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Abstract

In recent years, the use of battery operated electronic devices such as cell phones, medical devices,
gaming consoles, music players and laptops has been increasing. Low-power design is important for
battery-operated devices. Such devices employs system-on-chip (SoC) for improved performance, lower
cost and smaller size and it generally consists of analog, digital and mixed-signal circuits. The speed
of integrated circuits has been increased as a result of scaling down in feature-size of CMOS devices.
Also, the maximum allowable supply voltage of thin-oxide CMOS devices is reduced to ensure the
reliability of circuit. However, the threshold voltage of advanced CMOS devices is not scaled down
at the same rate as that of the supply voltage, in order to limit their leakage current. The smaller
channel length CMOS devices and low-supply voltage benefits the digital circuits in terms of higher
speed, better integration and power efficiency. On other hand, short channel effects and second-order
effects degrades the analog circuits performance. While this evolution in CMOS technology is very
beneficial for digital, and is not so for analog circuits.

The sizing of analog circuits to meet the desired performance is challenging since the short-channel
effects and layout-dependent effects becomes a critical issue in sub-nanometer CMOS process. These
issues demand a development of a systematic design procedure for circuit design by considering some
major effects of sub-nanometer nodes to meet the desire specifications. Operational transconductance
amplifier (OTA) is a basic building block in analog and mixed-signal systems. The performance of
OTA influences the functioning of analog and mixed-signal circuits such as active filters, ADC/DAC,
low-dropout regulators and buffer amplifiers. The OTA performance parameters such as gain, gain-
bandwidth, slew rate, linearity and noise undergo degradation under low-voltage environment. There-
fore, topological modifications to the conventional techniques are necessary to enhance the performance
of OTA when they are operating under low-voltage environment. The reliability becomes a major con-
cern in sub-nanometer technology nodes. The performance parameters undergo large deviations when
circuits are subjected to unavoidable process-voltage-temperature (PVT) variations. These demand
for development of analog circuits which are PVT insensitive. The conventional techniques based on
gate-driven circuits are not suitable for low-voltage environment. Therefore, this research work is to
develop low-voltage and low-power OTAs using bulk-driven MOSFET with improved performance in

sub-nanometer CMOS technology.
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In advanced CMOS process, the device performance characteristics gets affected by changes in the
number of fingers due to shallow trench isolation effect, which in turn changes the circuit performance.
A systematic design procedure based on g,,,/Ip, gmp/Ip and normalized current (Ip /W) characteristics
is presented. This methodology is used to evaluate the device geometry by considering the number
of fingers which meets the desired specifications. The gate-driven Miller-compensated two-stage OTA
and bulk-riven current mirror OTA are chosen as examples for validation of the proposed method.

A PVT intensive bulk-driven OTA with improved gain is introduced, which is able to work under
sub-0.5 V supply voltage. The gain of the bulk-driven input stage is improved with cross-coupling of
active load transistor bulk-terminals. An additional cross-forward stage assists in increasing the gain
of second stage. The cross-forward also improves the driving capability of OTA without any stability
issue. The proposed design can drive capacitive loads up to 50 pF, with only a small reduction in
phase margin.

An ultra-low-voltage pseudo-differential bulk-driven OTA with rail-to-rail input/output swing is
presented for low-frequency applications. The proposed design employs an auxiliary circuit at input
stage to improve the effective transconductance of bulk-driven input stage. The enhanced transconduc-
tance leads to improvement in gain and gain-bandwidth product of OTA. A partial positive feedback
technique is employed to improve the gain. In addition, a Class-AB output stage is designed through
a cross forward stage which improves current efficiency and gain of the amplifier. The proposed design
operates at supply voltage of 0.3-V and total current consumption is 170 nA. This OTA can be used
as a tunable transconductance amplifier by varying the bias voltage of auxiliary amplifier. Further, a
tunable second order G,,, — C low pass filter is designed using the proposed OTA.

The drive strength of bulk-driven device is very less as compared to gate-driven counterparts
which shows the effect on the slew rate of OTA. The power-efficient bulk-driven Class-AB operational
transconductance amplifiers are presented for driving the large capacitive loads under low-voltage
environment. In conventional circuits, the slew rate of the amplifier is limited by the static bias
current. The proposed OTAs employ adaptive biasing and adaptive loads to improve the slew rate.
In addition, a slew rate enhancer (SE) is employed to further improve the dynamic performance. The
SE circuit consists of current-feedback loop which recursively copies the part of output driving current
and increases the bias current of SE. As a result, the slew rate is improved significantly. The proposed

OTA with SE can drive the large capacitive loads upto 2 nF with rail-to-rail output swing. The

xiv
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proposed OTAs are operates at supply voltage of 0.5-V.
All the proposed OTAs are designed in a UMC 65-nm CMOS process. The intended capabilities
and advantages of the proposed designs are verified through post-layout simulations. A final evaluation

of the performance of the proposed OTAs compared with the state-of-the-art designs.
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1.1 Introduction

1.1 Introduction

In recent years, the demand for emerging battery-operated portable and wearable electronics de-
vices such as mobile phones, music players, and biomedical instruments (hearing aids, implantable
cardiac pacemakers and heart-rate detectors) has been increasing. Most of these applications use
system-on-chip (SoC) that consists of analog, digital, and intrinsic mixed-signal circuits. In order
to extend the battery life in these systems, their SoC design should be more power efficient. The
interaction among the different factors heading to the continuous growth of electronic devices can be
better understood with the aid of Fig. [[.Il Note that behind the progress of integrated circuits, there
is always a driving factor dictated by technology limitations and a driving factor related to market

demand.

new-solutions

Market Technology

new-possibilities

\i)rice scalin‘g/

peformance

demand scaling

Integration

heat-dissipation

\ Low-Power Ait all

battery life

Portability \ Low-Voltage

Figure 1.1: Factors driving the low-power and low-voltage trend [I]

The increasing demand for portable systems such as computers, digital communication systems
and consumer electronics poses new challenges before the semiconductor industry. The driving force
for this trend is the ability of the industry to produce faster and more power-efficient circuits, which is
mainly due to the continuous scaling of the CMOS technology. The evolution in CMOS technology is
motivated by decreasing price-per-performance for digital circuitry [3]. The continuous scaling of the
MOSFET channel length (L) increases the maximum number of transistors per unit area. According to
Moore’s law, the amount of components per chip doubles every 24 months [I]. The speed of integrated
circuits and more electronic functions per unit area has increased as a result of miniaturization and at
the same time the maximum allowable supply voltage (Vpp) has decreased. Hence, a relatively large
threshold voltage (Vrg) needs to be maintained to limit the OFF current in transistors.

The CMOS technology offers the unique possibility of integration of both analog and digital circuits

3
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on the same chip. The low-supply voltage is especially beneficial to digital integrated CMOS circuits,
since their power consumption is proportional to the square of the supply voltage, i.e., reducing the
supply voltage to half will reduce the power consumption to a quarter from its original value. In analog
signal processing the power consumption is not directly related to the supply voltage but, instead,
it is basically set by the required signal-to-noise ratio (SNR) and the frequency of operation (or the
required bandwidth).

The analog circuits employed in applications such as wireless sensor networks, wearable battery
powered systems, and implantable circuits for biological applications need to consume very low amount
of power such that the entire system can survive for a very long time without the need for changing
or recharging battery. Using new power supply techniques such as energy harvesting and printable

batteries, is another reason for reducing power dissipation.
1.1.1 Motivation

The current scope of this research is motivated by the implementation of analog circuits with chal-
lenges imposed by sub-nanometer CMOS technologies. This work is to develop low-power operational
transconductance amplifiers (OTAs) for low-voltage applications. Since, OTA is a basic building block
in analog and mixed-signal circuits such as analog filters, ADC/DAC converters, low-dropout regu-
lators (LDOs), sample and hold circuits, references circuits and buffer amplifiers. The analog and
mixed-signal circuits may require multiple OTAs, where the power consumption of individual OTA is
critical in order to prolong the battery life. Hence optimizing the performance of individual compo-
nents while keeping the power consumption low is critical to build an overall energy efficient system.
Therefore, one must design an OTA to operate with as low a power as possible while maintaining an
acceptable noise performance and linearity requirement. One of the most important features in low-
voltage amplifier designs is ensuring that the amplifier maintains constant behaviour in the presence
of rail-to-rail input common-mode variations while providing a rail-to-rail output to maximize SNR.
Therefore, an efficient input stage for low-voltage operation is essential while designing OTA.

The conventional analog circuits are mainly based on gate-driven differential transistor pairs, where
the input signal modulates the gate voltage of input devices. This approach is unsuitable for low supply
voltage due to the V, limitation in signal path. The input devices operate in the conductance region
only for input common-mode level toward positive or negative supply rail. The input common-mode

range of gate-driven circuits can be extended with the help of complementary input differential stage

TH-2017_11610233



1.1 Introduction

or dynamic level shifter. But these circuits require complex biasing circuits to minimize the dead zone
in the input range.

In recent years, various low-voltage design techniques such as bulk-driven, floating-gate, self-
cascode and low—Vy, MOSFETSs have been developed, which are capable of reducing the power supply
requirements [4,5]. Among these, the bulk-driven MOSFET is one of the most promising technique
for design of analog circuits in low-voltage environment. Here, the input signal drives bulk-terminal
of the input MOSFET devices while a sufficient gate voltage keeps the input devices in conducting
region even for rail-to-rail input common-mode range. This approach eliminates V;;, requirement in
input signal path, thereby pushing the minimum operational supply voltage to its limit. However,
the bulk-driven devices have few disadvantages like, low transconductance, increased area, and large
input capacitance from its well structure. The bulk-transconductance (g,,p) of bulk-driven MOSFET
is considerably smaller (2-5 times) than that of gate transconductance (g,,), which affects the gain,
input noise and frequency response of the OTA. In addition, the drive strength of bulk-driven devices
is very poor as compared to the gate-input counterparts.

For the aforementioned reasons, in this thesis, the performance degradation issues in low-voltage

bulk-driven OTAs are addressed along the following directions.

e Improving the speed (i.e., gain-bandwidth (GBW)) of bulk-driven circuits under low-voltage

environment.

e In low-voltage operation, boosting the gain is more difficult due to the absence of the transistor

cascoding, and will cost more area and power consumption.

e The low-voltage circuits has to provide rail-to-rail output swing in order to maximize the SNR.
In addition, the amplifier should maintain the constant behaviour in the presence of process,
voltage and temperature (PVT) and input common-mode voltage variation while providing a

rail-to-rail output.
e Improving the driving capability of bulk-driven OTAs under low-voltage environment.
1.1.2 Problem formulation

OTA is one of the most important building blocks of analog and mixed-mode systems. The bulk-

driven transistors are normally used for designing an OTA with rail-to-rail operating range. However,
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bulk-driven devices have certain limitations as mentioned in the previous Section. [LT.Jl In order to
overcome these limitations, in this thesis, we proposed several techniques. The goal of this thesis is to
develop power-efficient bulk-driven OTAs for low-voltage applications. To meet this goal the following

specific contributions are attempted in this thesis.

A systematic design procedure is suggested to minimize the variation of circuit performance due

to layout dependent effects.

e Investigation of high DC-gain bulk-driven OTA topology for low-voltage and low-power appli-

cations.

e An ultra-low-voltage bulk-driven with rail-to-rail input/output swing is investigated for low-

frequency applications.

e An adaptive biasing and slew rate enhancer techniques are suggested for improving the driving

capability of low-voltage bulk-driven OTAs.

The scaling of power consumption is proportional to that of operating frequency of OTA. The
tuning of operating frequency with required specifications is the main objective of this work. Overall,
this thesis is aimed at improving the performance of bulk-driven OTAs under low-voltage environment.
The intended capabilities and advantages of the suggested techniques are verified through post-layout

simulations.

1.2 Contributions of the Thesis

This thesis is aimed for improving the performance of bulk-driven OTAs for low-voltage applica-

tions. The primary contributions of the thesis are listed below:
1.2.1 Design of analog circuits with STI effect

Nanoscale CMOS circuit design extensively employs multifinger layout technique to alleviate the
performance degrading parasitic and mismatch effects that are typically observed with single-finger
layout. However, a continuous increase in the number of fingers (Np) accompanied by a simultaneous
decrease in their finger width could lead to the penalty of a higher degree of variation in the MOSFET’s

small-signal parameters. It is due to the heightened shallow trench isolation (STI) stress that gets
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developed in such devices. The optimisation of circuit performance with the arbitrarily fixed number
and width of fingers would be ambiguous.

In this work, the initial approach involves investigation of current-voltage (I — V') characteristics
of a MOSFET as a function of number of fingers. It has been found that both the drain current
and transconductance get affected by the Ngr. This explore a development of systematic methodology
for multifinger MOSFET based circuits. In order to validate the methodology, Miller-compensated
two-stage OTA and bulk-driven current mirror OTA are designed by considering STT effect. It is also

found that the parameters of the designs are matched well with the set of desired specifications.
1.2.2 A low-voltage PVT-insensitive bulk-driven OTA with enhanced DC-gain

A PVT-insensitive bulk-driven OTA with enhanced DC-gain for low-voltage applications is de-
scribed. A cross-coupled active load is employed at the bulk-driven input stage to enhance the gain
of OTA. A cross-forward (CF) gain stage was placed between the input and output stages of the
OTA to enhance the output stage transconductance. The CF stage improves the phase margin of
OTA and keeps the amplifier stable even for large capacitive loads (up to 50 pF) and also improves
overall DC-gain. The proposed design can drive capacitive loads up to 50 pF, with only a minor
reduction in phase margin. The proposed design employs triple-well CMOS process in order to access
the bulk-terminal of nMOS transistor. The OTA input stage is nMOS bulk-driven which provides the

consistent performance under PVT variations.
1.2.3 An ultra-low-voltage bulk-driven OTA for low-frequency applications

An ultra-low-voltage pseudo-differential bulk-driven OTA with enhanced transconductance for
low-frequency applications is presented. The design employs an auxiliary circuit at bulk-driven input
stage in order to improve the effective transconductance of OTA. The enhanced transconductance
leads to improvement in DC-gain and GBW of OTA. To further enhance the gain, a partial positive
feedback technique is employed. In addition, push-pull output stage is designed through a CF stage,
that improves the current efficiency and gain of the amplifier. This OTA can be used as a tunable
transconductance amplifier by varying bias voltage of auxiliary amplifier. In addition, the proposed
transconductance amplifier is used to design a tunable second-order G, — C low-pass filter. The
proposed design operates at supply voltage of 0.3-V and total current consumption is 170 nA, which

makes this design is suitable for low-voltage, low-power applications.

TH-2017_11610233



1. Introduction

1.2.4 Low-voltage Class-AB bulk-driven OTAs with improved slew rate

In this task, two different Class-AB bulk-driven OTAs are designed to realize analog voltage buffers

capable of driving the large capacitive loads.

(i) Inthe first design, a low-voltage, high driving capability Class-AB bulk-driven OTA with minimal
current consumption is considered. The proposed OTA consists of adaptively biased Class-AB
differential input stage to improve the effective transconductance. The adaptive loads relying on
cascode current mirrors, configured in partial positive feedback mode to enhance the overall gain
of OTA. Because of adaptive biasing and adaptive load configuration, the driving capability of
OTA increases for a large change in input voltage. The bulk-driven input stage helps to achieve

rail-to-rail common-mode input operation.

(ii) In the second design, the bulk-driven OTA with slew rate enhancer (SE) which further improves
the driving capability, is considered. The SE circuit consists of current-feedback loop which
recursively copies the output driving current and increases the bias current of SE circuit. As a
result, the slew rate is improved significantly. The proposed OTA can drive the large capacitive

loads upto 2 nF with help of SE and it can provide rail-to-rail input and output swing.
1.3 Organization of the Thesis

The thesis is organized into seven chapters. The brief descriptions of these chapters are as follows.

