (3.85) and (3.91), the output reference voltage Vrer can also be
expressed as

I R
Vrer= | (Vrao-kr12.T)MVrln Dol e IEEF_
),k (/T ™Co(n-DV 1
Ipsio RREr
Vruo-krio.T)MVrln 0.
(V1ro-kr10- TV 2 R, (3.93)

T) ot (T/T)™Cor(1-DVE
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Using the values of scaling factors o, and a, from equations (3.88) and (3.89), Vrer can be

written as

),
—— |- | Vrao-kr12.T)MVrln

Vopoe Ipsiz RRgr
REF~ | W m 2| TRy
(), \ (T),,1 (/T Conl-DVE
W \Y%
T T I R
(\Ii,)nx \Ii;)ls -((VTHO'leo-T)ﬂ]VTln 250 — 3.04
NG g |
L/ L/ \ L/ Ly 0 ox\N T

If (W) W (W) 10 W (W) 2 W (W) 3w (W) W (W) 1w
? L/g4 ’ L/1» 2°L° L/13 l.L’L14 1'L’ L/15 L’ L/16 2°L°

L
(W) _1 W Rpgr _ Rpgr _
17 2 L

_— o and Kt,0=Kt;,=K7 then equation (3.94) can be expressed as
1 2

5 (ID812)3~(IDSIO)%. \ \
VREF: 5 -(VTHO_kT'T)+nVT In W _% 5175 | R (395)
- 2
\ \(f “0 (T/Ty)™Cyx (T]-I)VT) /

From equation (3.95), it is clear that the output reference voltage depends on the technology-

dependent parameters (V1Ho, K1, VT, 1, and n), the size (W/L) of the MOS transistor, and resistor
(R).
3.4.4.2 Condition for minimum temperature coefficient of proposed CMOS voltage

reference-1V

By differentiating the output reference voltage with respect to temperature, the condition for
minimum temperature coefficient can be obtained. Hence, by differentiating equation (3.93) with

respect to temperature and equating it to zero, we get equation (3.96).
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P (nkT In Ipsing

\Y
\ 1 (r)lz i To*Cox(n-1DK>
OVrer | O(Vrho-kr12.T) N 0

T - oT oT -
[ nkT Ipsioq” \
N\ ® wricaene
a(VTHO‘kTIO-T)+ L/jp™0 ox o Rrer 0
oT oT R,

Equation (3.96) can be written as

where C1: 5 and leOZkTIZZkT'

q
MOTOZCox (n-Dk

Equation (3.97) can also be expressed as

where C,= (kT- % 1 n(Cl)).

After simplification, the equation (3.98) is given as

k
R, Cz-%ln(IDsu/(W/L)n)
R,

Cz'% In(Ipsi9/(W/L)10)

(3.96)

(3.97)

(3.98)

(3.99)

Equation (3.99) provides the relationship between resistors (R1 and R2) and aspect ratios of the

transistors ((W/L)10 and (W/L)12). From the equation, it is clear that some of the parameters such
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as kr, Cox, Mo, and 1 are technology-dependent while some of the parameters that can be selected
during circuit designing are values of resistors and aspect ratios of MOS transistors.

3.5 Design considerations used in the proposed CMOS voltage references

The various design considerations used in the proposed CMOS voltage references (I, 11, 11l and

IV) are discussed in this section.
3.5.1 Subthreshold conduction

To ensure the subthreshold region operation of MOS transistors used in proposed CMOS voltage
references, the MOS transistor’s gate-to-source voltage (Ves) must be less than the threshold
voltage (VVTH) which is expressed as

Vas<Vrho-kr-Tmax (3.100)

where V1H (= Vipo-kt.Thax) 1S the threshold voltage of the MOS transistor at maximum
operating temperature.

3.5.2 Process variability

The devices used in an IC will usually deviate from the designed values due to the variation in
the manufacturing environment is known as process variation. The process variability is an
important parameter in the designing of analog circuits. The effect of process variability depends
on the aspect ratios of the MOS transistors used in the circuit. The effect of process variability
can be approximated by using the mathematical relation of the standard deviation of the
threshold voltage and is expressed as [117].
2

OYpy = % (3.101)
where A is the technology-dependent coefficient, W is the effective channel width and L is the
effective channel length of the MOS transistor.
From equation (3.101), it is observed that the large aspect ratio of the MOS transistor helps in
decreasing the process variability. Hence, large values of lengths and widths of MOS transistors

are selected in the proposed CMOS voltage references to achieve good process stability.
3.5.3 Transistor size

The appropriate aspect ratios of the MOS transistors help to achieve good performance
parameters of the circuit. The temperature-compensated output reference voltages of the
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proposed CMOS voltage references are obtained by selecting the proper aspect ratios of the
MOS transistors.

3.5.4 Minimum supply voltage

In this section, the selections of minimum values of the supply voltages for proposed CMOS

voltage references (I, Il, 111 and V) are explained.
3.5.4.1 Minimum supply voltage for proposed CMOS voltage reference-I

For the proposed CMOS voltage reference-1 (Figure 3.2), the supply voltage (Vpp) requirement

can be expressed as
Vo> [Vps.19|+Vrer (3.102)

where Vps 19 IS the drain-to-source voltage of the MOS transistor M19 and Vggr is the output
reference voltage.

From equation (3.102), it can be seen that the supply voltage depends on the drain-to-source
voltage of transistor M19 operating in the subthreshold region and the reference voltage.

Also, from equations (1.1) and (1.2), it is clear that the drain-to-source current is almost
independent of the drain-to-source voltage when Vpg>4Vy. So, the minimum value of supply

voltage (Vpp min) for the proposed CMOS voltage reference-I is given as

Vob,min= 4V maxtVREF (3.103)
where V1 max is the thermal voltage at maximum operating temperature.
3.5.4.2 Minimum supply voltage for proposed CMOS voltage reference-I1

The supply voltage (Vop) requirement for the proposed CMOS voltage reference-Il (Figure 3.4),

can be written as
Vpp>max||[Vpsis|, [Vbs.is|] *Vrer (3.104)

where Vpyg 5 is the drain-to-source voltage of transistors M15, Vg ¢ is the drain-to-source
voltage of transistor M16, and Vg IS the output reference voltage.

From equation (3.104), it can be seen that the supply voltage depends on the maximum value of
the drain-to-source voltage of transistor M15 or M16 operating in the subthreshold region and

the reference voltage. Also, from equations (1.1) and (1.2), it is clear that the drain-to-source
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current is almost independent of the drain-to-source voltage when Vpg>»>4Vy. So, the minimum

value of supply voltage (Vpp min) for the proposed CMOS voltage reference-11 is expressed as
Vob,minZ 4VT max T VRER (3.109)

where V1 max is the thermal voltage at maximum operating temperature.

3.5.4.3 Minimum supply voltage for proposed CMOS voltage reference-111

For the proposed CMOS voltage reference-111 (Figure 3.8), the supply voltage (Vpp) requirement

can be expressed as
Vbp2 [Vbso|+ Vos.10[+Vrer (3.106)

where Vg o is the drain-to-source voltage of transistors M9, Vg j is the drain-to-source voltage
of transistor M10, and Vygr is the output reference voltage.

From equation (3.106), it can be seen that the supply voltage depends on the drain-to-source
voltages of the transistors (M9 and M10) operating in the subthreshold region and the reference
voltage.

Also, from equations (1.1) and (1.2), it is clear that the drain-to-source current is almost
independent of the drain-to-source voltage when Vpg>»>4Vr. So, the minimum value of supply

voltage (Vpp min) for the proposed CMOS voltage reference-I11 is given as

Vob.minZ 4V T max T4V T maxTVREF OF VDD min= 8V max T VREF (3.107)
where VT max is the thermal voltage at the maximum operating temperature.
3.5.4.4 Minimum supply voltage for proposed CMOS voltage reference-1V

The minimum supply voltage (Vop) requirement for the proposed CMOS voltage reference-I1V

(Figure 3.10), can be written as
Vo> [Vps.14| *Vrer (3.108)

where Vps4 IS the drain-to-source voltage of the transistor M14, and Vggr IS the output
reference voltage.

From equation (3.108), it is clear that the supply voltage depends on the drain-to-source voltage
of transistor M14 operating in the subthreshold region and the output reference voltage.

Also, from equations (1.1) and (1.2), it is observed that when drain-to-source voltage is greater

than 4Vt then drain-to-source current is almost independent of drain-to-source voltage. So, the
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minimum value of supply voltage (Vppmin) for the proposed CMOS voltage reference-1V is

expressed as

Vop,min= 4V1,maxVRER (3.109)
where VT max IS the thermal voltage at maximum operating temperature.
3.6 Trimming circuit

In order to guarantee the accuracy required by the voltage reference circuit beyond the
limitations of process variations after chip tape-out is achieved by using a trimming circuit. The
process variations are mainly due to the deviation in the circuit elements. The circuit elements
used in the proposed CMOS voltage references are MOS transistors and resistances. These
process variations can be compensated by using trimming circuits but trimming at more than one
circuit element is very expensive. Therefore, a typical trimming procedure only provides the
calibration of one circuit element to adjust a particular parameter of the voltage reference. Thus,
a resistance trimming circuit can be used to compensate the process variations of the proposed
CMOS voltage references. The resistance trimming circuit shown in Figure 3.11 can be used to
trim the resistance Rrer of the proposed CMOS voltage references. To cover the trimming range,
four bits are used to control the switches Sz, Sz, S1 and So. The switches Sz and So are the highest
bit and lowest bit, respectively. The disconnection and closure of the switch are considered as 1
and 0, respectively. At the nominal conditions, the trimming bits are given as “0000” for
S3S,2S1So0. The final control code of these switches to trim the reference voltage (Vrer) depends
on the variation. The trimming resistance Rt, 2R, 4R, and 8Rt are used to cover the process
variations with sufficient margin. The nodes I, F, G and G' in the Figure 3.11 indicate the nodes
of the proposed voltage references I, I, 111 and IV, respectively at which resistance Rrer is

connected.

Sy Sy Sy

A AN —
4Ry 2Ry Ry T

Figure 3.11 Resistance trimming circuit
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3.7 Applications of the proposed CMOS voltage references

This section presents the low dropout regulators as the applications of proposed CMOS voltage
references (I, I, 111 and 1V), which have been discussed in sections 3.2 and 3.3. The low dropout
regulator (LDO) is mainly used as a power supply source in portable electronic devices such as
calculators, mobile, laptops, etc. The LDO provides a constant DC voltage with low input to
output voltage drop. The proposed CMOS voltage references, namely CMOS voltage reference-
I, CMOS voltage reference-11, CMOS voltage reference-Ill, and CMOS voltage reference-1V
have been employed in a conventional LDO to validate their performances. The block diagram of
the conventional LDO is shown in Figure 3.12 [118]. It mainly consists of a voltage reference,
error amplifier (EA), pass transistor, and a feedback network.

The voltage reference Vrer is used to provide the stable and precise reference voltage at the input
of the error amplifier (EA) for the proper working of the LDO. The error amplifier is used to
sense the output voltage and compare it with the reference voltage to produce an error signal at
its output. The error signal is provided at the gate terminal of pass transistor Mp to adjust the
amount of load current required by the load. The feedback network consists of resistors R1 and
R is used to feed the portion of output voltage back to the input terminal of the error amplifier,
which helps in calculating the error signal and adjusting the output voltage of LDO to the desired

value.
™ Voo
Voltage | Vger
Reference
Mp
Vour
O
Iy,
®
A Cy
R, §

Figure 3.12 Block diagram of conventional LDO [118]
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The circuit diagram of the conventional LDO is shown in Figure 3.13. It consists of transistors
(Mp1-Mp5, Mn1-Mn3, and Mp), resistors (R1, R2), and capacitors (Cc and C.). The transistors
Mp1-Mp5 and Mn1-Mn3 are used to form the error amplifier (EA) [4], which generates the error
signal to control the load current flowing through the pass transistor. Since the output reference
voltages of the proposed CMOS voltage references I, I, 11l and IV are 118.5 mV, 425 mV, 312
mV and 350 mV, respectively, the PMOS transistor-based differential amplifier in EA is required
that can operate effectively at these low reference voltages. The PMOS transistor Mp is used as a
pass transistor. The feedback network is formed by using resistors Ry and Rz. The capacitor Cy is
added as a load capacitor at the output of the LDO. This capacitor is used as a charge storage
element to enhance the stability of the circuit by providing stored charges when required. The

output voltage Vour of the conventional LDO can be written as

R
Vour= (H _1) XV REF (3.110)
R,

The circuit of the conventional LDO shown in Figure 3.13 is used to demonstrate the workability
of the proposed CMOS voltage references I, 11, 11I, and IV. In the figure, the reference voltage
Vrer at the inverting input terminal (gate terminal of transistor Mp1) of the error amplifier has
been provided from the outputs of the proposed voltage references I, 11, 111, IV, and conventional
voltage reference. The performance parameters of the LDOs based on proposed CMOS voltage
references (I, I, 11l, and IV) have also been compared with a conventional LDO that uses a

conventional voltage reference to show the effectiveness of the proposed voltage references.

e —m—m — — e — - — =

r
A
\AJ

[ g

Figure 3.13 Circuit diagram of the conventional LDO
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For better comparison with each proposed voltage reference, the conventional voltage reference
using MOS transistors shown in Figure 3.14 [16] has been designed to maintain the same input
supply voltage, operating temperature range, and output reference voltage. It uses resistors, MOS
transistors and an operational amplifier (OP-AMP1'""). The start-up circuit [113] is used to help
the conventional voltage reference to come out from the zero-current state and connected at
nodes B and C. It uses transistors Msal-Msa3. At the beginning of the start-up process, the
potential at node B is low which will turn ON transistor Ms1 and increase the potential at node
A. The increased potential at node A will turn ON transistor Ms3 and drop down the potential at
node C. The decreased potential at node C helps to flow the current into the circuit through
transistors M1 and M2. Finally, when the voltage reference starts working properly, the start-up
circuit turns OFF without affecting its normal operations. The circuit diagram of the OP-AMP1"'
is shown in Figure 3.5. The transistors M1, M2, and M3 have the same gate-to-source voltages
(Vgs), which result in equal currents Iy, I2, and I3, respectively. The OP-AMP1'' employed in the
negative feedback is used to make potentials Va and Vp equal by using transistors M1 and M2
that have the same dimensions. The two currents I,, and I,, having opposite temperature

dependency are added to obtain a constant voltage (Vrgr) across the resistor R,.

,eT T T T . R /rVDD _
\:‘IE] L.“Ml -C M2||<_I M3IEI
_|| ||_ |

! 1
| 1
| T
! |
! ! | OP-AMP1"
: : Bly b ks Vier
1 »—0
| M3 | v Vi, D
R '[: ! B I
R Pt
1 A
1 < <
1 : R, 3R4
: M2 I
! >
! :l|— ' 2R, I'__M4 M5 |} R,
|
- |
! |
! |
v Start-up circuit / l

Figure 3.14 Conventional voltage reference using MOS transistors [16]
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In the conventional voltage reference, the PTAT and CTAT currents are generated by the
transistors M4 and M5. These transistors are operating in the subthreshold region. Since the
voltages Vpss and Vpss are greater than 4V, the gate-to-source voltages Vess and Vess of

transistors M4 and M5 can be expressed using equation (1.3), as

Ips4
Vesa=VratmVrIn ( )
uCox(W/L)4(n-1) V7 (3.111)
Vgss=VmutnVrin ( Dss 3 ) (3.112)
MCOX (W/L) 5 (n' 1 )VT

If potentials Va and Vy are equal and resistors R1 and R3 are of the same value, then the current

l1a = loa and lwp= l2n. The current I2a is given as

_Vasa-Vess _Vr.In N)

I
2a R2 R2 (3113)
where V7 is the thermal voltage and N= W/L);s
(W/L)4

From equation (3.113), it is observed that the current l.s is directly proportional to the thermal
voltage, which confirms its PTAT behaviour.

The current Iz, flowing through resistor Rz is directly proportional to gate-to-source voltage of
subthreshold transistor M4, which confirms its CTAT behaviour. It can be expressed as

= (3.114)

Since the current I2 is the addition of two currents I2a and I2n and current 12 is mirrored to I3 using

transistors M2 and M3, the current I3 can be written as

Vr.In(N) +VGS4

L=L=1,,+t1,,= 3.115
37127 12a " 12b R2 R3 ( )
Using current I3, the reference voltage Vrer across the resistor R, is expressed as
R4 R4
VREF:_VT' ll’l(N) +_VGS4 (3116)
Ry R;

Since thermal voltage (V1) possesses PTAT behaviour and gate-to-source voltage (Vgss) has
CTAT behaviour, these PTAT and CTAT behaviours can be cancelled out by choosing

appropriate values of resistances and aspect ratios of transistors.
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3.7.1 Performance parameters of low dropout regulator

In order to identify the accuracy and reliability of the low dropout regulator (LDO), it should be
measured in terms of different performance parameters such as dropout voltage, line sensitivity,
load regulation, and power supply rejection ratio. The following sections will provide formal
definitions of each of the LDO performance parameters.

3.7.1.1 Dropout voltage

The dropout voltage is defined as the input-to-output voltage difference at which the LDO is no
longer able to regulate against the further decrease in the input supply. it is expressed as

Dropout voltage=I; XRpg on V) (3.117)

where I is the load current and Rpg oy IS the drain-to-source on-resistance of pass element.
3.7.1.2 Line sensitivity

The line sensitivity is defined as the change in the regulated output voltage of LDO with respect

to the change in input supply voltage and it is expressed as

Line sensitivity= % (%/V) (3.118)
IN

where AVt is the change in output voltage and AV y is the change in input voltage.
3.7.1.3 Load regulation

Load regulation is defined as a change in the regulated output voltage with respect to the change

in load current. It is given as

Load regulation= %?LUT (mVI/A) (3.119)

where AVqyr IS the change in the output voltage and Al is the change in the load current.
3.7.1.4 Power supply rejection ratio

The power supply rejection ratio (PSRR) is defined as the ability of LDO to suppress the supply
noise and other undesired signals on the input supply voltage at a particular frequency. PSRR is

a function of frequency specified in decibels and is expressed as

PSRRzzolog% (dB) (3.120)

where Viyac(f) is the input supply voltage affected by noise at a particular frequency f and

Vour.ac(®) is the output voltage at the same frequency.
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3.8 Conclusions

Four different CMOS voltage references, namely CMOS voltage reference-I, CMOS voltage
reference-11, CMOS voltage reference-I11, and CMOS voltage reference-1V have been presented
in this chapter. Out of these four voltage references, the first two voltage references (I and I1) use
PTAT and CTAT behaviours to generate their output reference voltages while the last two
voltage references (I11 and 1V) use only CTAT behaviours to generate their output reference
voltages. The proposed CMOS voltage reference-1 use two similar supply independent first-order
voltage references in which negative feedback loops are employed to improve the line
sensitivity. Further, to achieve low temperature sensitivity of output reference voltage over a
wide temperature range, a high-order curvature-compensation technique is used. But, the
proposed circuit suffers from some limitations such as circuit complexity, high supply voltage
requirement and large area. The CMOS voltage reference-Il uses only a self-biased cascode
branch to generate both the PTAT and CTAT voltages, which makes the circuit simple and area
efficient. To achieve high PSRR and low line sensitivity, two operational amplifiers are used in
the negative feedback loop. Since the PTAT behaviour generator circuit requires more transistors
with complex circuitry than the CTAT behaviour generator circuit, these voltage references (I
and I1) require a large number of transistors. Therefore, this technique does not offer much
improvement in the circuit's complexity, power consumption, and area. The proposed CMOS
voltage reference-I11 based on the CTAT-CTAT technique uses a reduced number of transistors
with less complexity as compared to the proposed CMOS voltage reference-1 and 1l. It uses two
supply independent CTAT generators and a current subtractor. However, as per the demand of
modern VLSI, the proposed CMOS voltage reference-I11 requires further improvements in the
line sensitivity and PSRR. To achieve low line sensitivity and high PSRR, another circuit of
voltage reference named CMOS voltage reference-1V has also been presented. The proposed
CMOS voltage reference-1V is based on the subtraction of two CTAT behaviours. A beta-
multiplier circuit is used to generate two CTAT voltages. These CTAT voltages are converted
into CTAT currents by using two operational amplifiers in the negative feedback loop to achieve
low line sensitivity and high PSRR. In this chapter, the performances of the proposed CMOS
voltage reference-I, CMOS voltage reference-1l, CMOS voltage reference-11I, and CMOS
voltage reference-1V have also been validated using a conventional LDO.
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CHAPTER 4
SIMULATION RESULTS OF PROPOSED CMOS VOLTAGE
REFERENCES AND LOW DROPOUT REGULATORS

4.1 Introduction

The proposed CMOS voltage references (I, 1I, 111, and V) presented in chapter 3 have been
simulated using Cadence virtuoso analog design environment in BSIM3v3 180 nm CMOS
technology. The physical layouts of the proposed CMOS voltage references are designed using
Cadence Virtuoso Layout XL editor in 180 nm CMOS technology. The resistances of the
proposed CMOS voltage references are implemented using polysilicon resistances. The
polysilicon resistances have very small temperature coefficients as compared to the temperature
coefficient of the reference current. The performances of four different CMOS voltage references
have been compared with the various voltage references available in the literature using three
figures of merit namely FOM1, FOM2, and FOMs.