Chapter 1 introduces the need of low-voltage design, briefs about the motivation, and problem
definition, and finally provides the outline of the thesis.

Chapter 2 focuses on approaches which directly or indirectly target the low-voltage design by
minimizing the effect of threshold voltage in signal path. Several conventional and unconventional
low-voltage design techniques to obtain low-power operations are compared. Following the selection
of the appropriate bulk-driven technique, the bulk-driven MOSFET removes Vy;, from the signal path
and problems associated with several recent bulk-driven circuit are also discussed in this chapter.

Chapter 3 describes the anlog circuit performance variations due to layout dependent effects. A
systematic design procedure for analog circuit designs with consideration of shallow trench isolation
effect is presented. To validate the proposed method, a simple Miller compensated two-stage OTA

has been considered.
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In Chapter 4, a PVT-insensitive high DC-gain bulk-driven OTA with rail-to-rail input/output
swing is presented. A cross forward stage improves the gain and driving capability of the OTA. The
performance of the proposed OTA is compared with the state-of-the-art techniques.

In Chapter 5, an ultra-low-voltage pseudo-differential OTA for low-frequency applications is pre-
sented. This chapter discusses about transconductance and gain enhancement of bulk-driven OTAs.
Based on the proposed OTA a tunable G,,, — C filter is designed for low-frequency applications.

Chapter 6 presents power-efficient Class-AB bulk-driven OTAs with improved slew rate to drive
the large capacitive loads. It also describes adaptive biasing, adaptive loads and slew rate enhancer
for improving the driving capability. Finally, the performance of the proposed high slew rate OTAs
are compared with the existing designs.

In Chapter 7, the conclusions of this current research and outline of a few directions for future

work is presented.
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2.1 Introduction

This chapter covers device and circuit aspects of low-power analog CMOS design. The fundamen-
tal limits constraining the design of low-power circuits are first reviewed with an emphasis on the
implications of supply voltage reduction. New design techniques that are appropriate for low-power

and/or low-voltage circuits are presented.
2.1 Introduction

Low-voltage, low-power topologies of analog and mixed-signal designs have gained tremendous
importance due to increased demand for portable devices. The current trend towards low-power design
is mainly driven by two forces: First, low-power is the major goal of autonomous portable products
for which speed and/or dynamic range might have to be sacrificed. Next, the high-performance VLSI
systems based on advanced CMOS technologies provides high speed and high integration density. This
has experienced a dramatic increase of heat dissipation that is now reaching a fundamental limit.

Analog circuits are primarily fabricated in standard digital CMOS processes so that they can be
operated at the same supply voltage. This avoids the complexity involved in generating various supply
voltages. The most efficient way to reduce the power consumption of digital circuits is definitely to
reduce the supply voltage. On the other hand, the reduction of the supply voltage is also required to
maintain the electric field at an acceptable level. The rules for analog circuits are quite different than
those applied to digital circuits.

Unfortunately, in analog circuits, lowering the supply voltage does not lead to reduction in power
consumption. Since, the circuits power is consumed to maintain the energy of the signal above the

thermal noise in order to achieve the required SNR and the desired bandwidth [6].

2.2 CMOS Technology Scaling Trade-offs

In this section, the fundamental trade-offs associated with CMOS technology scaling are discussed.
The scaling down of device geometry leading to very large scale integration at a lower fabrication cost.
It helps in achieving higher speed and lower power consumption. In general, CMOS technology scaling
(referred to as reduction in MOSFET devices dimensions) allows increased packing densities and higher
performance in integrated circuits. It has been the ability to scale CMOS technology in a predictable
and consistent manner that has led to the proliferation of CMOS ICs. The primary goals of scaling

in CMOS technology are to increase the density and improve the performance of digital integrated
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circuits. For each generation, a 30% reduction in gate length yields a roughly 50% reduction in
gate area, or a doubling of the packing density. To ensure reliability with reduction in the device

dimensions, a low-voltage has to be used.

2.3 Scaling Trends in Analog CMOS Technologies

The advanced CMOS technologies improve the analog circuit performance in terms of lower area,
reduced parasitics, higher speed with maximum allowable supply voltage. As technologies are scaled-
down, g,, tends to increase, since the gate capacitances reduces in proportion to L. However, in order
to make use of few advantages of small channel length devices, some mixed-mode designs use the
combination of both small and large channel length devices. But, the designs which use only small
channel length devices are normally avoided in analog circuits. Some of the major drawbacks of the

use of small channel length devices are as follows [7H9]:

e The drain resistance (r4s) of the short-channel devices is small due to channel length modulation

(CLM) effect [3]. The degradation of 745 results in reduction of intrinsic gain (g,r4s).

e Most of the analog circuits are biased using various current sources and sinks [10]. The current
source (or a sink) requires high output resistance to maintain the constant current over a wide
output voltage range. In strong inversion, large CLM effect causes a wide variation in the drain
current as a function of the output voltage. This becomes even worse in weak inversion due to
the exponential dependence of the drain current on the drain voltage. When using small channel

length devices, the current mirroring does not remain constant over the output voltage range.

e The drain resistance of short channel devices varies with Vpg. This shows a major effect on the
reduction in the linear gain of the circuit, and it strengthens the harmonic components of the
signal. This causes decrease in the power of the fundamental frequency component, which in

turn degrades the total harmonic distortion (THD) performance.

e The smaller channel length decreases the effective channel area of the transistor. But, the
threshold voltage mismatch and noise are inversely proportional to the effective channel area [9].

Hence, the short channel devices are more sensitive to the mismatch variations.

The disadvantages of low supply voltage are as follows [7]:

14
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e The scaling in Vpp directly affects the maximum operating frequency of the transistor.
e The limited output swing degrades the SNR of analog circuits.

e In analog circuits, where lower supply voltage does not lead automatically to lower power con-
sumption. As Vpp is scaled down, the output swing will reduce, which affects the SNR. The
analog circuits require additional current in order to maintain desired SNR. due to supply voltage

reduction.

The short channel devices are very useful to design the high frequency analog circuits because of
larger bandwidth. As discussed, the short channel devices degrade the analog circuits performance.
The conventional circuit architectures will tend to fail when designed using smaller channel length
and low supply voltage. Hence, there is a need to develop new design techniques for sub-nanometer

CMOS devices.
2.4 Comparison of Low-Voltage Analog Circuit Design Techniques

Continuing technology feature-size scaling requires a proportional downscaling of the Vpp to main-
tain device reliability. At the same time, relatively large threshold voltages need to be maintained
to limit the OFF current in transistors [11]. But, the Vppy and drain-source saturation voltage of
sub-nanometer CMOS technologies do not scale at same rate as the Vpp. The high Vpg in CMOS
technology is the main limiting factor in low-voltage circuit designs. To overcome the high Vrp barrier
in sub-nanometer CMOS process several design techniques were proposed in [4[5].

Several techniques have been explored to implement low-voltage circuits with a rail-to-rail input
common-mode range (ICMR), such as complementary input stage [12-16], dynamic level shifter [17/1§],
floating-gate [I9H21], and bulk-driven transistor [22,23]. The advantages and disadvantages of these

techniques are as follows:

o Complementary input stage: This is the traditional approach to implement a rail-to-rail input
stage and is obtained by connecting in parallel a p-channel and an n-channel differential pair
[12H16]. This technique requires additional circuits to control the transistor bias currents to
maintain a constant transconductance over the entire signal swing range [24]. Moreover, this
approach is not suitable for extremely lower supply voltages. Since, there is a dead region in the

middle of the input voltage range [23].
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o Dynamic level shifter: The use of dynamic level shifters have been the most popular approach
to obtain a rail-to-rail input stage [I7,[I8]. However, the level shifters require large on-chip area,

which is unacceptable in modern CMOS ICs.

e Floating-Gate MOSFET (FG-MOSFET): FG-MOSFETSs are used to achieve rail-to-rail input
range with low-voltage power supply [19-H2I]. The Vry of FG-MOSFET can be made pro-
grammable with proper selection of bias voltage, hence suitable for ultra-low-voltage applica-
tions. The FG-MOSFETSs consumes large silicon area compared to conventional transistor. It
offers low transconductance which results in low gain, poor noise performance, and smaller band-
width. The output resistance is reduced due to the capacitive coupling between the floating gate
and drain terminal. Moreover, there is uncertain amount of charge trapped at the floating gate
during fabrication [19]. Hence, an additional programming is required to minimize the effect of

trapped charge [25].

e Bulk-driven MOSFET: In this technique, the input signal is applied to the bulk (the back gate
or the body) of an input device while the gate is biased to create a conducting channel between
the source and the drain [22]. The input devices operate in conducting region even for rail-to-
rail input common-mode range. This approach eliminates Vg requirement in the input signal
path, hence it is suitable for ultra-low supply voltages. The output resistance of bulk-driven
transistor is similar to that of a gate-driven counterpart. The bulk-driven transistors provides
better linearity as compared to gate-driven circuits. However, the bulk-transconductance is
considerably smaller (2-5 times) than that of gate transconductance. The low transconductance
affects DC-gain, noise performance and frequency response of bulk-driven circuits. Moreover,
the input voltage of bulk-driven transistors is limited to a value, which is less than 0.7-V to avoid
latch up problem [23]. In applications, where both pMOS and nMOS bulk-driven transistors are

present, triple-well CMOS process is required, which increases the cost process and chip area.

Finally, from the above discussion, it can be concluded that the bulk-driven technique is a good
choice for low-voltage circuit design. Bulk-driven MOSFETSs have several advantages like high output
resistance, good linearity, no extra fabrication steps requirement, and compatibility with the standard
CMOS technology. The input voltage limitation can be overcome by use of Vpp of less than 0.7-V.

Thus, in this thesis, more emphasis is given on performance enhancement techniques of low-voltage
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bulk-driven circuits.

2.5 State-of-art Bulk-driven OTAs

The OTA is one of the important circuit present in most of the analog and mixed-signal systems
such as pre-amplifiers, integrators, switched capacitor circuits, analog filters and data converters. In
order to obtain better performance of these systems, the OTA need to be designed to provide optimal
performance interms of DC-gain, speed, slew rate and linearity. Moreover, performance of OTA should
be less sensitive to PVT variations.

Several works so far have been reported in the literature on the design of bulk-driven circuits.
However, many important issues remained unaddressed in these works. Hence, in this thesis, we made

an attempt to address the various challenges encountered in the design of bulk-driven circuits.
2.5.1 Enhancement of small-signal performance

Over several years, several works on low-voltage circuits which can operate with a supply voltage of
1-V or below have been reported [4,/5]. The input impedance of bulk-driven circuits drop significantly
when the p-n junction of an input transistor (pMOS/nMOS) is forward biased. The circuits may drive
into the latch-up state when the Vpp exceeds 0.7-V.

From past few years, bulk-driven technique has been adopted to implement a number of low-
voltage analog building blocks such as operational amplifiers [11,2324,26-42], current mirrors [43H45],
current conveyors, [46l47], voltage followers [48/49], buffers [50], voltage controlled oscillators [51], level
shifters [52-54] and phase locked loop [55].

In general, the bulk-driven OTAs offer low gain and operate at low speed due to small g,,;.
Various solutions have been proposed in the literature to improve the performance of bulk-driven OTAs
[1123124.26H4T56-H61]. The majority of bulk-driven OTAs are designed for improving the DC gain and
GBW. In low-voltage environment, the gain of bulk-input OTA can be improved by either cascading
the multiple stages or using gain enhancement techniques, or both. In [62], partial positive feedback
(PPF) technique is proposed for gain and transconductance enhancement of low-voltage OTAs. The
bulk-driven OTAs in [2326,33H36] employ PPF technique to improve the gain. An ultra-low-voltage
folded-cascoded OTAs presented in [26][63] for very low-frequency applications. In this work, an
array of composite transistors are used instead of conventional MOS transistors, to enhance the DC

gain. Nevertheless, the composite transistor occupies large on-chip area compared to the conventional
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transistor. A self-cascode MOSFET structure which boosts the output resistance and enhances the
gain, is reported in [31]. Sub 1-V bulk-driven architectures based on two-stage topology were proposed
in [11,31,32] to improve the gain. These topologies employ Miller compensation in order to the save
power and area. In other designs [24,39,140], a three-stage topology is employed to improve the gain
and bandwidth of OTA. But, these multi-stage topologies need a complex compensation network for
stability, which in turn consumes additional power and area. In [24], a process insensitive self-biased
bulk-driven OTA is presented, which reduces the current consumption due to the biasing circuit and
improves the common-mode and power-supply rejection performance. But, the performance of self-
biased OTA is sensitive to the temperature and supply voltage variations.

Recently, the bulk-driven OTAs which operate with a supply voltage of 1-V or below are proposed
in [111,23,24] 28-311133136.,37,[40,/60,64]. In [23,26,33-36,64], PPF technique is employed to enhance
effective transconductance of bulk-driven OTA with a low current consumption. In addition, auxiliary
blocks such as differential amplifier [34,37] and current-shunt amplifier [38] are also employed to im-
prove the transconductance. To further improve the transconductance, the auxiliary differential pairs
are employed to deliver the input signal to the gate terminal. In [27-29], current recycling technique
have been used to improve transconductance of bulk-driven input stage. In these designs, the small
signal current passes through two signal paths, which leads to boost the transconductance. However,
these approaches are not suitable for sub 1-V design because of the cascode structure which limits the
signal swing. A multi-signal path input stage is employed in [28] to enhance the transconductance of
folded-cascode bulk-driven topology. In [30], bulk-driven OTA is implemented using flipped voltage
follower to improve the linearity and dynamic performance.

Some of these designs reported in [27-29] operate at relatively high voltage and the designs in
[23,24,[30,33H36] are relatively more sensitive to PVT variations. Although the topologies in [24,40]
operate at low supply voltages, they consume more power and occupies more area. Hence, there is
a need for new PVT insensitive OTAs which can work with sub 1-V supplies and smaller quiescent
currents.

The techniques presented so far are used to improve the transconductance and gain of bulk-driven
OTAs. But, no efforts has been made to improve the large-signal performance parameters such as

slew rate. So, in this thesis, more emphasis is given on slew rate enhancement of bulk-driven circuits.
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2.5.2 Enhancement of large-signal performance

The feedback amplifiers which can drive large capacitive loads are required in many modern ap-
plications such as LDOs, peak detectors, headphone and LCD drivers [65H67]. The output buffers
determine the speed, resolution, voltage swing, and power dissipation of a LCD column driver [6§]. In
addition, hundreds or thousands of buffer amplifiers are integrated into one driver IC, so, the buffer
should occupy a small die area and consume low static power.

In general, the output buffers are realized by operational amplifiers with unity-gain feedback.
Although these amplifiers often operate at low-voltage and consume low-power, they fail to meet
the DC gain and bandwidth requirements. For large Cp, the buffer needs to provide a large output
current for quick slewing and faster settling. Moreover, the circuits operating at low supply voltage
needs rail-to-rail input and output swings to maintain required SNR and dynamic range.

In sub-nanometer CMOS technologies, due to lower supply voltages, multi-stage architectures are
preferred to obtain high DC gain. In conventional techniques, as C} increases the compensation
of multi-stage amplifier becomes very difficult. Since, the large C reduces the magnitude of the
secondary pole and decreases the phase margin of OTA. Moreover, the OTAs with fixed biased current
limits its maximum output current and causes slewing for large Cy. The slew rate can be improved
by using a large value of bias current. Based on this principle, several techniques such as adaptive
biasing [69-76] and dynamic biasing amplifiers [67,[77H79] are used in the literature. In [38,80,81],
adaptive biasing technique is employed to improve the slew rate of the bulk-driven OTAs. However,
these designs have limited driving capability i.e., high currents are required to drive large Cf..