The first figure of merit (FOMy) is expressed in terms of the temperature range (Tmax - Tmin),
temperature coefficient (TC), power, and area [48, 119]. The FOM; is specified in °C3/W.m?

with the following definition

“T... )2
FOM,=—zeimly (°CYW.m?) (4.1)

TCxPowerxArea

The second figure of merit (FOM>) is defined by considering the performance parameters such as
power supply rejection ratio (PSRR), temperature coefficient (TC), area, and supply current [38].
The FOM; is denoted in dB.°C/ppm.pA.mm?with the following definition

PSRR @ 100 Hz
TCxAreaxSupply Current

FOM,= (dB.°C/ppm.uA.mm?) (4.2)

where PSRR @ 100 Hz is the power supply rejection ratio at a frequency of 100 Hz (frequency
of 100 Hz is selected for better comparison with the existing voltage references).
The third figure of merit (FOMa3) is derived from the geometric mean of FOM;: and FOM3, which

IS expressed as

FOM;=,/FOM,xFOM,  ((°C/m) (dB/W.ppm. pA)*2.10%) (4.3)

The FOM; is specified in (°C/m)2. (dB/W.ppm. pA)¥2.10°,
The higher values of FOM{, FOM2, and FOM3 confirm the better performance of the voltage

reference.
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The proposed CMOS voltage references namely CMOS voltage reference-I, CMOS voltage
reference-11, CMOS voltage reference-111, and CMOS voltage reference-1V have been employed
in a conventional low dropout regulator (LDO) to validate their performances. The low dropout
regulators (LDOs) based on proposed voltage references (I, I, I, and V) have also been
simulated using Cadence virtuoso analog design environment in BSIM3v3 180 nm CMOS
technology. The performances of the LDOs based on proposed voltage references (I, 11, 111, and
IV) have also been compared with a conventional LDO that uses a conventional voltage
reference to show the effectiveness of the LDOs based on proposed voltage references.

This chapter is organized as follows. The post-layout simulation results of proposed CMOS
voltage reference-1 and CMOS voltage reference-I1 are presented in section 4.2 whereas section
4.3 describes the post-layout simulation results of proposed CMOS voltage reference-111 and
CMOS voltage reference-1V. The simulation results of the LDOs based on proposed CMOS

voltage references are discussed in section 4.4. Finally, the conclusion is addressed in section 4.5

4.2 Simulation results of proposed CMOS voltage references | and 11
In this section, the post-layout simulation results of proposed CMOS voltage reference-l and

CMOS voltage reference-11 are presented.
4.2.1 Post-layout simulation results of proposed CMOS voltage reference-I

The aspect ratios (W/L) of MOS transistors and the values of passive components used in the
proposed CMOS voltage reference-1 are listed in Table 4.1. For the simulations, the operating
temperature and supply voltage of proposed CMOS voltage reference-1 are chosen as 27 °C and

0.85V, respectively.

Table 4.1 Circuit elements’ dimensions used in the proposed CMOS voltage reference-|

Circuit elements’ dimensions

NMOS W/L PMOS W/L
transistors (um/pm) transistors (um/pm)
Ms My 0.5/0.5 M1, M3, 0.4/2
Msp Mag 0.4/0.2 Ma, Ms3 5/0.2
Ms, M2s 1/1 Ms, M2z 1/4
M7 Mas 2/0.5 Ms Mg 1/6
Mio, M11 0.5/3 Mag Mag 5/6
M24, M2s 1/1 Maia M3s 3/3
M12, Mzz 04/1 M15, M34 3/35
Mlgv M21 1/3 Mlg, M19 2/018
Mis M1z 24/6

Resistors (kQ)

R1 R4 200

Rz, Rs 110

Rrer 80
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The physical layout of the proposed CMOS voltage reference-I is shown in Figure 4.1. The

proposed voltage reference-1 occupies an area of 64.7 um X 67 um.
64.7 pm

|
J

LR

Curvature
compensation circuit

67 pm

Figure 4.1 Layout of the proposed CMOS voltage reference-I

Figure 4.2 shows the output reference voltage (Vrer) versus temperature plot of the proposed
CMOS voltage reference-1. From the figure, the value of Vrer at a nominal temperature of 27 °C
is obtained as 118.51 mV. The maximum variation of Vgrer is 0.47 mV over the temperature
ranging from -60 °C to 120 °C, which gives the TC of 21.9 ppm/°C.

119.0 — ™ Vrer
118.9
118.8

118.7

Vger (mV)

118.6

118.5

118.4

[ T T T T T I T T T 1
-60.0 -30.0 0.0 30.0 60.0 90.0 120.0
Temperature ('C)

Figure 4.2 Output reference voltage (Vrer) versus temperature plot of the proposed CMOS
voltage reference-I
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Figure 4.3 (a) illustrates the variation of Vrer with respect to the supply voltage varying from 0
V to 2.5 V at a nominal temperature of 27 °C. The plot confirms that the proposed CMOS voltage
reference-1 works properly when the supply voltage is more than or equal to 0.85 V. Also, the
line sensitivity of the proposed CMOS voltage reference-1 is observed as 0.04 %/V for the supply
voltage ranging from 0.85 V to 2.5 V. The output reference voltage (Vrer) versus supply voltage
plots for different operating temperatures such as -60 °C, 0 °C, 27 °C, 60 °C, and 120 °C, are
shown in Figure 4.3 (b). It is observed that the variation of the output reference voltage (Vrer)
with respect to supply voltage remains almost the same for different operating temperatures. The
worst-case value of line sensitivity is observed as 0.048 %/V for the different operating

temperatures.

VDD (V)
(@)

™ -60°C m 0°C m 27°C m 60°C 120°C

LN N LI DL B BN SN B LA L R LA ENL S B R e |
1.0 1.5 2.0 25
Voo (V)

(b)
Figure 4.3 (a) Variation of Vrer with respect to the supply voltage (b) Output reference voltage
(Vrer) versus supply voltage plots for different operating temperatures
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Figure 4.4 (a) shows the PSRR versus frequency plot and from the plot, the values of PSRR are
obtained as -65.83 dB, -65.66 dB, and -58.84 dB at the frequencies of 100 Hz, 1 kHz, and 10
kHz, respectively. For different operating temperatures such as -60 °C, 0 °C, 27 °C, 60 °C, and
120 °C, the PSRR versus frequency plots are also shown in Figure 4.4 (b). From the plots, it can
be seen that the minimum value of PSRR for the different operating temperatures is -59.82 dB at
the frequency of 100 Hz. Figure 4.4 (c) shows the plots of PSRR with respect to the frequency
for various supply voltages such as 0.85 V, 1.5V, 2 V, and 2.5 V at a nominal temperature of 27
°C. The figure shows that the minimum value of PSRR for different supply voltages is -59.63 dB
at the frequency of 100 Hz. Thus, it can be concluded that the proposed CMOS voltage
reference-l can suppress the supply noise and other undesired signals imposed on the supply

voltage.
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Figure 4.4 (a) PSRR versus frequency plot of the proposed CMOS voltage reference-1 (b) PSRR
versus frequency plots for different operating temperatures (c) PSRR versus frequency plots for
different supply voltages

The output noise versus frequency plot of the proposed CMOS voltage reference-I is shown in
Figure 4.5 (a). From the plot, the values of output noise are observed as 480.32 nV/+v/Hz, 201.77

nV/v/Hz and 140.56 nV/+/Hz at the frequencies of 100 Hz, 1 kHz, and 10 kHz, respectively. For
different operating temperatures such as -60 °C, 0 °C, 27 °C, 60 °C, and 120 °C, the output noise

versus frequency plots are also illustrated in Figure 4.5 (b). From the plots, it can be seen that the

values of output noise for the different operating temperatures are less than 836.14 nV/vHz at

the frequency of 100 Hz.
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Figure 4.5 (a) Output noise versus frequency plot of the proposed CMOS voltage reference-1 (b)
Output noise versus frequency plots for different operating temperatures (c) Output noise versus
frequency plots for different supply voltages
Figure 4.5 (c) shows the output noise versus frequency plots for different supply voltages such as
085V, 15V, 2V, and 2.5 V at the nominal temperature of 27°C. From the plots, it is evident
that the values of output noise for different supply voltages are less than 480.32 nV/+/Hz at the

frequency of 100 Hz.
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4.2.1.1 Monte Carlo simulations

The Monte Carlo simulations of the proposed CMOS voltage reference-1 for 100 samples have
been performed by considering both the process variations and mismatch-induced variations.
Figures 4.6 (a), (b), (c), and (d) show the Monte Carlo simulations of the output reference
voltage (Vrer), TC, line sensitivity, and PSRR, respectively. These Monte Carlo simulation plots
show the realistic picture of the proposed CMOS voltage reference-I behaviour. From Figure 4.6
(@), it is observed that the mean value of Vrer is 119.20 mV with a standard deviation of 8.82
mV. From Figure 4.6 (b), the mean value of TC is obtained as 21.83 ppm/°C with a standard
deviation of 6.89 ppm/°C.
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Figure 4.6 (a) Monte Carlo simulation results of the reference voltage (Vrer) for 100 samples (b)
Monte Carlo simulation results of the TC for 100 samples (c) Monte Carlo simulation results of
line sensitivity for 100 samples (d) Monte Carlo simulation results of PSRR for 100 samples.

From Figure 4.6 (c), the mean value of line sensitivity is observed as 0.04199 %/V with a
standard deviation of 0.003277 %/V. From Figure 4.6 (d), it is observed that the mean value of
PSRR is -67.13 dB with a standard deviation of 11.23 dB.
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The performance parameters of the proposed CMOS voltage reference-l and existing voltage
references [72-73, 79, 81, 101, 104, 106-107] are listed in Table 4.2. On the basis of performance
parameters, it is very difficult to compare the different designs, as there is a trade-off between the
performance parameters to reach an optimum value as per the specifications. So, for a fair
comparison, three figures of merit (FOM1, FOM>, and FOM3) discussed in section 4.1 are used,
which provide numerical values by combining the overall performance parameters of the
designs. From the table, it can be seen that the proposed CMOS voltage reference-1 has higher
FOM;:, FOM,, and FOMs than the existing voltage references which confirm its better
performance. Further, it has also been observed that the proposed CMOS voltage reference-I has
high PSRR and low line sensitivity as compared to the other state-of-art solutions which define

the robustness of the proposed circuit against the supply noise and supply voltage variations.

Table 4.2 Comparison of proposed CMOS voltage reference-I with existing voltage references

References— [72] [73] [79] [81] [101] |[[104] | [106] |[107] Proposed

Parameters| voltage
reference-I

Technology (nm) | 180 130 180 180 180 180 180 45 180

Supply voltage |0.9to |1t023|1.2to2|1.2t0o |3.3 1.3 09to |0.6to 0.85t0 2.5

V) 2.5 1.8 10 1.2

Temp. range -20to |Oto -40to (Oto -40to |-10to |Oto -40 to -60 to 120

O 120 100 125 100 150 120 100 125

VRrer (MV) 224 781 800 500 861 596 551.78 475 118.5

TC (ppm/T) 191.3 |48 34 22 75 30.95 |102 31 21.9

PSRR (dB)  |[----- -51.4 |-62 -42 38 |- -53 -65.83

@ 100 Hz

Line sensitivity |0.2 0.34 0.2 0.280 |----- |- |- 0.433 0.04

(%/V)

Area (mm?) 0.0238 |0.053 |0.04 0.073 |0.0249 |0.8 0.25 0.004875 [0.0043

Power 3.78 8.1 9.996 |(6.12 112.2 |351 96.67 |15.996 5.168

consumption

(LW)

FOM: 1.02 0.41 2.01 1.02 0.173 |0.19 0.0041 [11.25 52.65

(°C3/W.m?)

FOM: (dB.°C/  |----- 2.5 5.47 5.13 0.57 13.33 90.92

ppm.gA.mm?)

FOMs ((°C/m)?. | ----- 1.6 3.32 229 |- 0.33 12.25 69.19

(dB/W.ppm.

HA)1/2_103)
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4.2.2 Post-layout simulation results of proposed CMOS voltage reference-I1

The aspect ratios (W/L) of MOS transistors and the values of passive components used in the

proposed CMOS voltage reference-Il are given in Table 4.3. For the simulations, the operating

temperature and supply voltage of the proposed CMOS voltage reference-11 are selected as 27 °C

and 0.80 V, respectively.

Table 4.3 Circuit elements’” dimensions used in proposed CMOS voltage reference-II

Circuit elements’ dimensions

NMOS WI/L PMOS W/L

transistors (um/um) transistors (um/pm)

M3 4/0.5 Mi 3/1

Ms, Ms 1/3 M, 5/2

M7Ms, Mg | 0.5/2 Me 11

M2 0.5/2 Mio, M11 11

Mis 10/0.5 Mg 11
3/0.5 Mis 3/1

Resistors (k)

R1 200

R, 110

Rrer 225

The physical layout of the proposed CMOS voltage reference-I1 is illustrated in Figure 4.7. The

proposed voltage reference occupies an area of 52 pm x 58 pum.

-up circuit,

IStart

Self-biased cascode branch

Current adder

58 pm

Figure 4.7 Layout of the proposed CMOS voltage reference-lII
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The output reference voltage (Vrer) versus temperature plot of the proposed CMOS voltage
reference-I1 is shown in Figure 4.8. The temperature is varying from -55 °C to 125 °C. From the
figure, the value of Vrer at a nominal temperature of 27 °C is obtained as 424.85 mV. The
maximum variation of Vrer is 2.26 mV over the temperature ranging from -55 °C to 125 °C,
which gives the TC of 29.5 ppm/°C. Figure 4.9 (a) shows the variation of Vrer with respect to the
supply voltage ranging from 0 V to 5 V at a nominal temperature of 27 °C. From the plot, it can
be seen that the proposed CMOS voltage reference-11 works properly when the supply voltage is
more than or equal to 0.80 V. The line sensitivity of the proposed CMOS voltage reference-I1I is
also observed as 0.0035 %/V for the supply voltage ranging from 0.80 Vto 5 V.
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Figure 4.8 Output reference voltage (Vrer) versus temperature plot of the proposed CMOS
voltage reference-11
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Figure 4.9 (a) Variation of Vrer with respect to the supply voltage (b) Output reference voltage
(Vrer) versus supply voltage plots for different operating temperatures

The output reference voltage (Vrer) versus supply voltage plots for different operating
temperatures such as -55 °C, 0 °C, 27 °C, 100 °C, and 125 °C, are shown in Figure 4.9 (b). It is
observed that the variation of the output reference voltage (Vrer) with respect to supply voltage
remains almost the same for different operating temperatures. The worst-case value of line
sensitivity is observed as 0.0043%/V for the different operating temperatures.
The PSRR versus frequency plot of the proposed CMOS voltage reference-Il is illustrated in
Figure 4.10 (a). From the figure, the values of PSRR are obtained as -91.69 dB, -91.3 dB, and -
90.8 dB at the frequencies of 100 Hz, 1 kHz, and 10 kHz, respectively. Figure 4.10 (b) shows the
PSRR versus frequency plots for different operating temperatures such as -55 °C, 0 °C, 27 °C, 100
°C, and 125 °C.
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Figure 4.10 (a) PSRR versus frequency plot of proposed CMOS voltage reference-11 (b) PSRR
versus frequency plots for different operating temperatures (¢) PSRR versus frequency plots for
different supply voltages

From the plots, it is observed that the minimum value of PSRR is -78.06 dB for the different
operating temperatures at the frequency of 100 Hz. Figure 4.10 (c) shows the PSRR versus
frequency plots at a nominal temperature of 27 °C for different supply voltages such as 0.8 V, 1.0
V,2.0V,3.0V,4V,and 5.0 V. The figure shows that the minimum value of PSRR for different
supply voltages is -91.66 dB at the frequency of 100 Hz. Hence, it can be concluded that the
proposed CMOS voltage reference-11 has high immunity to suppress supply noise and other

unwanted signals imposed on the supply voltage.
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The output noise versus frequency plot of the proposed CMOS voltage reference-Il is illustrated
in Figure 4.11 (a). From the plot, the values of output noise are obtained as 277.527 nV/vHz,
101.42 nV/WHz, and 45.26 nV/V/Hz at the frequencies of 100 Hz, 1 kHz, and 10 kHz,
respectively. Figure 4.11 (b) shows the plots of output noise with respect to the frequency for
different operating temperatures such as -55 °C, 0 °C, 27 °C, 100 °C, and 125 °C. From the figure,

it can be seen that the values of output noise are less than 366.05 nV/v/Hz for different operating

temperatures at the frequency of 100 Hz.
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Figure 4.11 (a) Output noise versus frequency plot of the proposed CMOS voltage reference-11

(b) Output noise versus frequency plots for different operating temperatures (c) Output noise
versus frequency plots for different supply voltages

Figure 4.11 (c) illustrates the output noise versus frequency plots for different supply voltages
suchas08V,10V,15V,20V,25V,30V,35V,4.0V, 45V, and 5.0 V at the nominal

temperature of 27 °C. From the figure, it is observed that the values of output noise for the

different supply voltages are less than 408.35 n\V/v/Hz at the frequency of 100 Hz.
4.2.2.1 Monte Carlo simulations

The Monte Carlo simulations for various performance parameters of the proposed CMOS
voltage reference-l1l have been performed by considering both the process variations and
mismatch-induced variations. The Monte Carlo simulation results of the output reference voltage
(Vrer), TC, line sensitivity, and PSRR for 100 samples each have been presented in Figures 4.12
(@), (b), (c), and (d), respectively. These Monte Carlo simulation plots present a realistic picture
of the proposed CMOS voltage reference-I1 behavior. From Figure 4.12 (a), the mean value of
VRer IS Obtained as 423.665 mV with a standard deviation of 8.98496 mV. From Figure 4.12 (b),
the mean value of TC is obtained as 31.0601 ppm/°C with a standard deviation of 5.89369
ppm/°C. From Figure 4.12 (c), the mean value of line sensitivity is observed as 0.0035 %/V with
a standard deviation of 0.0003277 %/V. From Figure 4.12 (d), it is observed that the mean value
of PSRR is -90.848 dB with a standard deviation of 8.6226 dB.
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Figure 4.12 (a) Monte Carlo simulation results of the reference voltage (Vrer) for 100 samples
(b) Monte Carlo simulation results of the TC for 100 samples (c) Monte Carlo simulation results
of line sensitivity for 100 samples (d) Monte Carlo simulation results of PSRR for 100 samples

Table 4.4 shows the various performance parameters of the proposed CMOS voltage reference-11
and the existing voltage references [66, 79, 81, 108-110]. For a fair comparison, three figures of
merit FOM, FOM>, and FOM3 are used to compare the proposed CMOS voltage reference-11

with existing voltage references.

Table 4.4 Comparison of proposed CMOS voltage reference-I1 with existing voltage references

References— [66] [79] [81] [108] [109] [110] |Proposed
Parameters voltage reference
-l
Technology (nm) 180 180 180 180 130 180 180
Supply voltage (V) 3to5 12to2|1.2to |15 1.6to 45to 0.8t05
1.8 1.8 55
Temp. range (°C) -55to -40to |Oto -10to Oto |-40to -55t0 125
125 125 100 130 150 100
VRrer (MV) 2506 800 500 658 1112 2560 424.85
TC (ppm/<C) 25 34 22 9.6 13.1 2.6 29.5
PSRR (dB) @ 100 Hz 76 -62 -42 -42.3  |-36 -63 -91.69
Line sensitivity (%/V) 0.08 0.2 0.280 |0.89 0.24 0.2 0.0035
Area (mm?) 0.0596 |0.04 |0.073 |0.022 |0.128 0.075 0.003
Power consumption 45 9.996 |6.12 449 288 30.6 6.1
(HW)
FOM: (°C 3/W.m?) 0.51 2.01 1.02 0.21 0.05 3.28 60.02
FOM: (dB.°C/ 3.56 5.47 5.13 0.66 0.12 4751 135.6
ppm.gA.mm?)
FOM;s ((°C/m)>2, 2.54 3.32 2.29 0.3 0.008 12.48 90.22
(dB/W.ppm. HA)Y2.10%)
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The proposed CMOS voltage reference-11 has higher FOM1, FOM_, and FOM3 than the existing
voltage references [66, 79, 81, 108-110] which confirm its better performance. From Table 4.4, it
can also be concluded that the proposed circuit has numerous advantages such as low supply
voltage requirement, low line sensitivity, high PSRR, large operating supply voltage range, and
wide temperature range. Low line sensitivity and high PSRR define the robustness of the

proposed circuit against supply voltage variations and supply noise.
4.3 Simulation results of proposed CMOS voltage reference-111 and IV

In this section, the post-layout simulation results of proposed CMOS voltage reference-111 and

CMOS voltage reference-1V are discussed.
4.3.1 Post-layout simulation results of proposed CMOS voltage reference-111

The aspect ratios (W/L) of MOS transistors and the values of resistances used in the proposed
CMOS voltage reference-Ill are listed in Table 4.5. For the simulations, the operating
temperature and supply voltage of the proposed CMOS voltage reference-111 are chosen as 27 °C

and 0.8 V, respectively.