In [265/67H6I76l78I82H99], several techniques are presented to enhance the slew rate of gate-driven
OTAs. But, these topologies operate at high Vpp. The Class-A OTAs have poor large-signal behavior
due to constant bias current source and results a limited output current [2]. The Class-AB OTAs
boost the dynamic current for a large differential voltage, as presented in [2,[82,[83]. The bias current
of these OTAs varies with the differential input voltage. In [76,[83], a quasi floating-gate technique
is employed for slew rate enhancement. To boost the tail current, positive feedback techniques are
employed in [69,84[85]. These amplifiers recursively copy the output driving current and increase the
tail current of the input differential pair during slewing.

In dynamic biasing, the current in output stage is boosted for large signals by measuring the

differential input voltage. In [65/67,68[7886-97], dynamic biasing techniques are employed to enhance
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the dynamic current of the buffer amplifier. In these designs, comparator senses the rising and/or
falling edges of the input waveform to turn on a push/pull transistor to charge/discharge the output
load [68]. But, a current mismatch is required to turn off the output transistors during static operation
[67]. For rail-to-rail column driver, a pair of complementary high-speed amplifiers are employed
in [87,98]. In [99], a buffer amplifier is presented with slew rate calibration. Because of calibration,
the amplifier can adjust the output current according to Cf.

In summary, the existing bulk-driven topologies are not suitable to drive the large Cf, under low-
voltage environment. Hence, there is need for new high driving capability low-voltage bulk-driven

OTAs.

2.6 Summary

In this chapter, the state-of-the-art techniques used to design low-voltage and low-power analog
circuits were presented. First, an overview of the low-voltage and low-power design challenges are
presented, and various low-voltage design techniques are briefly described later. Next, the literature
review on bulk-driven OTAs have been presented. Moreover, several small-signal and large-signal
performance enhancement techniques were also described. The following chapters describe the main

contribution of this research.
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3.1 Introduction

3.1 Introduction

The continuous shrinking of device dimensions in the modern CMOS fabrication technologies
simultaneously requires a proportional downscaling of the Vpp to maintain device reliability. Also,
the relative magnitude of MOSFET OFF current cannot be retained if the Vg does not scale down
at the same rate as the supply voltage [39]. Both these factors impose serious challenges for the design
of analog circuits.

In addition, as the MOSFET sizes reach the nanoscale regime, a new type of variability known as
layout-dependent effect (LDE) [99-121] needs to be addressed in the modern analog and mixed-signal
circuit designs and is considered to be as the secondary concern of the circuit design. In particular,
two dominant LDEs such as shallow trench isolation (STI) [99,106-116] and well proximity effect
(WPE) [102,117] are found to be significantly affect the Vg and mobility (ug) of devices in advanced
technology nodes. This is true even in the general analog integrated circuit building blocks.

The WPE is conditioned by the process and depends on the position of a MOSFET in relation
(distance) to the well edge. The schematic symbols have no information about such position. During
implant process, atoms can scatter laterally from the edge of photoresist mask and embed in the silicon
surface in the vicinity of the well edge. This results a change in surface concentration with lateral
distance from the mask edge. This lateral non-uniformity in well doping causes the variation in Vg
and other electrical characteristics with the distance of the transistor to the well-edge. The WPEs can
be minimized by keeping all well edges at consistent distances in all four directions from MOS devices
and adding dummy active region oxide diffusion (OD) shapes to minimize OD-OD effects [117].

In nanometer technologies, STT is used to isolate active transistor regions in the layout. In typical
fabrication technologies, shallow blocks of STI made of silicon-di-oxide (SiOz), are inserted into a
much larger three-dimensional silicon structure [107]. The STT induces thermal residual stress in active
silicon due to the post-manufacturing mismatch between thermal expansion coefficients of SiOs. The
amount of STI around an active region depends on the layout of the design, STI results in placement-
dependent variations in the transistor pg and Vpp of the active devices. In addition, STI is critical
for multifinger devices with extremely narrow width [99,T09-1T6,118]. The STT is a function of finger
width (Wg) and length of diffusion, which is the length of the diffusion region under the gate from
STI edge to STI edge. The STI wells on the active area of devices, is a by-product of the fabrication

process and has increasingly significant impact on the circuit behaviour. Transistor sizing and layout
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without considering these effects at a pre-layout stage may result in suboptimal design and layout
iterations.

The impact of STI stress on device parameters and the resulted linearity degradation appear as a
penalty of multifinger devices for RF and analog design. Hence, it is desirable to develop an accurate
and efficient method to analyse the influence of the STI stress on circuit performance comprehen-
sively at a full-chip level. However, choosing a Wr and number of fingers (Ng) to optimize circuit
performance is a challenging problem.

In [I07], an analytical model based on inclusion theory in micromechanics is employed to accurately
estimate the stresses and the strains induced in the active region by the surrounding STT in the layout.
The induced changes in pg and Vg are computed at the transistor level, and then propagated to the
gate and circuit levels to predict circuit-level delay and leakage power for a given placement.

The two new layouts derived from the standard multifinger MOSFET, i.e., narrow-OD and multi-
OD to observe the STI transverse stress effect on gy, effective mobility (u.rs) and transition frequency
(fr) and most importantly, the low-frequency noise are analysed for both RF and analog circuits
design [99,108-113]. The sub-threshold characteristics of multifinger transistors have been studied
in [114]. The sub-threshold slope does not depend only on the gate length but also on Np. The
channel stress variations of multifinger gate structure (MFGS) are modeled empirically using 3-D
technology, computer aided design simulations [I15,116]. These stress models along with a model for
inverse narrow width effect to establish a physics-based relationship between effective drive current
and Nr in MFGS.

Several layout aware design methodologies are proposed [T03HI06LI18-121], to analyze MOS char-
acteristics and the circuit performance under LDEs. An accurate and efficient finite-element method-
based stress simulator has been developed to characterize the influence of STI stress on the performance
of RF and analog circuits by considering detailed layout and process information [103]. In [I03], the
effect of STT stress on the performance of real circuits is studied and established corresponding opti-
mization strategies. The circuit performance variation due to STI effect can be minimized by proper
placement of devices. The LDE aware analytical analog placement algorithm is proposed in [105],
to mitigate the influence of the LDEs while improving circuit performance, where, the LDEs were
transformed into a non-linear analytical placement models. In order to verify the effect of STI stress,

a ring oscillator has been designed by varying the N of the device [106]. As Np changes, there is a
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deviation in frequency performance of oscillator. In [I06], the oscillation frequency is adjusted near
to original value by tweaking the Ngp of pMOS and nMOS devices. The performance of low noise
amplifier is analyzed in [I18], as a function of Np with fixed width transistor.

Layout aware design methodologies that take into account the layout dependent effects at early
stage of schematic design are proposed in [104,120]. Using this methodology, the circuit designer
will be aware of device characteristics variation such as Vg and pg. The design procedure generates
multiple layout for each sub-circuit and checks the electrical constraints of the overall circuit and
compares it with reference specifications. But, this method is time consuming process and is not
suitable for a large number of transistors.

Use of multifinger technique for layout of analog circuits has the advantage of reduced parasitic and
mismatch effects that are commonly associated with the conventional single-finger layouts [122,[123].
On the other hand, a higher value of Ng results in the reduction of W and a smaller gate resistance.
This will lead to a higher degree of variation in the Ip and g, of the MOSFET due to STI effect
on devices [112]. Such a variation in small-signal parameters cannot be neglected and hence the
design of analog circuits to meet the desired set of specifications is a non-trivial and challenging
task. In conventional analog IC design, the designers employ analytical methodologies in order to
find dimensions of circuit for a required specification [10]. These are straightforward techniques with
the requirement of additional iterations for fine tuning and re-simulations to close the design process.
Other design methodologies in [124.[125], are based on analytical synthesis, give direct relation between
Ip, terminal voltages and small-signal characteristics for the given specifications. Nevertheless, these
methods are not suitable for low-voltage circuits based on nanoscale devices.

The designs proposed in [T03HI06,118-121], varied the N on a trial and error basis until the design
specifications are met. Apparently, redesigning the circuit and redrawing the layout at each iteration
is the major drawback of these procedures. Therefore, in this thesis, we proposed a new procedure
for designing analog circuits by considering the STI effect on multifinger MOSFET devices. Unlike
the other designs, the proposed design uses 5}—’; and IWD characteristics [126], rather than the analytical
expressions. In the proposed design procedure, initially, the design parameters are calculated by using
gm/Ip methodology for the desired circuit specifications. In next step, to draw the multifinger layout
of the circuit, the N of each designed parameter is calculated from the maximum available Wy (or

desired Wr). Due to STT stress on multifinger MOSFET, the device performance characteristics gets

25
TH-2017_11610233



3. Design of Analog Circuits with STI Effect

affected by changes in Np, which in turn changes the circuit performance. Therefore, to achieve
consistent circuit performance with multifinger devices, the design parameters are re-sized by using
Ip/W characteristics for the obtained Np. In this thesis, we considered the design of a two-stage

OTA to validate the proposed methodology.

3.2 Characteristics of Multifinger MOSFET

While making the layout of any circuit, multifinger MOSFETSs are extensively employed to reduce
the parasitic effects. Because of STI effect in multifinger MOSFETSs, deviations occur in device
current and this becomes severe in sub-nanometer regime. The spacing among fingers, as well as the
distance between the edge finger and the boundary of STI are predefined in the process model. The
performance of a MOSFET is determined by its small-signal parameters such as gate transconductance
(gm ), drain conductance (ggs), and bulk-transconductance g,,,. All these parameters depend on the
current flow through the device and it is imperative that a constant current through the device should

be maintained to avoid variations in circuit performance.
3.2.1 Drain current characteristics of multifinger MOSFET

The linear I —V model used for nano-scale CMOS device is given in (8.1)), g,,, can be derived from
the differential of Ip w.r.t. Vgg and can be written as ([3.2) [113]. The effective width (Wesy) for

multifinger MOSFETS is expressed by (B.3), in which AW represents width extension created by STI.

Vi
ID = Weffco:v(inv) (VGS - VTH - )\VDS) Heff LDfi (31)
6ID VDS
m = =We Cox inv)He 3.2
I = By Wers Coxtinuybess = (3.2)
Werp = (Wrp + AW) x Np (3.3)

where Coy(iny) is oxide thickness under inversion, Ly is the effective channel length and A is the
channel length modulation parameter.

The I — V relation of MOS transistor operating in the weak inversion region is given by [127]

Weyr Vas — Vru Vbs
Ip =1¢g—— —_— 1-— - 3.4
b=t L e (FET exp (12 (3.4
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Figure 3.1: Characteristics of nMOS for Vpg = 0.5-V, W = 20 pm, and L = 0.2 um (a) I — V characteristics
for different Ng, (b) Relative error of Ip with respect to Np = 1

where Ig is the characteristic current, Vp (= kT /q) is the thermal voltage and is approximately
equal to 25 mV at T = 27° C, and n stands for sub-threshold slope factor. All other symbols have
their usual meaning.

If drain-source voltage is Vpg > 4Vp, then the effect of Vpg on drain current is very minimal,

therefore the drain current can be approximated as follows [8/[127].
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Wepy Vas — Vru
Ip ~ [¢g— —_— 3.5
bt e (FE (35)

The g,, of transistor operating in weak inversion is given by

Ip
9m =

= (3.6)

To observe the ST effect on multifinger MOSFET, the drain current Ip characteristics are plotted
as a function Ng (the values are 1, 2, 5, 10, 20 and 40), which is shown in Fig. The error plot
of Ip relative to Ng = 1 is shown in Fig. It can be observed from Fig. that the change
of I'p could be as high as 60% in the sub-threshold region of the MOSFET, though it reduces to less

than 10% as the device operating regime changes from weak inversion to strong inversion.

3.2.2 ?—g characteristics of multifinger MOSFET

As discussed in previous Section B.22.1] Ip changes due to variation in N and hence this affects the
small-signal parameters of the MOSFET. It is essential to derive the characteristics independent of Ng.
The g¢,,,/Ip characteristics for different Np is shown in Fig. The error plot of g,,/Ip relative
to Ny = 1 is shown in Fig. It can be observed from Fig. that the g,,/Ip characteristics
vary with a maximum error of 8% only. The g,,,/Ip characteristics are nearly independent of Np.
Hence, a design based on the g,,/Ip characteristics of a MOSFET allows for a unified synthesis
methodology that will be valid for all regions of its operation.

Once the transistor of a given W is characterized over a range of g,,/Ip, the g,,/Ip based param-
eters can be generalized to a transistor of an arbitrary width. Such a methodology will hold as long as
the parameter of interest scales with . This universal quality of the g,,/Ip versus Ip/W curve can
be exploited during the design phase, when the transistors aspect ratios (W/L) are unknown. Once
the value of the g,,/Ip ratio is chosen for desired channel length L, i.e., the device operation region
is determined, the W of the transistor can be determined from the Ip/W curve for the required bias

current.
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Figure 3.2: Characteristics of nMOS for Vpg = 0.5-V and W = 20 um, and L = 0.2 pm (a) Transconductance-

to-drain current ratio (g, /Ip) characteristics of nMOS for different N, (b) Relative error of g,,,/Ip with respect
to NF =1

3.3 Miller-Compensated Two-Stage OTA

To attain high value of DC-gain with low-supply voltage using only a single-stage amplifier is chal-
lenging task. Cascading of multiple gain stages is a popular and conventional technique for obtaining
high DC-gain. But, this causes instability due to multiple poles, hence a compensation circuit will

be required to make the OTA stable. We employed the conventional Miller-compensation technique
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for two-stage OTA stability [I0]. The schematic of two-stage OTA and its small-signal equivalent
model are shown in Fig. B3l and B4, respectively. Here, C¢ is the compensation capacitance, C7 and
C,ut are the parasitic capacitances, and Cj, is the load capacitance. The total output capacitance of
the amplifier Cy is Cyyr + Cr. The voltage transfer function that results from the addition of C¢ is
given in (B.7), where g1 (gme) is the transconductance of the differential pair My — My (output stage
Ms), and Ry (Rg) is the output resistance of the first (second) stage. Also, C; and Cy represents the

effective node capacitances at input and output stages, respectively.

Vadd
1=

Oms
If |
6 |

Vig \ ===aVA , =
Im1Vid Ry Cy 9meV1 R, C;

il
<
o

(e, O

ol

Figure 3.4: small-signal equivalent of two-stage OTA with compensation.

V, (s) gm1gme 111 Ry (1 » 390706)
Vin (S) 1 +s [Rl (Cl + Cc) + Ry (02 + Cc) + gm6R1RQCC] + 52R1Rs [Clcc + CyCe + Clcc]

(3.7)
The expressions for two-stage OTA DC-gain, pole and zero locations can be derived from its

transfer function which is given in [B1). The low-frequency voltage gain (Ay) of OTA is given by

Av = gmi1Ri1gma R (3.8)

30
TH-2017_11610233



3.4 Design Procedure for Two-Stage OTA

The dominant pole is located at

~ (39)
b gme R R2C '
and the non-dominant pole is located at
C
Prd & 6~ C (3.10)

_CQCC + CoCy + CCh
If load capacitance C7, is much greater than Cy and Cyyt, then Cy =~ C7, and if C¢ is greater than

C4, Cyyt and ([BI0) can be approximated as
gme6
~—— 3.11
Pnd CL ( )

A feed-forward path from input stage to output causes a Right-Half-Plane (RHP) zero and is

located at

2 = gcmj (3.12)

The frequency corresponding to dominant pole, non-dominant pole and RHP zero are f,q ~

1 ¥ ~ _gm6 _ 9meé :
Ty Y fond = 52g- and f, = 525, respectively [124].