Table 4.5 Circuit elements’ dimensions used in proposed CMOS voltage reference-11

Circuit elements’ dimensions
NMOS WIL PMOS Aspect
. transistors ratios (pum/

transistors (um/pm) um)

YA 2/0.5 M3 My 5/0.5

Ma 5/0.5 My, Mg 5/1

Mais 10/0.18 Ms, Mg 24/0.18

Maa 2/0.18 Me, M2o 5/0.5

Ms 2/0.2 M7 Mo 2/0.4

Mas 5/0.5 Mig Mo, 24/0.18
Mg, M1o 24/0.18

Resistors (k)

Ry 325

R> 320

RREF 385
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The physical layout of the proposed CMOS voltage reference-lll is illustrated in Figure 4.13.

The proposed circuit occupies an area of 45.75 um x 59.65 um.
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Figure 4.13 Layout of the proposed CMOS voltage reference-I11

The plot of the output reference voltage (Vrer) with respect to the temperature is shown in
Figure 4.14. The temperature is varying from -40 °C to 125 °C. From the figure, the value of Vrer
at a nominal temperature of 27°C is obtained as 312 mV. The maximum deviation of Vger is
observed as 2 mV over the temperature ranging from -40 °C to 125 °C and therefore, the TC of
38.85 ppm/°C is achieved. The variation of Vrer versus supply voltage plot is shown in Figure
4.15 (a), in which the supply voltage varies from 0 V to 3 V at a nominal temperature of 27°C.
From the figure, it can be seen that the proposed CMOS voltage reference-I11 works properly
when the supply voltage is more than or equal to 0.80 V. The line sensitivity of the proposed
CMOS voltage reference-I11 is calculated as 0.027 %/V for the supply voltage ranging from 0.80
V to 3 V. The output reference voltage (Vrer) versus supply voltage plots for different operating
temperatures such as -40 °C, 0 °C, 27 °C, 100 °C, and 125 °C are shown in Figure 4.15 (b).
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Figure 4.14 Output reference voltage (Vrer) versus temperature plot of the proposed CMOS
voltage reference-llI
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Figure 4.15 (a) Variation of Vrer with respect to the supply voltage (b) Output reference voltage
(Vrer) versus supply voltage plots for different operating temperatures
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It is observed that the variation of the output reference voltage (Vrer) with respect to supply
voltage remains almost the same for different operating temperatures. The worst-case value of
line sensitivity is observed as 0.04%/V for the different operating temperatures.

The PSRR versus frequency plot of the proposed CMOS voltage reference-lIl1 is illustrated in
Figure 4.16 (a). From the figure, the values of PSRR of the proposed CMOS voltage reference-
I11 are obtained as -80.84 dB, -80.84 dB, and -80.55 dB at the frequencies of 100 Hz, 1 kHz, and
10 kHz, respectively. For different operating temperatures such as -40 °C, 0 °C, 27 °C, 100 °C,
and 125 °C, the PSRR versus frequency plots are shown in Figure 4.16 (b). From the plots, it is
observed that the minimum value of PSRR for different temperatures is -75.05 dB at the

frequency of 100 Hz.
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Figure 4.16 (a) PSRR versus frequency plot of proposed CMOS voltage reference-111 (b) PSRR

versus frequency plots for different operating temperatures (c) PSRR versus frequency plots for
different supply voltages

The PSRR versus frequency plots at a nominal temperature of 27 °C for different supply voltages
suchas 0.8V,1V,15V, 2V, 25V, and 3V are shown in Figure 4.16 (c). The figure shows
that the minimum value of PSRR for different supply voltages is -80.84 dB at the frequency of
100 Hz. Hence, it can be concluded that the proposed CMOS voltage reference-I1l can work
efficiently under the supply noise and other undesired signals imposed on the supply voltage.

The output noise versus frequency plot of the proposed CMOS voltage reference-111 is shown in

Figure 4.17 (a). From the plot, the values of output noise are obtained as 772.4 nV/v/Hz, 361
nV/v/Hz, and 282.5 nV/v/Hz at the frequencies of 100 Hz, 1 kHz, and 10 kHz, respectively.
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Figure 4.17 (a) Output noise versus frequency plot of the proposed CMOS voltage reference-1lI
(b) Output noise versus frequency plots for different operating temperatures (c) Output noise
versus frequency plots for different supply voltages
Figure 4.17 (b) illustrates the plots of output noise with respect to the frequency for different
operating temperatures such as -40 °C, 0 °C, 27 °C, 100 °C, and 125 °C. From the figure, it can be
seen that the values of output noise are less than 897.8 nV/v/Hz for different operating
temperatures at the frequency of 100 Hz. Figure 4.17 (c) shows the output noise versus frequency
plots for different supply voltages such as 0.8 V,1V, 15V, 2V, 25V, and 3 V at the nominal
temperature of 27 °C. From the figure, it is observed that the values of output noise for the

different supply voltages are less than 956.44 nV/v/Hz at the frequency of 100 Hz.
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4.3.1.1 Monte Carlo simulations

The Monte Carlo simulations of the proposed CMOS voltage reference-111 for 100 samples have
been performed by considering both the mismatch-induced and process variations. Figures 4.18
(@), (b), (c), and (d) show the Monte Carlo simulations of the output reference voltage (Vrer),
TC, line sensitivity, and PSRR, respectively. These Monte Carlo simulation plots show the
realistic picture of the proposed CMOS voltage reference-111 behaviour. From Figure 4.18 (a), it
is observed that the mean value of Vrer is 313.29 mV with a standard deviation of 7.1 mV. From
Figure 4.18 (b), it can be seen that the mean value of TC is 42.12 ppm/°C with a standard
deviation of 7.73279 ppm/°C.
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Figure 4.18 (a) Monte Carlo simulation results of the reference voltage (Vrer) for 100 samples
(b) Monte Carlo simulation results of the TC for 100 samples (c) Monte Carlo simulation results
of line sensitivity for 100 samples (d) Monte Carlo simulation results of PSRR for 100 samples.

From Figure 4.18 (c), it is observed that the mean value of line sensitivity is 0.0296 %/V with a
standard deviation of 0.00643 %/V. From Figure 4.18 (d), it is observed that the mean value of
PSRR is -80.95 dB with a standard deviation of 5.11dB.
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The performance parameters of the proposed CMOS voltage reference-I11 and existing voltage
references [25, 66, 73, 78, 81, 89, 105, 108, 111-112] are listed in Table 4.6. For a fair
comparison, three figures of merit FOM1, FOM2, and FOMj3 are used to compare the proposed
CMOS voltage reference-111 with existing voltage references. From Table 4.6, it is observed that
the proposed CMOS voltage reference-111 achieves a higher FOM; of 94.4, FOM; of 224.03, and
FOM;3 of 145.43 than the existing voltage references, which confirm its better performance. The
proposed CMOS voltage reference-I1l achieves higher FOM: mainly because of the wide
temperature range, low TC, low power, and less area in comparison to the existing voltage
references. The higher FOM, confirms that the proposed CMOS voltage reference-I11 has higher
PSRR, lower TC, lesser area, and lower supply current than the existing voltage references. The
high PSRR and low line sensitivity define the robustness of the proposed CMOS voltage

reference-111 against the supply noise and supply voltage variations.

Table 4.6 Comparison of proposed CMOS voltage reference-I11 with existing voltage references

References— | [25] [66] [73] [78] [81] [89] [105] | [108] | [111] | [112] | Proposed
Parameters| voltage

reference —
i

Technology 350 180 130 130 180 130 180 180 180 180 180
(nm)

Supply 1.8 3to5 | 1to 1lto 12to | 1.1to | 1.8 15 12to | 095 |08t03
voltage (V) 2.3 3.3 1.8 1.3 1.8 t0 2.5
Temp.range | 0to -55t0 | Oto -40to | Oto -40to | -20 -10to | -40to | -20to | -40
o) 130 125 100 85 100 120 to 130 100 100 to

120 125

Vrer (MV) 847.5 | 2506 | 781 598 500 735 |410.39 | 658 500 169.4 | 312

TC (ppm/T) | 136 |25 |48 |47 |22 |93 |73 |96 |1519 |64 | 38.85

PSRR (dB) -72 76 514 | -44 -42 -30 -52.6 | -42.3 | -57 | ----- -80.84
@ 100 Hz

Line 0.018 | 0.08 |0.34 |019 |0.280 | ---- | ---—- 089 |0.25 |011 |0.027
sensitivity 5

(%/V)

Area (mm?) 0.011 |0.0596 | 0.053 | 0.02 | 0.073 | 0.063 | ----- 0.022 | 0.072 | 0.029 | 0.0027
Power 144 | 45 8.1 1 6.12 | 144 |561 | 449 6 2.4 2.75
consumption

(HW)

FOM1 784 | 051 |041 |16.62 |1.02 |0.3 021 |3 3.2 94.4
(°C3/W.m?)

FOM:(dB.°C/ | 60.16 | 3.56 | 2.5 46.81 | 513 | 043 | ---- 0.66 | 1042 | ---- 224.03
ppm.gA.mm?)

FOM3 2172 | 254 |16 2789 | 229 |024 | --- 0.3 559 | --- 145.43
((°C/m)>.

(dB/W.ppm.

HA)UZ.].OS)
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4.3.2 Post-layout simulation results of proposed CMOS voltage reference-1V

The aspect ratios (W/L) of MOS transistors and the values of resistances used in the proposed
CMOS voltage reference-IV are listed in Table 4.7. For the simulations, the operating
temperature and supply voltage of the proposed CMOS voltage reference-IV are chosen as 27 °C

and 0.65 V, respectively.

Table 4.7 Circuit elements’ dimensions used in proposed CMOS voltage reference-1V

Circuit elements’ dimensions

NMOS W/L PMOS W/L

transistors (um/pm) transistors (um/pm)

M3 0.5/0.5 M; 0.4/8

Me 1/4 Mg 1/2

My 1/4 Mg 1/1

Mo 1/2 Mg 5/3

M1z 10/2 Mg 5/3

Msgs 1/2 M3 2/1

M7 1/2 Mag 31
Mis 11

Resistors (k2)

R1 600

Rs 200

Rrer 600

The physical layout of the proposed CMOS voltage reference-1V is shown in Figure 4.19. The

proposed circuit occupies an area of 57.48 um x 50.36 um.
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Figure 4.19 Layout of the proposed voltage reference-1V
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The output reference voltage (Vrer) versus temperature plot of the proposed CMOS voltage
reference-1V is shown in Figure 4.20. The temperature is varying from -55 °C to 125 °C. From
the figure, the value of Vrer at a nominal temperature of 27 °C is obtained as 350 mV. The
maximum variation of Vrer is 2 mV over the temperature ranging from -55 °C to 125 °C, which
gives the TC of 31.5 ppm/°C. Figure 4.21 (a) shows the variation of Vrer with respect to the
supply voltage ranging from 0 V to 3.5 V at a nominal temperature of 27 °C. From the plot, it can
be seen that the proposed CMOS voltage reference-1V works properly when the supply voltage is
more than or equal to 0.65 V. The line sensitivity of the proposed CMOS voltage reference-1V is
also observed as 0.015 %/V for the supply voltage ranging from 0.65 V to 3.5 V.
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Figure 4.20 Output reference voltage (Vrer) of the proposed CMOS voltage reference-1V
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Figure 4.21 (a) Variation of VVrer with respect to supply voltage (b) Output reference voltage
(Vrer) versus supply voltage plots for different operating temperatures
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The output reference voltage (Vrer) versus supply voltage plots for different operating
temperatures such as -55 °C, 0 °C, 27 °C, 100 °C, and 125 °C, are shown in Figure 4.21 (b). It is
observed that the variation of the output reference voltage (Vrer) with respect to supply voltage
remains almost the same for different operating temperatures. The worst-case value of line
sensitivity is observed as 0.021%/V for the different operating temperatures.

The PSRR versus frequency plot of the proposed CMOS voltage reference-1V is shown in Figure
4.22 (a). From the figure, the values of PSRR of the proposed CMOS voltage reference-1V are
obtained as -85.4 dB, -85.19 dB, and -83.47 dB at the frequencies of 100 Hz, 1 kHz, and 10 kHz,

respectively.

556 = = PSRR
-59.4
-63.2
-67.0

-70.8

PSRR (dB)

-74.6

-78.4

-82.2

-86'0 | T TTTTT T T TTTTI T T TTTT T T TTTT T TTTTT T T TTTTm]
10° 10! 10? 103 104 10% 106
Frequency (Hz)

(@)

104



-54.4 m_55°Cm g°Cm 27°Cm]00°Cm125°C

-58.6 =
-62.8 3
2 -67.0 3
= :
§ -71.2 3
@ E
A~ -75.4 3
-79.6 =
-83.8 3
-88.05| T T TTTT T T TTTT T T TTTT T T TTTTI T T TTTTT T T TTTTIT
10° 10! 102 103 10* 10% 106
Frequency (Hz)
(b)
-56.4 W) 65VE 1VE2YV 3.5V
-60.6
-64.8
2 -69.0
=
r -73.2
Z
& -77.4
-81.6
-85.8
-90'0 T T TTTTg T T TTTT T T TTTI T T TTTTg T T TTTT T TTTTT]
10" 10! 10° 10° 10* 10% 108
Frequency (Hz)
(©)

Figure 4.22 (a) PSRR versus frequency plot of proposed CMOS voltage reference-1V (b) PSRR
versus frequency plots for different operating temperatures (¢) PSRR versus frequency plots for
different supply voltages

For different operating temperatures such as -55 °C, 0 °C, 27 °C, 100 °C, and 125 °C, the PSRR
versus frequency plots are shown in Figure 4.22 (b). From the plots, it is observed that the
minimum value of PSRR for different temperatures is -79.11 dB at the frequency of 100 Hz. The
PSRR versus frequency plots at a nominal temperature of 27 °C for different supply voltages
suchas 0.65V, 1V, 2V,3V,and 3.5V are shown in Figure 4.22 (c). The figure shows that the
minimum value of PSRR for different supply voltages is -83 dB at the frequency of 100 Hz.
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Hence, it can be concluded that the proposed CMOS voltage reference-1V can work efficiently
under the supply noise and other undesired signals imposed on the supply voltage.

The output noise versus frequency plot of the proposed CMOS voltage reference-1V is illustrated
in Figure 4.23 (a). From the plot, the values of output noise are obtained as 485.2 nV/v/Hz,

229.87 nV/\VHz, and 174.96 nV/vV/Hz at the frequencies of 100 Hz, 1 kHz, and 10 kHz,
respectively. Figure 4.23 (b) depicts the plots of output noise with respect to the frequency for
different operating temperatures such as -55 °C, 0 °C, 27 °C, 100 °C, and 125 °C. From the figure,

it is observed that the values of output noise for the different supply voltages are less than 740.1

nV/v/Hz at the frequency of 100 Hz.
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Figure 4.23 (a) Output noise versus frequency plot of the proposed CMOS voltage reference-1V
(b) Output noise versus frequency plots for different operating temperatures (c) Output noise
versus frequency plots for different supply voltages

Figure 4.23 (c) shows the output noise versus frequency plots for different supply voltages such
as 0.65V,1V,2V,3V,and 3.5V at the nominal temperature of 27 °C. From the figure, it is

observed that the values of output noise for the different supply voltages are less than 517.8

nV/vHz at the frequency of 100 Hz.
4.3.2.1 Monte Carlo simulations

The Monte Carlo simulations for various performance parameters of the proposed CMOS
voltage reference-1V have been performed by considering both the process variations and
mismatch-induced variations. The Monte Carlo simulation results of the output reference voltage
(Vrer), TC, line sensitivity, and PSRR for 100 samples each have been presented in Figures 4.24
(@), (b), (c), and (d), respectively. These Monte Carlo simulation plots present the realistic picture
of the proposed CMOS voltage reference-1V behaviour. From Figure 4.24 (a), the mean value of
Vrer is obtained as 349.51 mV with a standard deviation of 4.61 mV. From Figure 4.24 (b), the
mean value of TC is obtained as 33.22 ppm/°C with a standard deviation of 5.83 ppm/°C. From
Figure 4.24 (c), the mean value of line sensitivity is observed as 0.0165 %/V with a standard
deviation of 0.001846 %/V. From Figure 4.24 (d), it is observed that the mean value of PSRR is
-83.49 dB with a standard deviation of 4.178 dB.

107



No. of Samples

No. of Samples

22
20
18
16
14
12
10
8.0
6.0
4.0
2.0
0.0

22
20
18
16
14
12
10
8.0
6.0
4.0
2.0
0.0

M Viger

:: = - Samples = 100
] AN Mean=349.513mV
. oo Std. Dev. = 4.60886 mV
:: (<] N DO
bk
:: =] (o] 1 OO z
] 70 oo ° : ° °r ° i \\
B o olo o |o °
B (<] o o (¢} Q <]
- o ® ole P \
B ° l oo o 1 : : g z & \
] _/ ° of o | o |o o |o ° o © \
332.0 336.0 340.0 344.0 348.0 352.0 356.0 360.0 366.0
Vier (MmV)
(@)
_ = Temperature coefficient
] ~ Samples = 100
] N Mean = 33.2263 ppm/°C
; e\ Std. Dev. = 5.83037 ppm/°C
3 o | o
. e e | \e
3 ° g
3 o
. ° )
J b (] ]
3 e| o q
. o [o P
3 o| @9
. e |a e
- b o | o
E q q °
E ole p °
7 £:3 (=} 0o (=] (=}
g L T et N
) LN L il i il (L Gl b L DL B |
140 18.0 220 26.0 30.0 340 38.0 420 46.0 52.0

Temperature coefficient (ppm/°C)

(b)

108



20 - M Line sensitivity

\ Samples = 100
18 K Mean = 0.0165 %/V
E ° o [o Std. Dev. = 0.001846 %/V
16 - ° q0
- 14 —- °o y o° o
= - o [o °
E‘ 12 i o p °
< ° °
vl 10 - /° o o
s E / ° ol of e
s 8.0 = ° olo °
Z E ol ° op
6.0 = ° q = ) ° oo\
4.0 —- / co oD ° I o i ° Dcoo
. / o o9 < D
2.0 = ‘/ of o ° d e o| o ° \
- b of ofe ° b bo | o
0.0 - ~__
AL SN IR WA KRKRRK MR WK KRR R UK KRR UL R KUK KRB I Rk bk WAL R R
0.012 0.013 0.014 0.015 0.016 0.017 0.018 0.019 0.020 0.021
Line sensitivity (%/V)
(©)
20 - m PSRR
E = Samples =100
18 1 L __ . Mean~-83.4948 dB
16 3 /do \ Std. Dev. = 4.17825 dB
3 o 4 o
L 14 , : .
- - b o o
S 12 4 o o—e o
E —3 Lo} (o] (o] o
10 S 4 o o o |o
i E
S - o o o o |e
S 8.0 oo o [o |0 do
4 E o |o ° o of e | o
6.0 o o ° o o ¢
3 0 ) © G 4 q
4.0 - of e of o o | o
- of| o 40 |o o o =
2.0 3 oo e b e TS
—: b o 4 o of oo o [ \
0.0 -
T T T T [T AT T I T T T [T T T T [T I T T T T T T T
995 -955 -91.5 -87.5 -835 -795 -755 -71.5 -67.5 -63.5
PSRR (dB)
(d)

Figure 4.24 (a) Monte Carlo simulation results of the reference voltage (Vrer) for 100 samples
(b) Monte Carlo simulation results of the TC for 100 samples (c) Monte Carlo simulation results
of line sensitivity for 100 samples (d) Monte Carlo simulation results of PSRR for 100 samples
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Table 4.8 shows the various performance parameters of the proposed CMOS voltage reference-
IV and the voltage references available in the literature [66, 72-73, 81, 89, 108-111]. For a fair
comparison, three figures of merit FOM1, FOM2, and FOMj3 are used to compare the proposed
CMOS voltage reference-1V with the existing voltage references [66, 72-73, 81, 89, 108-111].
The proposed CMOS voltage reference-1V has higher FOM1 FOM. and FOMj3 than the existing
voltage references [66, 72-73, 81, 89, 108-111], which confirm its better performance. From
Table 4.8, it can also be concluded that the proposed circuit has various advantages such as low
supply voltage requirement, wide operating temperature range, low line sensitivity, high PSRR,
less area, and low power consumption. The high PSRR and low line sensitivity also define the
robustness of the proposed CMOS voltage reference-1V against the supply noise and supply

voltage variations.