3.4 Design Procedure for Two-Stage OTA

In this section, the design procedure for Miller-compensated two-stage OTA based on the g¢,,,/Ip
characteristics is presented. This determines the geometry of MOSFETSs and bias current of the circuit

without considering the multifinger effect. The gain-bandwidth of two-stage is given by [124]

— ~ 9m1
fu — Aprd ~ 27TCC (313)

where f, represents the gain-bandwidth product which is approximately equal to unity gain fre-
quency (UGF) for a stable system.

The normalized frequency of non-dominant pole (Py) and RHP zero (Zy) corresponds to f, are

given in (3.14) and ([B.IH]), respectively.

fpnd 9me CC’
Py = Jond _ 9ms CC 3.14
N fu gm1 CL ( )
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fz 9gme6
T — 22 Imb 3.15
N fu 9m1 ( )

The phase margin (¢ys) of Miller-compensated two-stage OTA is given by [10]

¢ar = 180 — tan ! (%) —tan~! (ff:d) —tan~! <%> (3.16)

The Py and Zy are determined from the ¢, of amplifier. Here, Py and Zy values will be greater

than 1 for ¢as of 60° since fpnqg, f- > fu and fpq << fu, and (BI6) can be approximated as follows.

¢ =90 — tan™* <%> — tan ! <Z_1N> (3.17)

The compensation capacitance Cc can be obtained by combining (3.14) and (8.15) and is given as

Coc=—-—0Cp (3.18)

Fig. shows the g,,,/Ip, Ip/W versus Vg characteristics for both nMOS and pMOS, obtained
through simulations using a UMC 65-nm CMOS technology. For each transistor, the g,,/Ip factor
is determined first from the design specifications of the OTA. Next, the normalized current Ipp/W is
determined for each transistor from the g,,/Ip and Ip/W versus Vg curves. Then, once the drain
current value is found, the W of each transistor can be obtained. All design parameters (bias current,
W and L of MOSFET, C¢ etec.) of the OTA are directly influenced by its design specifications. The
transistors L are mainly determined by the trade-off between area and DC-gain. The larger channel
length enhances the DC gain but it increases the parasitic of devices and area of the OTA. The channel
length is considered as 0.2 pum (which is approximately 3 times of minimum channel length) to make
the trade-off between the area and DC gain. Moreover, the flicker noise and input referred offset are
also decrease due to their inverse relation with L [9].

The step-by-step design procedure for Miller-compensated two-stage OTA is described as follows:

Step 1: To determine the dimension of any MOSFET in a circuit, first determine the bias voltage or
9gm/Ip and the bias current from the circuit specification. Trace the normalize current value of

respective bias point from Fig. Then the width of K*» MOSFET can be obtained from

(3.I9) and is given as
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Figure 3.5: Transconductance-drain current ratio(“}—g) and normalized current (IWD) curves of nMOS and
pMOS devices (Vps = 0.5V and W = 10 pum, and L = 0.2 um).
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Figure 3.6: Normalized values of non-dominant pole (Py) and Right-Half-Plane zero (Zy) w.r.t f,, for different
phase margins.

Ipn
(1),

where Wy, Ipg and (Ip/W)k are the width, drain current and normalized current of K th

Wk = (3.19)

MOSFET ( K =1,2,3...7).

Step 2: Estimate the compensation capacitance C¢o from the ¢p; of OTA. From simulation results shown
in Fig. 36, find the optimum location of Py and Zy of a desired phase margin and substitute
in (BI8)). For the ¢ of 60°, the optimum values of Py and Zy were found to be 2.2 and 10,

respectively. By substituting Py and Zy in (B.18]), the value of C¢ obtained as 0.22C7..

Step 3: The input differential stage bias current depends on the internal slew rate (SR;,:) and compen-
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Step 4:

Step 5:

Step 6:

Step 7:

sation capacitor. The bias current of input stage can be expressed as

SRins % C,
Ipi = % (3.20)

The dimensions of input differential stage transistors (M; — Ms) depend on the SRj,; and gain-

bandwidth product of OTA and are given as follows:

Im Ju
— =4 21
(ID>1 7TSRint (3 )

Ip:
("2w),

The geometry of tail current sink MOSFET (Mj5) is calculated from the minimum value of input

W, = (3.22)

common mode range (ICM R,,ip,), using the relation Vpss = ICM Ryyin, — Vias1, where Vg is
gate-source voltage of My. The current sink transistors My and tail current sink transistor Mjs

is biased at a voltage of Viags = Vgs1 + Vpss. The geometry of Ms is given by

2Ipy
(21w ),

Current mirror load transistors (Ms and My) geometry (W3 and Wy) is calculated from the

Wy = (3.23)

maximum value of input common mode range (ICM R,,,,) which is given by

VGS3 = VDD - ICMRmam - VDSl + VGSl (324)

where Vpg > 4Vp, to make weak inversion current independent of Vpg

Ips
(In/w)3

A major proportion of power consumption occurs due to current in second stage, Ipg. After

W3 =

(3.25)

selecting the optimum values from Fig. B0 (B:13)) is used to calculate output transconductance
(gme)- A negative slew rate (i.e., external slew rate (SRest)) can result from the output stage
because of its dependence on the C, and load current (Ip7). To minimize the offset voltage, the

operating region of Mg should be same as M3 and My i.e., Vgss = Vpsa = Vigse.
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3.5 Bulk-driven Current Mirror OTA

For symmetry in slew rate, Ipy is taken as Ip7 = SReu(Co + Cp). Current through Mg is a

function of output transconductance i.e., gmg = Zngm1 and is given by

Ipg = —Im6 (3.26)

(gm/ID>3

The current through the second stage will be considered among the maximum of Ipg and Ip7,

which gives the values for output transistor widths Wg and Wx.

maxtlpe, Ipr} yp,  maxtlpe, Ipr}

(fohv), (o),

Step 8: The systematic offset voltage and current imbalance in the output stage can be minimized by

We = Wr = (3.27)

the following condition [10]

2 = (%)7 (3.28)
T

3.5 Bulk-driven Current Mirror OTA

In order to show the STI effect on bulk-driven circuits, design of bulk-driven OTA is considered.
The schematic diagram of bulk-driven current mirror OTA is shown in Fig. B.7. The topology is so
selected to achieve highly linear voltage-to-current conversion under low supply voltage conditions. The
input stage of OTA consists of pMOS bulk-driven differential pair M; and Ms, and diode connected
M3 and M, devices which acts as an active load. To turn on the bulk-driven input devices, the
gate terminal of these devices is connected to a sufficient bias voltage Vppo. Then, the operation
of the bulk-driven MOS transistors is similar to a depletion type MOSFET. The current in input
devices is modulated due to variation in the bulk-terminal voltage. The differential inputs V;ny and
Vip are applied across the bulk-terminal of M7 and My, respectively. The current replication branch
implemented using M7 and Mgy which copies the current variation in M; to the output stage. The
Class-AB output stage implemented using Mg and Mg devices. The DC-gain of the bulk-driven OTA

shown in FigB.1is given by

B.gmp1,2

(3.29)
9ds6 + Gdss

Apc =

where, B current scaling factor, gmp1,2 is the small-signal bulk-transconductance of Mj 2, and g4
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3. Design of Analog Circuits with STI Effect

and ggg represents conductance of Mg and Mg, respectively.

The dominant pole frequency of bulk-driven OTA is given by

fPout = 1/(27TROCL) (330)

where, C, is the effective load capacitance at the output node.

From (B3:29) and [330), the gain-bandwidth product of bulk-driven OTA can be written as

GBW = B.gmp.2/(27Cp) (3.31)

The internal poles at node Ny and Ny are fpn, = gms/(27Chn;,) and fpn, = gms/(2nCh, ), where
Cn, = Cys3 + Cys7 and Cn, = Cyss + Cys6 are the parasitic capacitance at nodes Ny and N3, respec-
tively. Typically, the condition 3GBW < fpn, N, is used to achieve required phase margin.

The quiescent current in My, My, M3 and My is Ig/2 and Blg in Mg, M7, Mg and My. In order
to achieve desired GBW for a given a given load C7, from (3.3]]), either B and/or I should be large.
An increase in Ig leads to increase in static power dissipation. Moreover, an increase in B leads to

larger parasitic capacitances at nodes N7 and No, which in turn reduces the phase margin.

IOUT

Vout

Figure 3.7: Schematic of bulk-driven current mirror OTA.

3.6 Design Procedure for Bulk-driven Current Mirror OTA

In this section, the design procedure for bulk-driven current mirror OTA based on the g,,/Ip

and g,p/Ip characteristics is presented. This determines the geometry and bias current of the MOS
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devices without considering the multifinger effect. For low-frequency applications, the channel length
is considered as 1 pm to minimize the trade-off between the area and DC gain. In order to achieve
high g,,» and to reduce the size of differential pair, the channel length of bulk-driven input devices is
0.5 um to achieve high g,s.

As discussed in previous Section B.2.2] the g¢,,,/Ip characteristics are nearly independent of Np
hence the gate-driven devices are sized using g,,/Ip characteristics. Similarly, the bulk-driven MOS
devices are sized using g,,»/Ip characteristics. Fig. 3.8 illustrates the g,,;/Ip characteristics of bulk-
driven pMOS for different value of Nr. It can be observed from Fig. B.8 that the g,,,;/Ip of bulk-driven
MOS vary with a maximum error of 2% only. Hence, the ¢,,,/Ip characteristics can be used to find
the geometry of bulk-driven MOS devices from the given specifications. Fig. illustrates the g,,/Ip
characteristics of pMOS device for different bulk-source (Vpg) voltages. These characteristics are used
to size the bulk-driven devices for different common mode input voltage.

The step-by-step design procedure for bulk-driven current mirror OTA is described as follows:

Step :1 To calculate the dimension of gate-driven MOSFETS, the bias voltage or g,,/Ip and the bias
current are determined from the circuit specifications. The width of K** MOSFET can be

obtained from (B.I9), using the normalize current value of respective bias point from Fig. B.I0]

Step :2 The bias current of bulk-driven differential stage bias depends on the GBW of OTA. The effective

transconductance of OTA is given by

GBW x 27 x C
Gmb1 = = L (3.32)

The current scaling factor B decides the current requirement in the output stage for the desired
bandwidth. The bias current of input stage can be evaluated g,,5/Ip characteristics by choosing

desired operation region. The bias current of My and Ms is given by

Ipio = gg% (3.33)
b
( m/ID)1
I
Wig=—21 (3.34)

- (o),

Step :3 The current Ip34 in diode connected devices M3 and My is equal to Ipip. The geometry of
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Figure 3.8: Characteristics of bulk-driven pMOS for Vps = 0.5-V, Vg = 0.25-V and W = 20 um, and
L = 0.5 wm (a)Transconductance-to-drain current ratio (gms/Ip) characteristics of pMOS for different N, (b)
Relative error of g,,/Ip with respect to Np =1

W3 4 can be calculated from Ip/W characteristics in Fig. B0l by selecting the desired operating

region. The geometry of M3 and My is given by
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Figure 3.9: Characteristics of pMOS for Vps = 0.5-V and W = 10 um, and L = 0.5 um (a) Transconductance-
to-drain current ratio (g.,/Ip) characteristics for different Vpg, (b) Normalized current (Ip/W) characteristics
for different Vpgs.

Ipi2
W34 = ’

- (o)

3,4

(3.35)

Step :4 The bias current of Ms is equal to 2.1pq 2 and the width of M5 is given by
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Figure 3.10: Transconductance-drain current ratio(¥2) and normalized current (42) curves of nMOS and
pMOS devices (Vps =0.5 Vand W =10 pm, and L =1 pm).

Wy = 2P (3.36)

(o),

Step :5 The bias current in Mg 7 is equal to B.Ipy 2 and the width of Mg and M7 is given by

B.Ipi»

Wer = ——~—
6 <ID/W>3,4

)

(3.37)

Step :6 Similarly, the bias current in Mg g also equal to B.Ip; 2 and the size of Mg and My is given by

B.IDLQ

Weg = — 2512
o o),

)

(3.38)

3.7 Extraction of Design Parameters with STI Effect

Following the steps 1-8 mentioned in Section B4 the design parameters are computed for two-
stage OTA using specifications listed in Table[B.l These specifications mainly target the low-frequency
applications such as audio signal processing with the bandwidth of 25 kHz. The load capacitance is
assumed to be 2 pF. The obtained design parameters of two-stage OTA are tabulated in Table

The circuits are designed using a UMC 65-nm CMOS technology and the maximum allowable
MOSFET single finger width is 10 um. In order to represent the MOS device as multiple fingers,
the device width should be more than 10 um. Due to STI stress on multifinger MOSFET, the

device performance characteristics get affected by changes in Ng, which in turn changes the circuit
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3.7 Extraction of Design Parameters with STI Effect

Table 3.1: Design specifications of two-stage OTA

Specification Value
Vbp(V) 0.5

Cr (pF) 2
DC-gain :Ay (dB) > 40
Gain-bandwidth: f, (MHz) 4

Phase margin: ¢r (deg) 60

Slew rate: (V/us) 2

Input common-mode range: ICMR (V) | 0.25 — 0.3

Table 3.2: Design parameters of two-stage OTA for the specifications given in Table. B.1]

Parameter | Value | Units
Cc 0.44 pF
Wi 140 um
Wo 140 um
W3 18.5 um
Wy 18.5 um
Ws 16.5 um
We 200 wm
W+ 70 um

performance and does not meet its specifications.

Traditionally, the Nr will be obtained by dividing the total width by the maximum allowable Wg.
This procedure works well for the long-channel CMOS devices due to negligible STI effect. For small-
channel CMOS devices with STI effect, the conventional method for finding the W is by tweaking
the width of each MOSFET until the circuit meets the specifications. This is a difficult and time
consuming process. Moreover, as the transistor count increases in a circuit, the process becomes more
complicated. To overcome these constraints, we proposed a new design procedure. In which, the
geometry of MOSFET is resized by plotting the normalized current characteristics (i.e., Ip/W) using
each design parameter for different values of Np. The normalized current characteristics for different
N is shown in Fig. B Il whereas the device dimensions assumed as W = 20 um and L = 0.2 pym.

As discussed, the g,,/Ip characteristics are less affected due change in Np. Therefore, the new
geometries of each design parameter is evaluated using g¢,,/Ip and Ip/W characteristics. Before
evaluation of new geometries, the minimum Npg for each design parameter need to be calculated
from maximum available finger width of CMOS process. And, the new device geometry is calculated

for the respective Ng using Ip/W characteristics. The step-by-step procedure for resizing of design
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Figure 3.11: Normalized current Ip /W characteristics of multifinger MOSFET (W = 20 um, L = 0.2 um,
Vps =0.5V).

parameters with STT effect is described as follows:

Step 1: The minimum Ng of each transistor is calculated using total device width (W) of transistor and
maximum allowable finger width (Wp nee). In UMC 65-nm CMOS process the Wi 4, = 10 pm.
If the device width is greater than Wg .., then the device is represented as multifinger device.
If any fractional value appears during N calculations, which is approximated to the next integer

value because N should be a integer number. The expression of N is given by

e

3.39
WF,max ( )

where W represents width of K** transistor

Example: From Table [3:2] the transistor M5 should represented as multiple finger, since W5 =
16.5 wm which is greater than 10 um and Np of Mj5 is equal to 2. Similarly, the Np will be

calculated each transistor.
Step 2: In direct scaling, the finger width W is calculated for the Np (obtained from Step 1).

Wk

WF:N—F

(3.40)

Example: The Wg of My transistor is 8.25 um
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3.7 Extraction of Design Parameters with STI Effect

Step 3: As discussed in Section B2, the MOSFET characteristics get affected due to STI effect (i.e.,
change in Nr). Hence, it is necessary to re-size multifinger devices by considering the STT effect.
In proposed method, the Ip/W characteristics of each transistor is extracted like in Fig. BT
for Np (obtained from step 1) and the new geometries for two-stage OTA computed using the

following relation:

o) ]

where, (W) Np is width of K* MOSFET with consideration of Ng, Ipg is drain current of

Wk) N, = (3.41)

K™ transistor, {(ID/W> K] is normalized current of K™ device for Np (obtained from step
N

F

1)

Note: The bias conditions of each transistors remain same as before (i.e., Vgg, Ip calculated

using design procedure in Section [3.4] for a given specification in Table B.1).

Example: The width of Mj5 calculated for required Np (obtained from Step 1) is 13.5 pum.

Step 4: The finger width of multifinger device for required N is given by

(WK)NF

(WF)NF i~ Np

(3.42)

where (Wr)y,. is finger width obtained for required Np

Example: The (Wg)y, of Ms transistor is 6.75 pm

In order to show the STI effect of multifinger MOSEET on circuits performance, in this work, we
considered three different cases such as 77, Tb and T5. The Wg e, for T1, To and T3 is assumed as
10 pum, 5 wm and 2.5 um, respectively.

By following the steps 1-4 mentioned above, for different test cases the designed parameters are
resized. The design parameters for different test cases, using direct scaling and proposed method are
listed in Table B3l It is clear from Table that as compared to the direct scaling, the device finger
width for the proposed method is less under the same biasing condition. For example, the transistors
W1 and W5 in Fig. B3] require 14 fingers with each finger width of 10um using direct scaling whereas

using the proposed design the width of each finger is only 5.3 um for same number of fingers.
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Table 3.3: Design parameters of two-stage OTA with STT effect and direct scaling

Design Width (um) Ty (Wpmax = 10pum) Ty (WEmax = 5um) T3 (WEmax = 2.5um)
Parameter | Np =1 | Np | Wp(um) | (Wr)y, (#m) | Np | We(um) | (Wr)y, (um) | Np | Wp(pm) | (Wr)y, (km)
WLQ 140 14 10 5.3 28 ) 2.66 96 2.5 1.45
W34 18.5 2 9.25 8.75 4 4.6 4.25 8 2.3 2
W 16.5 2 8.25 6.75 4 4.1 3 8 2 1.45
W 200 20 10 8.75 40 ) 4.25 80 2.5 2
Wy 70 7 10 6.3 14 ) 3 28 2.5 1.5
Np: Number of Fingers; Wp: Finger width obtained from direct scaling; (WF)NF: Finger width obtained for required Np.
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3.7 Extraction of Design Parameters with STI Effect

The design parameters of bulk-driven current mirror OTA are calculated using the step by step
procedure outlined in Section 3.5 and are tabulated in Table[3.4l The design parameters of bulk-driven
OTA are summarized in Table In Table B.5] the channel length of M; o devices is 0.5 pum and

other devices is 1 pum.

Table 3.4: Design specifications for bulk-driven current mirror OTA

Specification Value
Vbp(V) 0.5
C i (pF) 10
DC-gain :Ay (dB) > 20
Gain-bandwidth: f,, (kHz) | 100
Phase margin: ¢y (deg) 60

Table 3.5: Design parameters of bulk-driven OTA for the specifications given in Table. 3.4

Parameter | Value | Units
Wi 55.6 um
Wo 55.6 um
Ws 7.1 um
Wy 7.1 um
Ws 63.4 um
We 188 wm
Wy 188 wm
Ws 879 wm
Wy 879 um

By following the Steps 1-4 mentioned above, the designed parameters of bulk-driven OTA are
resized for different test cases. The design parameters for different test cases, using direct scaling and

proposed method are tabulated in Table
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Table 3.6: Design parameters of bulk-driven OTA with STT effect and direct scaling

Design Width (um) T1 (WEmax = 10um) Ty (WEmax = 5um) T3 (WEmax = 2.5um)
Parameter | Np=1 | Np | Wp(pm) | (Wp)y, (pm) | Np | Wp(pm) | (Wp)y, (pm) | Nr | Wp(pm) | (Wp)y, (pm)
Wio 55.6 6 9.26 8.2 12 4.63 4 24 2.31 2
W34 7.1 1 7.1 7.1 2 3.55 3.25 4 1.77 1.65
Wi 63.4 7 9.01 8.39 14 4.52 4.17 28 2.26 2.1
W 7 188 19 9.89 6.6 38 4.95 3.56 76 2.47 2
Ws o 879 88 9.98 9 176 5 4.52 352 2.49 2.29

Np: Number of Fingers; Wp: Finger width obtained from direct scaling; (WF)NF:

TH-2017_11610233
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3.8 Simulation Results

3.8 Simulation Results

In order to study the efficiency of the proposed method in mitigating the STI effect, we carried
out simulations using a UMC 65-nm CMOS technology. The simulations performed for the different
test cases of design parameters given in Table B3l In all cases T1, To and T3, we considered C7p, is 2
pF for two-stage OTA and 10 pF for bulk-driven OTA.

Simulated magnitude and phase response of two-stage OTA is shown in Fig. It is clear
from Fig. that, in direct scaling method, the responses obtained for 77, T» and T3 are different.
Whereas, the results obtained using the proposed design exhibits approximately similar responses.

Hence, it is evident from Fig. B 12 that the STT effect is minimized using the proposed design method-

ology.
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Figure 3.12: Simulated magnitude and phase response of OTA with STT effect (blue) and without STI effect
(red).

The transient response is obtained by operating the OTA in non-inverting unity gain configuration
with 1 MHz square wave applied at the input and a load capacitance of 2 pF. Fig. (a) illustrates
the output of proposed OTA with STT effect (blue waveform) as well as the direct scaling without STI
effect (red waveform). Fig. (b) shows the zoomed portion at the rising edge and the falling edge
of output. It can be easily noted down from the zoomed portion that the proposed method minimized
STTI effect efficiently.

The OTA parameters obtained using the proposed and direct scaling methods are listed in Table.
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Figure 3.13: Simulated large-signal response (a) and its zoomed portion (b) of the multifinger OTA with STI
effect (blue) and without STT effect (red).

Table 3.7: Simulated two-stage OTA performance parameters for the test cases mentioned in Table. B3]

Results

OTA Parameter Value Ty Ty 15
D| P | D P D P
DC-gain (dB) > 40 43 | 435 | 43 | 43.5 | 43 | 43.5
fu (MHz) >4 ) 41 |56 | 412 | 5.9 | 4.15
Phase margin (deg.) > 60 57 | 582 | 55 | 585 | 54 | B9
Slew rate (V/us) > 2 23206 |27 |207 |28 | 21
Power (uW) minimum | 4.9 | 3.27 | 52 | 3.28 | 5.3 | 3.3

D: Direct scaling without STT effect consideration; P: Proposed method with con-
sideration of STT effect

B.71 The DC-gain mainly depends on the channel length, hence remains almost same for all the three
cases. However, in direct scaling method, the UGF and slew rate change with Np due to variation
in drain current caused by STI effect. The proposed method considered the STT effect (i.e., variation
in Np) during the design of OTA, hence the UGF and slew rate are nearly constant. Moreover, in
direct scaling, the OTA achieves the targeted specifications but it consumes more power as compared
to proposed method. In case of T3 in Table. B.7 the OTA consumes 40% additional power because of
STT effect.

Fig. B.I4l illustrates the simulated open-loop output voltage characteristics of two-stage OTA for
different cases. From the simulation it can be noted that, the circuit becomes non-linear with direct

scaling due to the fact that the output DC operating point moves towards one of the supply rails (
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Figure 3.14: Simulated DC open-loop output voltage characteristics of OTA with respect to differential input
voltage.

Vpp or GND). This results in limited output swing under open-loop conditions and generates distorted
output, i.e., clipping occurs in output signal with direct scaling. In the proposed scaling, the two-stage
OTA provides the maximum output swing for all test cases since the output bias voltage is always

close to its initial bias point i.e., at mid of supply voltage.

f——————— 208 ym ———]

SUT - - -

Fi 21.3 pm ——I

=
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() (b)
Figure 3.15: Layout of two-stage OTA: (a) with multifinger MOSFETSs using direct scaling and (b) with
multifinger MOSFETSs using proposed scaling

The layout of two-stage OTA for the test case T; is shown in Fig. The OTA layout based
on multifinger devices with direct scaling and proposed scaling is shown in Fig. (a) and (b),

respectively. The area of two-stage OTA with multifinger MOSFETSs using proposed scaling method
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is 20 % less compared with direct scaling.

The magnitude and phase response of bulk-driven OTA is shown in Fig. It is clear from Fig.
that, in direct scaling method, there is a variation in the responses of T, T5 and T3 test cases.
Whereas the proposed design exhibits approximately similar responses and the deviation is negligible.
Hence, it is clear from Fig. that the STI effect is minimized in the bulk-driven circuit using the

proposed design methodology.
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Figure 3.16: Simulated magnitude and phase response of bulk-driven OTA with STI effect (blue) and without
STT effect (red).

Fig. (a) illustrates the transient response of the bulk-driven OTA with STI effect (blue
waveform) as well as the direct scaling without STT effect (red waveform). Fig. B3| (b) shows the
zoomed portion at the rising edge and the falling edge of output. It is evident from Fig. B.I3] (b) that
the proposed method minimized STI variation in the transient response.

The open-loop output voltage characteristics of bulk-driven OTA for different cases is shown in
Fig. BI8 It is clear from Fig. B.I8 that the bulk-driven circuit becomes non-linear with direct scaling
due to shift in the output DC bias point. However, in the proposed scaling, the output bias voltage is
always closer to its initial bias point in all cases.

The performance parameters of bulk-driven OTA obtained using the proposed and direct scaling
methods are listed in Table. B8 It is clear from Table B.8 that the performance varies with changes
in direct scaling method. Moreover, the bulk-driven OTA with direct scaling consumes more power

because of STI effect.
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Figure 3.17: Simulated large-signal response (a) and its zoomed portion (b) of the multifinger bulk-driven
OTA with STI effect (blue) and without STI effect (red).
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Figure 3.18: Simulated DC open-loop output voltage characteristics of bulk-driven OTA with respect to
differential input voltage.

Fig. B.15 illustrates the layout of bulk-driven OTA for the test case 77 in Table The layout
of bulk-driven TOA based on multifinger devices with direct scaling and proposed scaling is shown
in Fig. (b) and (c), respectively. The area of OTA with multifinger MOSFETS using proposed

scaling method is 8 % less compared to direct scaling.
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Table 3.8: Simulated bulk-driven OTA performance parameters for the test cases mentioned in Table.

Results
OTA Parameter Value T T T3
D P D P D P
DC-gain (dB) >15 | 1691 | 17 |16.96 | 17.1| 17 | 17.2
fu (kHz) > 100 1459 1 99.2 | 132 | 99.4 | 119.8 | 98.7
Phase margin (deg.) > 60 75 84 | 77.8 | 835 | 79 | 835
Power (uW) minimum | 2.56 | 1.55 | 2.22 | 1.55 | 1.97 | 1.54

D: Direct scaling without STI effect consideration; P: Proposed method with consideration
of STI effect

106 pm

(b)

Figure 3.19: Layout of bulk-driven current mirror OTA: (a) with multifinger MOSFETS using direct scaling
and (b) with multifinger MOSFETS using proposed scaling.

3.9 Summary

In this chapter an analysis of current-voltage (I-V) characteristics of a MOSFET as a function of
number of fingers has been performed. A methodology was proposed to design analog circuits by using
9m/ID, gmp/Ip and Ip/W characteristics, and Np is considered while sizing the design parameters.
To validate the proposed methodology, Miller-compensated two-stage OTA and bulk-driven OTA is
designed for the desired set of specifications. The OTAs performances are matched with the given
specifications even for changes in Ng. Also, the proposed method reduces the OTA area as compared

to multifinger design with direct scaling.
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4.1 Introduction

4.1 Introduction

The design of high performance with low-power analog circuits is becoming increasingly challenging
with the sub-micron CMOS technology. OTA is an important building block in analog circuits and
the efficient design of OTA will lead to greater enhancement in the overall analog circuit performance.
Design of a high-gain OTA with low-voltage supply is a challenging task, since the conventional
cascoding technique is not suitable for OTA with low-voltage supply, due to limitation on signal
swing. The OTA should provide high gain to ensure the closed loop transfer function independent of
the overall forward path gain, when used in the negative feedback loop. One essential challenge in
high resolution and high speed OTA design is simultaneous increase of gain and unity gain frequency.
To accomplish these requirements, it is necessary to develop new design techniques to improve the
gain with low-voltage supply without loss of performance.

This chapter discusses a PVT-intensive pseudo-differential bulk-driven OTA operating in weak
inversion region suitable for low-voltage applications. The proposed bulk-driven OTA offers high
DC-gain and high GBW. The amplifier uses a bulk-driven input for rail-to-rail input operation and a
differential Class-AB output stage for rail-to-rail output swing. The proposed design employs a partial
positive feedback technique for increasing the low-frequency gain of the bulk-driven OTA. In addition,
a cross-forward (CF) stage is used to further improve the driving capability and DC-gain. Moreover,

the proposed design performance is insensitive to PV'T variation..

4.2 Pseudo-Differential Bulk-Driven OTA with Enhanced DC-gain

Schematic of the proposed pseudo-differential bulk-driven OTA shown in Fig. [£1] the main ampli-
fier consists symmetrical of transistor pairs i.e., each transistor is accompanied by its counterpart in the
opposite branch. These transistors operate in the weak inversion region and biased at mid-of-supply
voltage (i.e., Vpp/2) to obtain desired bias current. In order to achieve the maximum voltage swing,
the input and output common-mode node voltages are set to Vpp /2. The input stage is designed using
a triple-well CMOS process with access to the bulk-terminal of nMOS transistor. The bulk terminals
of active load transistors at input stage are biased at common-mode voltage in order to reduce the
Vrm of device which makes it easy to operate at low-voltage. The proposed OTA architecture mainly

consists of input, output, and cross-forward stages.
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Figure 4.1: Schematic of the proposed pseudo-differential bulk-driven OTA
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4.2 Pseudo-Differential Bulk-Driven OTA with Enhanced DC-gain

In addition, a CMFB circuit is employed for the output stage. It will help in keeping the output
common-mode node voltage to a known reference voltage (Vrpr). The details of the different stages

are discussed in the sub-sequence subsections.
4.2.1 Input stage

A bulk-driven pseudo-differential pair comprises of M4 p — M3, g used as the input stage of the
proposed OTA. Differential inputs V; and V;p are applied across the bulk terminal of M7 4 and M;pg.
The input stage is loaded with diode connected pMOS transistors Ms4 — Msp. Another pair of pMOS
transistors M3 — M3p, were configured in a cross-coupled mode to cancel gate transconductance and
to enhance the gain of the input stage. The bulk terminals of M34 — M3p are also connected in a
cross-coupled manner, which helps in further improvement of gain. For differential input signal, the
cross-coupled pair acts as partial positive feedback and produces a negative transconductance which
reduces the overall load conductance. This sets the differential-mode gain of the first stage to a high
value. For common-mode input signal, the first stage gain is a low value, because the cross-coupled

pair acts as negative feedback hence increases the overall load conductance.
4.2.2 Cross-forward stage

The CF stage formed with transistors M4 g —Msa, B, is a part of the output stage. The differential
output of the first stage is attached to common source transistors Mgs4 and Mgp which are loaded
with cross-coupled transistors M4 and Msg. This arrangement offers finite DC-gain for differential-
mode signals, and enhances transconductance of output stage and overall DC-gain of OTA. It also
helps to improve the stability of OTA for large capacitive loads. Moreover, the CF stage subtracts
common-mode signals and offers a smaller common-mode gain, resulting in the improvement of CMRR

of OTA.
4.2.3 Output stage

The output stage consists of two identical common-source transistor pairs My4 — Mga and Mr7p —
Mgp. In order to obtain Class-AB operation at the output nodes, the differential output of CF stage
is connected to M74 and M7p, transforming it into an active amplifying device. Here, CF stage acts
as a current replication branch and also offers finite voltage gain. The load driving capability of OTA
depends upon the output stage transconductance. For large capacitive loads, the Miller compensated