Table 4.8 Comparison of proposed CMOS voltage reference-1V with existing voltage references

References— [66] | [72] [73] [81] [89] [108] | [109] | [110] | [111] | Proposed
Parameters| voltage
reference —
[\

Technology 180 180 130 180 130 180 130 180 180 180

(hm)

Supply voltage | 3to5 | 0.9t0 | 1to 12to [11to |15 16to | 45t0 | 1.2to | 0.65t03.5

V) 25 2.3 1.8 1.3 1.8 55 1.8

Temp. range -55 -20to | Oto 0to -40to | -10to | Oto | -40to | -40to | -55t0

O to 120 100 100 120 130 150 100 100 125
125

Vrer (MV) 2506 | 224 781 500 735 658 1112 | 2560 | 500 350

TC (ppm/<C) 25 191.3 | 48 22 9.3 9.6 131 | 2.6 15.19 | 315

PSRR (dB) 7% | - 514 | -42 -30 -42.3 | -36 -63 -57 -85.4

@ 100 Hz

Line 0.08 | 0.2 0.34 0.280 | ----- 089 |024 |02 0.25 | 0.015

sensitivity

(%/V)

Area (mm?) 0.059 | 0.023 | 0.053 | 0.073 | 0.063 | 0.022 | 0.128 | 0.075 | 0.072 | 0.00289
6 8

Power 45 3.78 8.1 6.12 1.44 449 288 30.6 6 1.95

consumption

(HW)

FOM:1 0.51 |1.02 0.41 1.02 0.3 021 | 005 |3.28 3 182

(°C3/W.m?)

FOM: (dB.°C/ | 3.56 | ----- 2.5 5.13 0.43 0.66 |0.12 | 4751 |1042 | 312

ppm.gA.mm?)

FOM3 254 | - 1.6 2.29 0.24 0.3 0.008 | 12.48 | 559 | 238.3

((°C/m)2.

(dB/W.ppm.

|J.A)1/2.103)
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4.4 Simulation results of low dropout voltage regulators based on proposed CMOS voltage

references

The low dropout voltage regulator (LDO) is used as an application of the voltage reference to
validate the performance of proposed voltage references. This section presents the simulation
results of LDOs based on proposed voltage references (I, Il, 11l, and 1V). The performances of
the LDOs based on proposed voltage references (1, 11, 111, and V) have also been compared with
a conventional LDO that uses a conventional voltage reference to show the effectiveness of the

LDOs based on proposed voltage references.
4.4.1 Simulation results of LDO using proposed CMOS voltage reference-I

The values of the supply voltage and reference voltage (Vrer) for both LDOs (LDO using
proposed voltage reference-1 and conventional LDO) are chosen as 0.85 V and 118.5 mV,
respectively. Figure 4.25 shows the output voltages (Vour) versus temperature plots of LDOs
using proposed CMOS voltage reference-l and conventional voltage reference. From the plots,
the output voltages of LDOs using proposed CMOS voltage reference-1 and conventional voltage
reference are obtained as 589 mV at a nominal temperature of 27 °C. Therefore, the dropout
voltages of LDOs using proposed CMOS voltage reference-1 and conventional voltage reference
are obtained as 261 mV. In Figure 4.25, the green colour plot shows the deviation of Vour in the
temperature range of -60 °C to 120 °C is 3.3 mV which gives the TC of 31.13 ppm/°C for LDO
using proposed voltage reference-1. The red colour plot shows that the overall deviation of Vour
in the temperature range of -60 °C to 120 °C is 16.5 mV which gives the TC of 155 ppm/°C for

the LDO using conventional voltage reference.
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Figure 4.25 Output voltage (Vour) versus temperature plots of LDOs using proposed CMOS
voltage reference-I and conventional voltage reference
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The output voltage (Vour) versus supply voltage plots of LDOs using proposed CMOS voltage
reference-l and conventional voltage reference are illustrated in Figures 4.26. From the figure,
the variations of Vour for the supply voltage ranging from 0 V to 2.5 V give the line sensitivity
of 0.275 %/V for LDOs using proposed voltage reference-1 and conventional voltage reference.
Figure 4.27 shows output voltage (Vour) versus load current plots of LDOs using proposed
CMOS voltage reference-l and conventional voltage reference. The load current varies from 5
mA to 10 mA, which gives the load regulation of 0.23 mV/mA and 0.236 mV/mA for LDO

using proposed voltage reference-I and LDO using conventional voltage reference, respectively.
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Figure 4.26 Output voltage (Vour) versus supply voltage plots of LDOs using proposed CMOS
voltage reference-1 and conventional voltage reference
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Figure 4.27 Output voltage (Vour) versus load current plots of LDOs using proposed CMOS
voltage reference-I and conventional voltage reference
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Figure 4.28 PSRR versus frequency plots of LDOs using proposed CMOS voltage reference-I
and conventional voltage reference

Figure 4.28 illustrates the PSRR versus frequency plots of LDOs using proposed CMOS voltage
reference-1 and conventional voltage reference. From the plots, the values of PSRR are observed
as -52.91 dB and -39 dB for LDO using proposed voltage reference-l1 and LDO using
conventional voltage reference, respectively at the frequency of 100 Hz.

4.4.2 Simulation results of LDO using proposed CMOS voltage reference-11

The values of the supply voltage and reference voltage (Vrer) for both LDOs (LDO using
proposed voltage reference-11 and conventional LDO) are selected as 0.80 V and 424.85 mV,
respectively. The output voltages (Vour) versus temperature plots of LDOs using proposed

CMOS voltage reference-11 and conventional voltage reference are shown in Figure 4.29.
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Figure 4.29 Output voltage (Vour) versus temperature plots of LDOs using proposed CMOS
voltage reference-11 and conventional voltage reference
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Figure 4.30 Output voltage (Vour) versus supply voltage plots of LDOs using proposed CMOS
voltage reference-11 and conventional voltage reference

From the plots, the output voltages of LDOs using proposed CMOS voltage reference-11 and
conventional voltage reference are obtained as 637 mV at a nominal temperature of 27 °C.
Therefore, the dropout voltages of LDOs using proposed CMOS voltage reference-Il and
conventional voltage reference are obtained as 163 mV. In Figure 4.29, the green colour plot
shows the deviation of Vour in the temperature range of -55 °C to 125 °C is 4.41 mV which
gives the TC of 39.75 ppm/°C for LDO using proposed voltage reference-11. The red colour plot
shows that the overall deviation of Vour in the temperature range of -55 °C to 125 °C is 13.19
mV which gives the TC of 115 ppm/°C for the LDO using conventional voltage reference. The
output voltage (VMour) versus supply voltage plots of LDOs using proposed CMOS voltage
reference-11 and conventional voltage reference are shown in Figures 4.30. From the figure, the
variations of Vour for the supply voltage ranging from 0.8 V to 5 V give the line sensitivity of
0.0039 %/V for LDOs using proposed voltage reference-11 and conventional voltage reference.
Figure 4.31 shows output voltage (Vour) versus load current plots of LDOs using proposed
CMOS voltage reference-11 and conventional voltage reference. The load current varies from 5
mA to 10 mA, which gives the load regulation of 0.009 mV/mA and 0.0092 mV/mA for LDO
using proposed voltage reference-11 and LDO using conventional voltage reference, respectively.
Figure 4.32 shows the PSRR versus frequency plots of LDOs using proposed CMOS voltage
reference-11 and conventional voltage reference. From the plots, the values of PSRR are observed
as -86.28 dB and -45 dB for LDO using proposed voltage reference-Il and LDO using
conventional voltage reference, respectively at the frequency of 100 Hz.
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Figure 4.31 Output voltage (Vour) versus load current plots of LDOs using proposed CMOS
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Figure 4.32 PSRR versus frequency plots of LDOs using proposed CMOS voltage reference-11

and conventional voltage reference

4.4.3 Simulation results of LDO using proposed CMOS voltage reference-111

The values of the supply voltage and reference voltage (Vrer) for both LDOs (LDO using

proposed voltage

reference-111 and conventional LDO) are chosen as 0.8 V and 312 mV,

respectively. Figure 4.33 shows the output voltages (Vourt) versus temperature plots of LDOs

using proposed CMOS voltage reference-111 and conventional voltage reference. From the plots,

the output voltages of LDOs using proposed CMOS voltage reference-111 and conventional

voltage reference

are obtained as 624 mV at a nominal temperature of 27 °C. Therefore, the

dropout voltages of LDOs using proposed CMOS voltage reference-I11 and conventional voltage

reference are obtained as 176 mV. In Figure 4.33, the green colour plot shows the deviation of
Vourt in the temperature range of -40 °C to 125 °C is 4.23 mV which gives the TC of 41 ppm/°C
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for LDO using proposed voltage reference-111. The red colour plot shows that the overall
deviation of Vour in the temperature range of -40 °C to 125 °C is 9.7 mV which gives the TC of
94 ppm/°C for the LDO using conventional voltage reference. The output voltage (Vourt) versus
supply voltage plots of LDOs using proposed CMOS voltage reference-Il1l and conventional
voltage reference are illustrated in Figures 4.34. From the figure, the variations of Vour for the
supply voltage varying from 0.8 V to 3 V give the line sensitivity of 0.005 %/V for LDOs using

proposed voltage reference-111 and conventional voltage reference.
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Figure 4.33 Output voltage (Vour) versus temperature plots of LDOs using proposed CMOS
voltage reference-111 and conventional voltage reference

m LDO using conventional voltage reference

= 1. DO using proposed voltage reference-III
650.0

520.0
390.0
260.0
130.0
0.0

650.0
520.0
390.0
260.0
130.0
0.0

Vour (mV)