OTAs require large transconductance at output stage [10]. For this, a high current is required at the
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output stage to maintain the desired stability. Instead, the use of CF stage in the proposed design

enhances the output stage transconductance with only a small current in the output stage.
4.2.4 CMFB stage

When the input common-mode voltage changes in fully-differential OTA architectures, the output
node voltage will saturate to one of the supply rails due to the mismatch between transistors. Hence,
we employed CMFB circuit for the proposed pseudo-differential OTA, to maintain the output common-
mode voltage at reference voltage (Vrrr). The CMFB circuit in Fig. E1] is based on one discussed
n [31]. The CMFB circuit, constituting transistors Mcy to Moy, performs the tasks of the common-
mode detection and reference comparison. If there is any mismatch between output common-mode
voltages of OTA, the feedback mechanism adjusts both the output node voltages to the desired value
(i.e., Vrer). The CMFB circuit offers finite gain and improves CMRR with common mode input.
The bandwidth of CMFB circuit should be more than that of OTA in order to avoid compensation

for CMFB circuit.
4.2.5 Bias stage

In Fig. 1], the bias voltages Vpp and Vpy are generated using bias generator circuit [128]. The
transistors M7 — Mps with bias current source Ip are arranged in a feedback configuration to generate
bias voltages Vpp and Vpy. With this arrangement, the bias voltages will change according to the

PVT variations.
4.3 Analysis of the Proposed High Gain OTA

The important performance parameters of OTA, such as differential gain, common-mode gain and
input-referred noise (IRN) are analyzed. The proposed pseudo-differential circuit is symmetrical and
parameters of the transistor My 4 are equal to Myp with opposite phase (k =1, 2, 3, ...8). The math-
ematical equations for the performance parameter are expressed as function MOSFET small-signal
parameters such as bulk transconductance (gmpx ), gate transconductance (g,x) and drain conductance

(gask) of k' transistor .
4.3.1 Differential-mode analysis

In Fig. A1 the bulk-driven transistors Mi4 and M;p at input stage are loaded with diode

connected transistors Ms4 and Msp. To improve the gain, transistors Ms4 and Mszp are cross-
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Figure 4.2: Small-signal circuit model of the proposed OTA for frequency analysis

coupled, which gives a negative transconductance and cancels the effect of diode transistors Ms4 and
M>sp and hence improves the overall gain of input stage. The gain of OTA depends on the channel
length of MOS devices.

In differential-mode, the frequency characteristics can be studied using its small-signal equivalent
model in Fig. The differential gain (Apps) of the circuit is derived by nullifying all frequency
dependence components in the small-signal model and is given by equation ([dJ]). The Apj, is ratio
of differential output voltage (Voq = Vop — Von) to differential input voltage (Vig = Vip — Vin). The
partial positive feedback configuration cancels the gate transconductance and offers larger gain. Here,
the major part of differential DC-gain is contributed by the output stage. Due to presence of CF sage,
the effective output stage transconductance of OTA is enhanced to g6y with Ry being the effective

output resistance of CF stage (i.e., at node FN/FP).

9Im6+Imb6
Apuy = 9mbl (9m8 + gm7 gds6+gdss+gm5+gds4*gm4> (4 1)
(9as1 + Gds2 + Gm2 — m3 + Gds3 — Gmb3) (9ds7 + 9dss) '

In Fig. 4.2, Ry, Ry and Ry represents the effective resistance of input, output and cross-forward
stages, respectively. (7 and Cy are the parasitic capacitance of input and cross-forward stages, re-

spectively, and Cs is load capacitance at output stage.
4.3.2 Common-mode analysis

This analysis is performed to understand the effect of common-mode signal on the output nodes
(Vop and Vpu) by calculating the common-mode gain (Acps). The CMRR defined as the ratio of
Apwm to Aoy, is another performance parameter of OTA. Which is used to measure the ability of the
OTA to reject common-mode signals. The Aqjy is calculated using the equivalent half-circuit of the

proposed OTA and the expression for Acyy is given by
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_ 9m6+Imb6

9Imbl (gm8 Gm7 9ds6+9dsst9ms+9dsat9ma )

A = T G2 ¥ G2 + s Gasa & Gont)” (42)
9ds1 T 9ds2 T Gm2 T 9m3 T Gds3 gmbs) (gmb8 i iric;dscs + gast + ¢ ds8)

For common-mode input signal, the cross coupled transistor configuration provides negative feed-
back at input and CF stages, resulting in a lower resistance. The CF stage reduces the output stage
transconductance and hence lowers the common-mode gain. The CMFB circuit acts as an amplifier

for common-mode input and it reduces the overall common-mode gain of OTA.
4.3.3 Noise analysis

The noise performance of a multi-stage amplifier is dominated by the gain of its input stage at low
and medium frequencies [40]. The noise contribution of second stage is negligible compared to input
stage. The first stage of the proposed OTA has a gain >20 dB. The power spectral-density of IRN

Su(y) for a bulk-driven transistor in weak inversion is given by equation @3).

_8KpTyn , Kr  gnm
3 gfnb CoxWLf gfnb
The total IRN voltage of proposed OTA is given by (4.4]), which comprises of both thermal and

So (f)

(4.3)

flicker noise components. Both noise components are expressed individually for comparison purpose.

The input-referred flicker noise voltage (Vn2 1 f) and thermal noise voltage (Vn2th) are given by equation

(£3H) and (4.4), respectively.

Vn2,in - VnQ,th + Vn%l/f (4.4)
—— 2 Kimgay  Kpgrs | Kppgl

2 _ fn9m1 fp9m2 fr9m3
Vn 1= 5 i + (4.5)

’ Coxfomp L Wily WaLo W3Ls

SKgT
= T [ ] o
’ 3gmb1 9Imbl

where, Ky,, Ky, flicker noise coefficients for nMOS and pMOS transistors, respectively. All the
other symbols have their usual meanings.
The TRN will be large for a bulk-driven OTAs because of low bulk-transconductance. It is clear

from (4.3]) that the flicker noise component is more dominant in the low-frequency range. The flicker
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noise can be minimized by choosing the large size input transistor for required bias current. By
increasing the transconductance of input stage (i.e., gp1) thermal noise can be reduced. There is a

trade-off between the noise and biasing current of input stage.
4.3.4 Frequency compensation

The small-signal equivalent model of circuit Fig. [4.1]is shown in Fig. This model is similar
to that of a conventional Miller compensation model [10], except for an additional transconductance
(gm7) component at the output stage. The transconductance of output stage is enhanced by the
common source amplifier formed by M4 4p — Msaep and loads arranged in cross-coupled fashion.
The intermediate stage between input and output stages creates a cross-forward path. The pole due
to intermediate stage appears at higher frequencies and it does not show any effect on stability. The
dominant pole and the non-dominant pole are real and widely located due to compensation capacitor

(Cc). The unity gain frequency of OTA is given by

9mbl
UGF ~ 4.7
2nCo (47)

4.4 Simulation Studies

In order to validate the proposed OTA topology, the circuit is designed and post-layout simulations
are carried out in a UMC 65-nm CMOS process. Long-channel MOS devices offer high due to high
drain resistance. However, the parasitic capacitance will increase as area of device increases and this
results in poor frequency performance. Hence, the moderate channel length (0.5 pm) devices are
chosen to minimize the trade-off between gain and parasitic capacitance. The threshold voltage of
nMOS (Vray,) and pMOS (Vrg,) transistor is 0.38 V and 0.42 V, respectively, and channel length of

both devices is equal to 0.5 um. The design of proposed OTA is targeted for the following specifications:

e DC-gain: >60 dB

Unity gain frequency: >500 kHz

Phase margin: >60°

Load capacitance: 20 pF

Supply voltage: 0.5-V
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Unlike the conventional two-stage OTA reported in [10], the proposed pseudo-differential OTA
contains an additional CF stage. The cross-forward path time constant depends on cross-coupled
current mirrors. The effect of pole due to cross-forward stage and the RHP zero due compensation
capacitance can be ignored near the unity gain frequency. The dominant pole (Py;) and first non-
dominant pole (Pyq) are real and are widely separated due to compensation capacitor. The dominant

pole at output node of first stage (i.e., node V1 in Fig. A1) is given by

1

Phpr—-——
% RiRogm11Cc

The first non-dominant pole (Py2) at node Vp is given by

Py~ —2mIL (4.9)

9m6+9Imb6
9ds6+9dsst9ms5+9gdsa—gma

where, gmir = gms + gm7

The RHP zero due to feed-forward path is given by

gmII
I ~Z— 4.10
n~ G (4.10)

The second non-dominant pole (Py3) due to cross-forward stage is given by

1
Py~ ———~ 4.11
a3 R;C; (4.11)
1
9ds6+9ds5t9m5+gdsa—gma

where, Ry represents output resistance of CF stage and is equal to Ry =
and C is the parasitic capacitance at output node of CF stage.

As discussed in Chapter 3, in order to achieve required phase margin (i.e., > 60°) the pole Py
should placed at the location which is 2.2 times that of UGF and RHP zero should keep at the
location which is atleast 10 times away from the UGF. To drive large load capacitance (i.e., 20 pF)
with UGF of 500 kHz, conventional design requires large compensation capacitance this results in
huge current requirement in the input and output stages. However, in the proposed, the cross-forward
stage improves the output stage transconductance g,,;; with low quiescent current, and it reduces
the compensation capacitance (C¢) and also improves the UGF of OTA. In order to meet the given

specifications the following design steps are followed:

Step 1: The Co of OTA can be evaluated using the following expression:
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Co =229 o) (4.12)
9mII

If gmrr = K1 * gmp1, then Co = %CL. Where K7 represents the ratio of transconductance at

output and input stages given by

_ gms + Im7AcF
9Imbl

K (4.13)

. . : o 4 — 9m6~+9Imb6
where, Acp represents the gain of cross-forward stage, Acp = I — The Acp
can be adjusted by changing the current ratio of My and Ms. The maximum gain of CF stage
can be achieved if g4 = gas6 + Gdss5 + Ims + gdsa, Which creates second non-dominant pole near

the UGF and causes stability issues. Hence, the CF is designed such that the pole due to CF

stage occurs at very high frequency.

Step 2: The input stage of OTA is designed to obtain the desired transconductance g,,;1 given by

gmp1 = 21CcxUGF (4.14)

Step 3: Design the output stage (i.e., g,rr) for a arbitrary value of K; which is normally greater than
10. Here, gp,171 is combination of second stage transconductance and cross-forward stage gain.
By increasing the gain of CF stage Acp, the current requirement in input and output stages can
be minimized. The gain of Acr increases due to increase in output resistance Ry. However, for
large value of Ry, the pgo move towards near UGF which causes OTA unstable. Hence, there is

a limitation on DC-gain of cross-forward stage.
Step 4: All the devices are sized using g,,/Ip and g,,»/Ip methodology (as discussed in Chapter 3).

Step 5: After extracting the device sizes of input and output stage, check the DC-gain and stability of
OTA.

Step 6: Increase the value of K7 and repeat steps from 1 to 5 until the desired specifications are met.

The dimensions of transistors and operating conditions are extracted from design steps, the com-

pensation capacitance (C¢) of 0.85 pF is obtained which meets the stability and UGF requirement.

63
TH-2017_11610233



4. A Low-Voltage PVT-Insensitive Bulk-Driven OTA with Enhanced DC-gain

The open-loop magnitude and phase characteristics of the proposed amplifier at different load con-
ditions is shown in Fig. and outcome parameters are summarized in Table. LIl The CF stage
enhances the output stage transconductance and keeps the non-dominant pole at higher frequencies
and hence the OTA is expected to remain stable for larger loads. The proposed OTA is able to drive
a load capacitance of up to 50 pF with only a small reduction in unity gain frequency. Also, it gives

a phase margin larger than 55°.

201
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Figure 4.3: Simulated open-loop frequency response of the proposed OTA for different C7..

Table 4.1: DC-gain, UGF, and phase margin with different load conditions.

Cr
—_— 20 pF | 40 pF | 50 pF
DC-gain (dB) 2 | 12 | 72
UGF (ki) 630 | 655 | 630
Phase margin (deg.) 74 60 55

To observe the open-loop frequency due to process variation, the corner simulations have been
performed with a Cp, of 20 pF and a supply voltage of 0.5-V. The magnitude and phase responses for
different corners are shown in Fig. [£4l At typical corner, the low-frequency voltage gain is 72 dB and
the phase margin is 74° at a unity gain frequency of 680 kHz. To observe the effect of various process
corners on the noise performance, noise analysis has been performed and the response is shown in Fig.
From the simulation results, it can observed that the noise response is minimally deviated from
the typical value for different process corners. At power line frequency (i.e., at 50 Hz), the CMRR and
PSRR is approximately equal to 120 dB and 144 dB, respectively. The observed CMRR and PSRR

values at 50 Hz are good enough to reject the power line interference in biomedical applications.
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Figure 4.4: Simulated frequency response of OTA with different corners of the process model.

—8-SS ~6-TT —A-FF —k- SNFP ——FNSP

IRN (V/v/HZ)

10°F

| | | | | |
10° 10 10? 10° 10* 10° 10°
Frequency (Hz)

Figure 4.5: Simulated input-referred noise response for different process corners.

The CMFB circuit stability simulation results is shown in Fig. The loop gain of CMFB is
30.4 dB and provides bandwidth of 307 kHz with phase margin of 61.2°.

To observe performance of OTA in closed-loop condition, the proposed OTA is configured as
voltage buffer with the help of resistive feedback network [39]. In order to avoid the loading effect,
the feedback resistance should be large as compared to the output node resistance (i.e., Rz). The
buffer linear output swing range is observed by sweeping the differential input voltage (V;4). The DC
characteristics of voltage buffer and its corresponding error plot Vo, — Vjq is shown in Fig. 7 It
is clear from Fig. L7 that the design offers rail-to-rail output swing for rail-to-rail input, where the

output is closer to input with negligible error voltage.
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Figure 4.6: Stability simulation results of CMFB loop.
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Figure 4.7: Simulated DC input and output characteristics of the unity-gain amplifier

To observe the settling and slewing behavior of the proposed OTA, a step voltage of 0.5-V at a
frequency of 10 kHz is applied to the voltage buffer, and the transient response is shown in Fig. 4.8
The differential slew rate, which corresponds to the time interval for the differential output voltage to
change from 10% to 90% of the input pulse, is obtained as 0.16 V/us and settling time (¢5) is 10 us
for 1% steady state error.

The proposed OTA can be used as a tunable transconductor whose transconductance varies over a
wide range by varying the bias voltage of input transistors M7 4 and M;g. Bias voltages Vep and Vpy
are generated with the help of a constant bias current Ip source and diode connected MOS transistors

as shown in Fig. B1l The change in Ig results in a corresponding variation of Vgp and Vgy as shown
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Figure 4.8: Simulated transient response of the unity gain amplifier for different corners.

by Fig. The change in Vpy results in the variation of input transconductance. Vpp is employed
for bulk-biasing of Ms4 and Msg. The node voltages of input stage V1 p and Vi are equal even with

change in bias current because of cross-coupled connection.

Power (uW)

\.
o
‘
(
—
UGF (MHz)

)
i<}
T

DC gain (dB), cBM (deg.)

Fo@nA0014MH) e 41

o
=}

IS
o N=)
5]
o
S
[SH
3
<)

107 10
Ig (A)

Figure 4.9: DC-gain, UGF and phase margin of the proposed OTA with Ip variation.

In order to verify the robustness of the proposed amplifier, simulations were performed for different
PVT conditions. The AC, DC, and transient analyses have been performed at different corners of
CMOS process such as SS, SF, T'T, FS, and FF, for supply-voltages of 0.45-V, 0.5-V, and 0.55-V. The
temperature has been varied from -55°C to 120°C. It has been observed that the amplifier remains
operative and shows consistent performance under these circumstances.

The parameters of the proposed OTA for different PVT cases are summarized in Table 2] and
A4 Tt is clear from Table 2] 3] and 4] that the proposed OTA performance is PVT-insensitive.

Since, in all PVT cases, the proposed OTA meets the desired specifications i.e., DC-gain > 65 dB,
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UGF > 500 kHz, and phase margin > 60°. The OTA shows even better performance in 65% cases,
offering high DC-gain > 70 dB, UGF > 600 kHz, and phase margin > 70°.

In order to improve the voltage gain of the OTA, a partial positive feedback technique is employed.
The cross-coupled transistors M3 4, M3g and Mya, Myp are introduce partial positive feedback at input
stage and cross forward stage, respectively. The positive feedback generates the negative resistance
at the drain node of M4 p and Ms4 g, which partially compensate the conductance of the diode-
connected transistors M4 p and M54 g. Thus lowering the load conductance of the first stage and
consequently improving its voltage gain. Note, that in order to keep the circuit stable, the resulting
conductance at the drain node of M4 p and M54 p should always be positive, which leads to the

following condition:

Im3 < gm2 + 9ds2 + 9ds3 + Gds1 (4.15)

Ima < gm5 + Gds5 + 9dsa + Jds6 (4.16)

In practical realizations, special care should be taken to fulfil the (£I5) and (AI6]) in the presence
of possible device mismatch and PVT variations. As the proposed design meets the above criteria
since we left some bias margin for the PVT variations while designing the OTA.

Monte Carlo analysis is performed at room temperature for 1000 samples with 20 pF capacitive
load and supply voltage of 0.5-V. The Monte Carlo simulation results are summarized in Table
From Table 5] it can be observed that the mean value (i) of each parameter is closer to its typical
value, and standard deviation (o) is very small compare to its mean value. The ratio between o and
1 shows sensitivity for process and mismatch variations and it is < 5% for the proposed OTA design.

To validate the operation of the proposed OTA under process and device mismatch variation, the
Monte Carlo simulation has been performed with sigma value of 3, to investigate the variation effect
on UGF, phase margin, DC-gain and CMRR and concerned histogram plots are shown in Fig.
The mean value of UGF, phase margin, DC-gain and CMRR have been found to be 678.6 kHz, 74°,
72.2 dB and 122 dB, respectively, at C'f, of 20 pF. The layout of the proposed design is shown in Fig.
411l
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Table 4.2: Simulated parameter for process and temperature variations, Vpp=0.45-V.

Vpp=0.45-V
Process corner SS TT FF SNFP FNSP

Temperature (°C) -55 27 120 | -55 27 120 | -55 27 120 | -55 27 120 | -55 27 120
DC-gain (dB) 59.5 | 62.4 | 60.6 | 66 67 | 634 | 71 |705| 62 |66.3| 67 | 622|654 ]| 67 64
UGF (KHz) 675 | 644 | 508 | 719 | 664 | 517 | 730 | 670 | 518 | 702 | 647 | 507 | 733 | 680 | 526
Phase margin (deg) 69.4 | 70 71 | 723 | 72.6 | 73.2 | T2 75 75 724 73 | 73.6 | 72.6 | 72.4 | 74
Slew rate (1)(V/ms) 72 114 | 134 | 106 | 137 | 158 | 124 | 158 | 176 | 101 | 140 | 160 | 105 | 136 | 158
Slew rate(])(V/ms) 72 114 | 134 | 106 | 137 | 158 | 124 | 158 | 177 | 102 | 141 | 161 | 105 | 136 | 159
CMRR (dB) @ DC 125 | 113 | 105 | 147 | 117 | 108 | 137 | 120 | 107 | 137 | 118 | 108 | 133 | 116 | 107
PSRR (dB) @ DC 104 | 119 | 113 | 117 | 135 | 110 | 139 | 120 | 103 | 115 | 137 | 111 | 114 | 133 | 114
t;’(,us) 1% 154 | 10.5 | 9.1 | 11.3 9 7.9 9.9 8 72 | 11.5 | 88 7.8 | 114 9 8
tj(,us) 0.1% 185 | 13.3 | 11.5 | 14.1 | 11.2 10 12.1 | 9.8 9 142 | 109 | 99 | 143 | 11.2 | 10.1

ts (us) 1% 15.4 | 10.5 9 11.3 9 7.9 9.8 7.9 7.1 | 11.5 | 8.7 7.8 | 114 9 7.9
ts_(,us) 0.1% 186 | 13.3 | 11.5 | 14.1 | 11.2 10 12.1 | 9.9 9.1 14. | 10.8 | 9.8 | 14.3 | 11.3 | 10.1
IRN at 10 kHz (\;‘%) 0.76 | 0.72 | 0.77 | 0.77 | 0.72 | 0.77 | 0.77 | 0.72 | 0.77 | 0.77 | 0.72 | 0.78 | 0.76 | 0.72 | 0.77
Total current (uA) | 3.82 | 4.07 | 4.84 | 414 | 48 | 6.5 | 4.73 | 6.45 | 10.3 | 4 44 | 5.7 | 43 | 54 | 79
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Table 4.3: Simulated parameter for process and temperature variations, Vpp=0.5-V.

0L

Vpp=0.5-V
Process corner SS TT FF SNFP FNSP

Temperature (°C) -55 27 | 120 | -55 27 | 120 | -55 27 | 120 | -55 27 | 120 | -55 27 | 120
DC-gain (dB) 66.3 | 67 | 645 | 71 72 68 | 77.7 | 76.2 | 66 72 72 166.2 | 72 | 724 69
UGF (KHz) 725 | 668 | 521 | 740 | 698 | 527 | 742 | 681 | 526 | 724 | 662 | 517 | 755 | 696 | 536
Phase margin (deg) | 71.5 | 71.6 | 72 74 | 74 | 743|764 | 76 | 76 | 74 | T4 | 75 4 | 737 | T4
Slew rate(1)(V/ms) 81 134 | 156 | 122 | 159 | 184 | 143 | 182 | 206 | 112 | 163 | 186 | 123 | 158 | 184
Slew rate(})(V/ms) | 81.2 | 134 | 156 | 122 | 159 | 184 | 143 | 182 | 206 | 112 | 163 | 186 | 123 | 158 | 184
CMRR (dB) @ DC 140 | 117 | 109 | 138 | 121 | 112 | 140 | 126 | 111 | 145 | 122 | 111 | 135 | 121 | 112
PSRR (dB) @ DC 117 | 124 | 125 | 126 | 145 | 119 | 142 | 131 | 111 | 125 | 137 | 120 | 124 | 139 | 122
t+(us) 1% 17.2 | 11.7 | 10.1 | 10.6 | 10 87 | 11.1 | 89 | 7.9 | 13.2 | 9.7 | 8.6 13 | 10.1 | 87
t+(us) 0.1% 19.3 | 14.7 | 124 | 16 | 12.2 | 10.8 | 13.6 | 10.7 | 9.8 16 | 11.9 | 10.6 | 16.1 | 124 | 11

ts (us) 1% 17.2 | 11.7 | 10.1 | 10.6 | 10 87 | 11.1 | 88 | 7.9 | 13.2 | 9.7 | 8.6 13 | 10.1 | 8.7

t5 (us) 0.1% 19.5 | 146 | 125 | 16 | 12.2 | 11 | 13.6 | 10.7 | 9.9 16 | 11.9 | 10.5 | 16.1 | 124 | 11
IRN at 10 kHz (\7%) 0.76 | 0.72 | 0.77 | 0.76 | 0.72 | 0.77 | 0.77 | 0.72 | 0.77 | 0.77 | 0.72 | 0.78 | 0.76 | 0.7 | 0.77
Total current (pA) | 4.48 | 48 | 565|484 | 56 | 76 | 5.5 | 756 | 119 | 47 | 52 | 6.6 | 5.1 | 6.3 | 9.2
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Table 4.4: Simulated parameter for process and temperature variations, Vpp=0.55-V.

Vpp=0.55-V

Process corner SS TT FF SNFP FNSP
Temperature (°C) -55 27 120 | -55 27 120 | -55 27 120 | -55 27 120 | -55 27 120
DC-gain (dB) 71 | 714 69 78 | 78.7 | 73.4 | 87.5 | 88.6 | 70.1 | 78 | 782 | 71 | 783 | 79.7 | 75.5
UGF (KHz) 745 | 682 | 530 | 750 | 690 | 534 | 750 | 690 | 534 | 736 | 673 | 524 | 756 | 706 | 543
Phase margin (deg) 733 73 | 734|756 | 752 | 75 | V7.6 |T70(.2| 77 |57 |75.6 | 76 | 753 | 75 75
Slew rate(?1)(V/ms) 88 151 | 172 | 135 | 178 | 203 | 160 | 202 | 230 | 121 | 182 | 205 | 139 | 176 | 204
Slew arate(])(V/ms) 88 151 | 172 | 135 | 178 | 203 | 160 | 202 | 230 | 121 | 182 | 205 | 139 | 176 | 204
CMRR (dB) @ DC 136 | 121 | 113 | 141 | 128 | 118 | 148 | 138 | 115 | 144 | 128 | 116 | 139 | 128 | 119
PSRR (dB) @ DC 124 | 129 | 137 | 134 | 146 | 128 | 151 | 147 | 118 | 133 | 142 | 128 | 133 | 145 | 130
t;‘(,us) 1% 17.5 | 11 96 | 12.2 | 9.3 83 | 10.3 | 10.6 | 7.6 | 12.6 9 81 | 12.2 | 9.3 8.3
t;‘(,us) 0.1% 19.5 | 15.4 | 14.1 | 16.5 13 12.5 14 11.6 | 11.5 | 16.7 | 12.6 | 12.1 | 16.5 13 13
ts (us) 1% 1741 11.1 | 9.6 | 12.2 | 94 83 (103|107 | 7.6 | 12.6 9 81 | 12.2 | 94 8.3
ts_(,us) 0.1% 19.5 | 15.4 | 14.1 | 16.4 13 12.6 14 116 | 114 | 16.7 | 12.6 | 12.1 | 16.5 | 13.1 | 13.2
IRN at 10 kHz (\7%) 0.76 | 0.72 | 0.77 | 0.76 | 0.72 | 0.77 | 0.77 | 0.72 | 0.77 | 0.77 | 0.72 | 0.77 | 0.76 | 0.71 | 0.76
Total current (uA) 3.16 | 5.5 6.5 | 5.56 | 6.4 8.7 6.3 86 | 13.6 | 5.4 | 596 | 7.6 5.8 7.2 | 10.5
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4. A Low-Voltage PVT-Insensitive Bulk-Driven OTA with Enhanced DC-gain
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Figure 4.10: Histogram of DC-gain, UGF, phase margin and CMRR from Monte Carlo simulation for 1000
runs.

Table 4.5: Monte Carlo simulation results

Parameter w* o** o/u Parameter w* o** o/p
DC-gain (dB) 72.2 1.68 | 2.3 % || Slew rate(?)(V/ms) | 159.3 7.5 4.7 %
UGF (kHz) 678.6 | 151 | 2.2 % Slew rate({(V/ms) | 159.3 7.5 4.7 %
Phase margin (deg.) 74 0.6 0.8 % ta (us) 1% 10.01 | 0.435 | 4.3 %
CMRR (dB) @ DC 122 | 18 | 15% tF (us) 0.1% 1225 | 06 | 49 %
PSRR (dB) @ DC 141.6 1.86 1.3 % ts (us) 1% 10 0.432 | 4.3 %
IRN at 10 kHz (Z2=) | 0.72 | 0.003 | 04 % ts (us) 0.1% 1225 | 06 | 49%

Note: *: Mean value ; **: standard deviation

4.5 Performance Summary and Comparison

For performance comparison of various parameters of different OTAs, we adopted the definition of
figure-of-merit (FOM) given in [I1,26]. It useful to evaluate the efficiency of different OTAs which are
operated at a different supply voltage and load conditions. The FOM dimensions of each performance
parameter is not similar and higher a FOM is the indication of efficient design. The definition of
FOMs for various small-signal and large-signal parameters as follows:

The FOM expressions for UGF is given by

MHz x pF
IFOMg = UGF x L [&} % 100 (4.17)
It HA
72
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4.5 Performance Summary and Comparison

Figure 4.11: Layout of the proposed bulk-driven OTA.

where IFOMg captures the energy efficiency of OTA.

The FOM of slew rate is given by

IFOMy, = Slew rate x —
us A

CL[VXQ
It

} x 100 (4.18)

where IFOM}, represents the current boosting factor of OTA, which is ratio of maximum output
current to total quiescent current consumption of OTA.

In addition to these, another FOMs are required to reflect the efficiency of DC-gain and low-voltage
operation. Since, the proposed OTA in this chapter is mainly designed to achieve high gain under
low-voltage operation.

The FOM expression for DC-gain is given by

FOM,,, = DC — gain x — -~

UGF x Cp, [dB x MHz x pF

100 4.19
| (119)

where FOM4,, describes the performance of OTA at very low frequencies.

Another FOM also calculated to reflect the low-voltage operation and it is given by [20]

IFOMr =

Vren + |VTHp| y UGF x Cy, |:MHZ X pF

o ] x 100 (4.20)

Vbp It

where the first term captures the extent of low-voltage operation and the second term captures
the energy efficiency (i.e., IFOMg).

The performance parameters of proposed and existing low-voltage OTAs are summarized in Table

The performance of the proposed OTA is also verified with the scaling down in the supply voltage.

The simulation results with supply voltage of 0.35-V are summarized in Table

73
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Table 4.6: Performance summary and comparison with existing sub-1 V bulk-driven OTAs in literature.

Parameter This work 28] [30] [36] [38] [40]® R4®
CMOS Technology (nm) 65 180 180 50 180 180 65
Output type (S/D) D D D D S S S
Supply (Vpo) (V) 05 | 035 1.2 1025 04 05 0.7 05 | 035
DC-gain (dB) 72 55 65.5 112 60 67.8 57.5 46 43
UGF (MHz) 0.68 0.6 147 0.07 2.2 0.00326 3 38 3.6
Phase margin (deg.) 74 68 81 53 56 69 60 76 56
Slew rate(1)(V/us) 0.159 0.19 69.3 0.057 0.86 0.00084 1.8 43 5.6
Slew rate(1)(V,/1s) 0.159 | 0.19 69.3 - - 0.00050 38 - -
IRN (uV/VHz) at 10 kHz | 072 | 072 | 59at1Hz | 0.7 0.12 0.56 at 1 kHz | 0.1 at 1 MHz | 0.938 | 0.926
CMRR (dB) @ DC 121 106 = 133 80 at 5 kHz = 19 35 46
PSRR (dB) @ DC 145 88 = 119 = = 52.1 37 35
1% ts(+)(15) 10 75 0.02 - - 210 1.3 - -
1% ta(—)(i5) 10 75 0.02 - - 301 1 - -
CL (pF) 20 5 15 20 15 20 3
It (uA) 5.75 4.15 300 1.2 60 0.052 36.3 364 48.6
Power (uW) 2.875 1.453 360 0.724 24 0.026 25.41 182 17
Area (mm?) 0.01 0.022 0.019 — — 0.02 0.005
IFOMg 236 289 245 87 73 94 165 31 22
IFOMy, 55 91 115 71 28 24 154 35 34
FOMy,, 34059 | 45438 13368 16240 10998 12204 13575 2879 2703
IFOMp 378 661 204 175 87 86 189 37 38

Note: ®: measurement results; S: single ended ; D: differential ; — not reported; A: threshold voltage of nMOS and pMOS transistor:
Vran =0.48-V and Vg, = 0.32-V.