Vour (mV)

[TTTTTTTT | L L N DA D D L L e e 1
0.0 0.5 1.0 1.5 2.0 25 3.0
Vop (V)

Figure 4.34 Output voltage (Vour) versus supply voltage plots of LDOs using proposed CMOS
voltage reference-111 and conventional voltage reference
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Figure 4.35 shows output voltage (Vour) versus load current plots of LDOs using proposed
CMOS voltage reference-I11 and conventional voltage reference. The load current varies from 5
mA to 10 mA, which gives the load regulation of 0.0116 mV/mA and 0.013 mV/mA for LDO
using proposed voltage reference-11l and LDO wusing conventional voltage reference,
respectively. Figure 4.36 illustrates the PSRR versus frequency plots of LDOs using proposed
CMOS voltage reference-111 and conventional voltage reference. From the plots, the values of
PSRR are observed as -82.2 dB and -51.28 dB for LDO using proposed voltage reference-111 and

LDO using conventional voltage reference, respectively at the frequency of 100 Hz.
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Figure 4.35 Output voltage (Vour) versus load current plots of LDOs using proposed CMOS
voltage reference-111 and conventional voltage reference
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Figure 4.36 PSRR versus frequency plots of LDOs using proposed CMOS voltage reference-Il1
and conventional voltage reference
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4.4.4 Simulation results of LDO using proposed CMOS voltage reference-1V

The values of the supply voltage and reference voltage (Vrer) for both LDOs (LDO using
proposed voltage reference-1V and conventional LDO) are selected as 0.65 V and 350 mV,
respectively. The output voltages (Vour) versus temperature plots of LDOs using proposed
CMOS voltage reference-1VV and conventional voltage reference are illustrated in Figure 4.37.
From the plots, the output voltages of LDOs using proposed CMOS voltage reference-1V and
conventional voltage reference are obtained as 560 mV at a nominal temperature of 27 °C.
Therefore, the dropout voltages of LDOs using proposed CMOS voltage reference-1V and
conventional voltage reference are obtained as 90 mV. In Figure 4.37, the green colour plot
shows the deviation of Vour in the temperature range of -55 °C to 125 °C is 3.52 mV which
gives the TC of 35 ppm/°C for LDO using proposed voltage reference-I1V. The red colour plot
shows that the overall deviation of Vour in the temperature range of -55 °C to 125 °C is 11.95
mV which gives the TC of 118.65 ppm/°C for the LDO using conventional voltage reference.
The output voltage (Vour) versus supply voltage plots of LDOs using proposed CMOS voltage
reference-1V and conventional voltage reference are shown in Figures 4.38. From the figure, the
variations of Vour for the supply voltage ranging from 0.8 V to 3.5 V give the line sensitivity of
0.004 %/V for LDOs using proposed voltage reference-1V and conventional voltage reference.
Figure 4.39 shows output voltage (Vour) versus load current plots of LDOs using proposed

CMOS voltage reference-1V and conventional voltage reference.
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Figure 4.37 Output voltage (Vour) versus temperature plots of LDOs using proposed CMOS
voltage reference-1V and conventional voltage reference
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The load current varies from 5 mA to 10 mA, which gives the load regulation of 0.004 mV/mA
and 0.0042 mV/mA for LDO using proposed voltage reference-1V and LDO using conventional
voltage reference, respectively. Figure 4.40 shows the PSRR versus frequency plots of LDOs
using proposed CMOS voltage reference-1V and conventional voltage reference. From the plots,
the values of PSRR are observed as -79 dB and -48 dB for LDO using proposed voltage
reference-1V and LDO using conventional voltage reference, respectively at the frequency of 100
Hz.
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Figure 4.38 Output voltage (Vour) versus supply voltage plots of LDOs using proposed CMOS
voltage reference-1V and conventional voltage reference
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Figure 4.39 Output voltage (Vour) versus load current plots of LDOs using proposed CMOS
voltage reference-1V and conventional voltage reference
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Figure 4.40 PSRR versus frequency plots of LDOs using proposed CMOS voltage reference-1V
and conventional voltage reference

The performance parameters of the LDOs based on proposed voltage references (I, Il, Ill, and
IV) and conventional voltage reference are listed in Table 4.9. From the table, it can be seen that
the LDOs based on proposed voltage references have several advantages such as higher PSRR,
lower load regulation, lower temperature coefficient, and lower line sensitivity than the LDOs

based on conventional voltage reference.

Table 4.9 Performance parameters of LDOs using proposed CMOS voltage references and
conventional voltage reference

LDOs— LDO using LDO using LDO using LDO using
conventional proposed conventional proposed conventional proposed conventional proposed

Parameters! voltage voltage voltage voltage voltage voltage voltage voltage
reference reference- | reference reference- | reference reference- reference reference-

I 11 11 [\

Technology 180 180 180 180 180 180 180 180

(nm)

Supply voltage | 0.85 0.85 0.8 0.8 0.8 0.8 0.65 0.65

V)

Drop-out 261 261 163 163 176 176 90 90

voltage (mV)

Output voltage | 589 589 637 637 624 624 560 560

(mV)

Temp. range -60t0 120 | -60to -5510 125 -55to -40 to 125 -40to0 125 | -55to 125 -55to

(°C) 120 125 125

Reference 118.5 118.5 424.85 424.85 312 312 350 350

voltage (mV)

TC 155 31.13 115 39.75 94 41 118.65 35

(ppm/°C)

Maximum load | 5to 10 5t0 10 5to0 10 5to0 10 5t0 10 5t0 10 5t0 10 5to0 10

current (mA)

Line sensitivity | 0.275 0.275 0.0039 0.0039 0.005 0.005 0.004 0.004

(%/V)

Load 0.236 0.23 0.0092 0.009 0.013 0.0116 0.0042 0.004

regulation

(mV/mA)

PSRR @ 100 -39 -52.91 -45 -86.28 -51.28 -82.2 -48 -79

Hz (dB)

120



4.5 Conclusions

The post-layout simulation results of four different CMOS voltage references, namely CMOS
voltage reference-I, CMOS voltage reference-1l, CMOS voltage reference-11I, and CMOS
voltage reference-1V have been presented in this chapter. The proposed CMOS voltage
reference-l offers low temperature sensitivity over a wide temperature range and low-line
sensitivity but, the proposed circuit occupies a large area and requires high supply voltage. The
proposed CMOS voltage reference-11 overcomes the limitations of area and supply voltage
requirement of CMOS voltage reference-1. The CMOS voltage reference-I1 also shows lower line
sensitivity and higher PSRR than CMOS voltage reference-I but it consumes high power. The
CMOS voltage reference-111 consumes low power and occupies less area as compared to CMOS
voltage reference-1l. However, the CMOS voltage reference-111 does not show much
improvement in the line sensitivity and PSRR. The proposed CMOS voltage reference-1V shows
lower line sensitivity and higher PSRR as compared to CMOS voltage reference-I1l. The CMOS
voltage reference-1V requires low supply voltage and it consumes low power. The proposed
voltage references have also been compared with the voltage references available in the literature
and it has been observed that the proposed voltage references offer improved performance. The
performances of proposed voltage references have been demonstrated using a conventional LDO.
It has been observed that LDOs based on proposed voltage references offer better performance

than LDOs based on conventional voltage reference.
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CHAPTER 5
CONCLUSION AND FUTURE SCOPE

5.1 Conclusion

The voltage references are the essential components of analog and mixed-signal circuits which
are extensively used in portable devices, computer systems, biomedical electronics,
communication systems, etc. The voltage references provide constant output voltage with
variations in process, supply voltage, temperature, etc. The thesis proposes four different CMOS
voltage references, namely CMOS voltage reference-I, CMOS voltage reference-1I, CMOS
voltage reference-I11, and CMOS voltage reference-1V. The proposed CMOS voltage reference-I
uses a high-order curvature compensation technique to achieve low-temperature sensitivity over
a wide temperature range. But, this technique increases the complexity, supply voltage
requirement, and chip area. In CMOS voltage reference-Il, a self-biased cascode branch
generates the PTAT and CTAT voltages, which makes the circuit simple and area efficient. The
high PSRR and low line sensitivity have also been achieved by using two operational amplifiers
in the negative feedback loop. Since the proposed CMOS voltage references | and Il use PTAT
and CTAT behaviours to generate their output reference voltages, they require a large number of
transistors, and hence power consumption and area of these circuits are not improved
significantly.

To overcome the limitations of the proposed CMOS voltage references | and Il, the CMOS
voltage reference-111 has been proposed which uses two CTAT behaviours to generate the output
reference voltage. The CTAT behaviours have been generated using two similar supply-
independent CTAT generators. It consumes low power and occupies less area as compared to
CMOS voltage references | and Il. However, the CMOS voltage reference-11l does not show
much improvement in the line sensitivity and PSRR. Therefore, to achieve low line sensitivity
and high PSRR, another circuit of voltage reference named CMOS voltage reference-1V is
proposed which uses two CTAT behaviours to generate the output reference voltage. But these
CTAT behaviours are generated by a single beta multiplier circuit that makes the circuit simple
and area efficient. The supply voltage requirement and power consumption of the proposed
CMOS voltage reference-1V have also been improved.

The proposed CMOS voltage references, namely CMOS voltage reference-I, CMOS voltage
reference-11, CMOS voltage reference-111, and CMOS voltage reference-I1V have been employed

in a conventional LDO to validate their performances. The performance parameters of the LDOs
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based on proposed CMOS voltage references have also been compared with an LDO that uses a
conventional voltage reference and it has been observed that LDOs based on proposed voltage
references show better performance than the LDO that uses a conventional voltage reference in

terms of PSRR, load regulation, temperature coefficient, and line sensitivity.
5.2 Future scope

In this work, four different voltage references with improved performance parameters have been
presented, but there is still some scope to be carried forward in future research. In one of the
proposed voltage references, the high-order curvature compensation technique has been used to
improve the temperature coefficient. However, other techniques such as piecewise curvature
compensation or logarithmic curvature compensation can also be used to further improve the
temperature coefficient over a wide temperature range. The MOS transistor-based low pass filter
can be used at the output of the proposed voltage references to reduce the output noise. Further,
the mismatches in the current mirrors caused by the channel length modulation effect in the
proposed voltage references can be mitigated by using channel length modulation effect
compensation techniques. The programmable voltage references can also be investigated to
optimize the values of the temperature coefficients digitally, which can increase the performance

of the circuits.
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