IFOMs = UGF x Z& [MIZPE | 5 100 ; IFOM, = Slew rate x T& [ x 28] x 100 ;
T 2 T lps T u

. Vran+|V-
FOM, =DC — gain x YSEXCu [ dBXMIs0R] o 100, rpOMy = Y22nHVemsl  UGEXC, [MHaE] 90

-D( PeouRYUY UM VLO USALI-N[NY OAI}ISUoSUI-LAd 9SeIO0A-M0T V T
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4.6 Summary

From Table [£.6, it is clear that the proposed OTA exhibits better performance compared to the
works presented in [24] 28] [30,[36,38,40]. The proposed design gives a highest FOM for small and
large-signal parameters such as UGF and slew rate under low-voltage environment. It is also clear
from Table [d.6] that the proposed design provides a minimum of twice small-signal efficiency (FOMg)
compared to the best existing works. Moreover, the large-signal performance of the proposed design
is more efficient compared to the designs with supply voltage of 0.5-V or less [24,[30,36,[38]. It can be
seen from Table 4.6, the FOMy, of the proposed OTAs is twice that of the best existing OTA. The
IFOM7 is calculated by incorporating technology parameter (i.e.,Vry of CMOS) and supply voltage.
The IFOM7 of the proposed design is two to three times more compared to existing designs. The
FOM'’s of the proposed OTA with low-supply voltage of 0.35-V is 1.5 times more than that of 0.5-V

supply. In summary, the proposed topology exhibits better performance at supply voltage of 0.35-V.
4.6 Summary

In this chapter, a high gain pseudo-differential bulk-driven OTA has been proposed. The proposed
OTA is capable of operating under low supply voltages and hence well suited for sub-nanometer CMOS
technologies. A partial positive feedback technique is employed to improve the gain of input stage.
The cross forward stage at the output stage improved the driving capability and over all DC-gain of
OTA. To study the robustness of the OTA, simulations were carried out with different PV'T conditions.
The total power consumption was approximately 1.45 yW and 2.9 uW for the supply voltage of 0.35-V
and 0.5-V, respectively. It is found that the proposed OTA can drive upto load capacitance of 50 pF
without any stability issues and offers the unity gain frequency of 617 kHz and phase margin of 55°. In
summary, the proposed OTA provides high DC-gain and shows better FOM as compared to existing
OTAs.
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5. An Ultra-Low-Voltage Bulk-Driven OTA for Low-Frequency Applications
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5.1 Introduction

5.1 Introduction

At very low-voltage conditions fully differential OTA is preferred over single-ended for better
output signal swing. In general, the differential input stage is biased using a tail current source which
intrinsically attenuates the common-mode signals. At very lower supply voltages the tail current
source can be removed without much degradation in the circuit performance, such amplifier normally
referred as pseudo-differential amplifier is considered in this work. One of the challenges in designing
of such circuits is obtaining high DC-gain and high common-mode rejection ratio (CMRR) with low
supply voltage.

A new ultra-low-voltage, ultra-low-power pseudo-differential bulk-driven OTA is presented in this
chapter. The proposed design employs an auxiliary circuit at input stage to improve the effective
transconductance of bulk-driven OTA. The enhanced transconductance leads to improvement in DC-
gain and GBW of OTA. To further enhance the gain, a PPF technique is employed. In addition,
a Class-AB output stage is designed through a cross forward stage that improves current efficiency
and gain of the amplifier. The PPF and cross forward stage also improves the CMRR of pseudo-
differential OTA. This OTA can be used as a tunable transconductance amplifier by varying bias
voltage of auxiliary circuit. Further, a tunable second order G, — C' low-pass filter is also designed

using the proposed OTA.

5.2 Pseudo-Differential Bulk-Driven OTA Circuit Design

In this Section, the sub-blocks of conventional and proposed bulk-driven OTA are explained. The
operating principle of auxiliary amplifier and cross-forward stage is also described in this section.
Moreover, in this section, the performance of the proposed design which uses auxiliary amplifier and

cross-forward stage is compared with the conventional design.
5.2.1 Bulk-driven pseudo-differential input stage

The circuit diagram of conventional bulk-driven pseudo-differential input stage OTA reported
in [62] is shown in Fig. [5.] (a). The two inputs V;p and V;x are connected to the bulk-terminal of
pMOS transistors M4, p and May g, and their g,,;, contributes the input transconductance. For an
input common-mode voltage of Vpp/2 (0.15 V), the resulting small body-source forward bias lowers

the V};, which causes a further increase in the inversion level. The diode connected transistors Ms4 and
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5. An Ultra-Low-Voltage Bulk-Driven OTA for Low-Frequency Applications

M>p sets the common-mode voltages (Vip, Vi) to Vpp/2 and is used as bias voltage for the next stage
(i.e., output stage). However, the diode connected configuration decreases the gain of input stage. In
order to overcome this, additional transistors M; 4 and Mg are connected in parallel to Ms4 and Msp,
respectively, as shown in Fig. 5.1 (a). Note that the gate terminals of M; 4 and M;p are connected in
cross-couple manner. The partial positive feedback created due to cross-coupled connection of M4
and Mip cancels the gate transconductance of Mss and Msp, respectively, which in turn increases
DC gain [62]. Moreover, the cross-coupled configuration eliminates the need of CMFB circuit at input
stage.
Let the bulk-transconductance, gate transconductance and drain-source conductance of Myeqy 2, N}

are represented by gmpn, gmn and ggsny, respectively. The differential DC gain of conventional input
stage design in Fig. 5.1 (a) is given by

Imbl + Imb2
Al conw = ( > 5.1
ot 9ds1 t 9ds2 + 9ds3 + 9m2 — gm1 (5.1)

In conventional design (i.e., Fig. 5.l (a)), the input transistors M;4 and M;p are loaded by the
nMOS transistors M34 and M3p which act as current source. Hence, the effective transconductance
is equal to gmp1 + gmpz only, this results in low DC gain and low UGF. However, in the proposed
design, the M34 and M3p acts as active element due to inclusion of an auxiliary circuit. The modified
bulk-driven pseudo-differential input stage with auxiliary stage is shown in Fig. B.1] (b). The auxiliary
stage consists of bulk-driven common source amplifier with diode-connected load (Ms4 and Msp).
The inputs V;p and V;n are cross connected to bulk terminal of M4 and Myp, respectively, as shown
in Fig. 5] (b). The output of auxiliary stage drives the gate of M34 and Msp and hence the effective
transconductance of input stage increases. The proposed input-stage design provides higher DC gain
and transconductance as compared with the conventional design.

As the proposed circuit is perfectly symmetrical, using the small-signal equivalent circuit of the
input stage, the effective transconductance (g,,p7) of bulk-driven input stage with auxiliary circuit can
be approximated as follows

gmb4

ImbI = Gmbl T Gmb2 + Im3 ~ 4.9mb1 5.2
" " " "™ G5 + Gdss + Gdsa " (52)

In Fig. B (b), the current flowing through Mia g, Maa g and Mgy p are equal i.e., gmp1 =

Imb2 = gmpa and the current flows through Msz4 p is twice that of M54 g, which implies g3 = 2.gms5.
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5.2 Pseudo-Differential Bulk-Driven OTA Circuit Design

The effective transconductance of input stage with auxiliary amplifier is approximately twice when
compared to the conventional input stage design shown in Fig. [5.1] (a). The differential gain of the

proposed bulk-driven input stage is given by

9ImbI
9ds1 + 9ds2 + 9ds3 + 9m2 — gm1

Al,Prop = (53)

where, gnpr is the effective transconductance of bulk-driven input stage with auxiliary amplifier

from (5.2).

The effective transconductance of the proposed OTA is higher than that of the conventional OTA

design. Hence, there is a improvement in the overall DC-gain of the proposed OTA.

MZB MZA ViP MlA
o
1P

S i

oy A

e U R S g

(@) (b)

Figure 5.1: Bulk-driven pseudo-differential input stage (a) without auxiliary stage (b) with auxiliary stage.

The common-mode gain of conventional and proposed input stage design is given in (5.4) and

(E35), respectively.

Imb1l + Gmb2
A1,oM,Conv = < > 5.4
’ o 9ds1 + Gds2 + 9ds3 + 9m2 + gm1 ( )
gmbIC
Av,oM,Prop = < ) 9.9
7 rep 9ds1 + Gds2 + 9ds3 + 9m2 + gm1 ( )

= - SV
where, gmbrc = gmb1 + gmb2 — gm3 < T ds5>

It is clear from (5.4) and (5.5 that the proposed design is less sensitive to input common-mode
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5. An Ultra-Low-Voltage Bulk-Driven OTA for Low-Frequency Applications

variation as compared with the conventional design.
5.2.2 Differential output stage

As discussed in Sub-Section [.2.T] the bulk-driven input stage shown in Fig. 5.1l (a) provides a
small gain due to low bulk-transconductance g,,;. In order to improve the overall gain of OTA, a gate-
driven second stage (i.e., output stage) is cascaded to the bulk-driven input stage. The conventional
differential output stage based on common source amplifier with a current source load is shown in
Fig. (a). The gate-driven common source amplifier acts as a second stage of OTA which provides
high gain as compared to first stage (i.e., input-stage). The second gain stage is implemented using
Mya,B — M54 p transistors. Miller compensation technique employed for frequency stability of OTA
[10] and a compensation capacitor is placed in between gate-source of Msa g as shown in Fig. (a).

The DC gain of conventional output stage is given by

4
A2,C’onv = Im (56)
9dsa t 9dss

However, OTA with conventional input and output stages provides low DC gain and low UGF.
Even after cascading the two gains stages, the DC gain is still very low. Hence, it is necessary to
increase the gain of output stage further. The proposed differential output stage with an additional

cross-forward stage is shown in Fig. (b).

Vdd Vdd
T . e _ & _ .
M Mqg Mya : Mo Mg : Mzg
| |
s erBw. e dby erdh Bt B
Ce Ce Ce | >< e
- ST SRS IR
'__I 1 - —
Veu ! ? ? :
|
g M Ol N T
MSA MSB MGA : MSA p' MIOA MIOB L MSB M6B
— p— p— |

“— Cross forward stage —

(@) (b)

Figure 5.2: Differential output stage (a) conventional without cross-forward stage (b) proposed with cross-
forward stage (CMFB circuit is not shown).

The proposed output stage of OTA operates as Class-AB amplifier without degrading the linearity.
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5.2 Pseudo-Differential Bulk-Driven OTA Circuit Design

In order to achieve an adequate gain without reducing the output swing, a gate-input stage Mga B —
Mioa,p is cascaded to the input stage. As shown in Fig. [5.2] output of first stage (Vi, and Vi)
is amplified along the two paths. One path reaches the positive output through M7p and the other
through Myp, Mgp and Mgg. In a similar manner, the negative output is provided by Mga, Mga, Mga
and M74. The Class-AB structure of output stage reduces the common-mode gain because common
signal in one path cancels the signal in another path due to 180° phase difference.

To enhance the transconductance of output stage, the output of first stage is connected to Mg p
and Mr7a g. The signals with opposite phase are connected in a cross-coupled manner. The negative
(positive) output of first stage is connected to My4 and Mgp (M7p and Mya). The intermediate stage
comprising of Mga g — Mipa,B forms a common-source amplifier with cross-coupled current shunt

loads as shown in Fig. (b). The low-frequency gain of cross forward stage is given by

_ 9m9 + gmb9
9ds9 + 9dss T 9ds10 + 9m8 — gm10

(5.7)

The output stage formed by M7a g and Mg g, provides Class-AB operation. The output of
first stage and cross forward stage is connected to the gates of M74 p and Mgy g, respectively. The
additional DC gain due to the output stage alone is given by

_ Gm7 + K.gme

A prop = ——————— 5.8
rep 9ds6 + 9ds7 ( )

The transconductance of output stage depends on the gain of intermediate stage (i.e., cross-forward
stage) and current in output stage. It is clear from (5.8) and (5.6) that the effective output transcon-
ductance of the proposed design is K times more as compared to conventional Class-A output stage.
The proposed OTA achieves a large transconductance at output stage with a small amount of ad-
ditional current through cross forward stage. Moreover, the pole due to intermediate stage appears

at higher frequencies which is higher than unity gain frequency and it show less effect on stability of

OTA.
5.2.3 CMFB stage

A CMFB circuit aids the differential OTAs to prevent the output voltages from saturating to one
of the power rails when the input common-mode voltage changes. This maintains both the output

node voltages at same desired reference voltage (Vggr), which is normally half of the supply voltage
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Vdd
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Mca Mcs
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Figure 5.3: Schematic of CMFB circuit for conventional and proposed output stages in Fig.

(Vbp/2). The CMFEB stage is realized by Mc1 — Mes as shown in Fig. 5.3l and is employed in both
the conventional and proposed designs. Here, the output node voltage signals (Vop and Vpy) are
connected to the gate terminals of Moy and Mgs, and the difference of these voltages is converted
into a current using transistor M¢gs. This current is compared with the constant current which is
generated by M¢g3. The gate of M3 is biased with a reference voltage and generates constant current.
The difference between these two currents change the common-mode feedback voltage (Voarrp) and is
fed back to the bulk terminal of output stage transistors (i.e., M74 and M7p). The CMFB circuit acts
as a voltage buffer for differential input signal. It sets the desired output node voltage by adjusting
the bulk voltage of M7, and M7p. The DC gain of CMFB circuit with common-mode input signal is

given by

9mes X Jmed
ACMFB ~ 9meltgme2 (59)
9dsc3 55 9dscs

5.3 Analysis of the Conventional and Proposed Bulk-driven OTAs

The complete schematic diagrams of conventional and proposed bulk-driven OTAs are shown in
Fig. 6.4 and B8] respectively. The performance parameters such as differential gain, common-mode
rejection ratio (CMRR), input-referred noise (IRN) and power supply rejection ratio (PSRR) are

analyzed and analytical expressions are derived for both designs.
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Figure 5.4: Schematic of the conventional pseudo-differential bulk-driven OTA.
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5.3 Analysis of the Conventional and Proposed Bulk-driven OTAs

5.3.1 Analysis of Differential-Mode Configuration

In differential-mode, the OTA acts as an amplifier and improves the strength of the differential
input signal. In conventional OTA design, the gate inputs of M74 and Mip form a partial positive
feedback which adds a negative resistance to the output and boosts the differential DC gain.

To further increase the gain of OTA, a gate-driven circuit used as the second stage. The differential-

mode gain from input to output node Apps,cony of conventional OTA shown in Fig. [£.4)) is given by

Gmbl + Gmb2 9m4
ADM,Conv = ( > < > 5.10
X e 9ds1 t 9ds2 + 9ds3 + gm2 — gm1 9ds4a + Gds5 ( )

The conventional OTA provides low gain because of low input g,,;, and major part of DC gain is
contributed by the second stage which is evident from (5.10). The conventional design provides a low
DC gain which is of the order of less than 40 dB.

In order to improve the transconductance and gain, the proposed design employed an additional
circuitry comprises of auxiliary stage and CF stage. The auxiliary circuit improves the effective
transconductance of input stage and CF stage enhances the gain of output stage which is evident from

(5.8). Differential-mode gain Apps prop of the proposed OTA shown in Fig. is given by

9mbI ImII
ApM,Prop = < ) < > 5.11
rep 9ds1 + Gds2 + 9ds3 + 9m2 — gm1 9ds6 + 9ds7 ( )

— 9gmb4 —_ 9m9+9Imbo
where gmpr = gmb1 + gmb2 + gm3 <9m5+9ds4+9ds5 ) » GmIT = Gm7 + Gms (gdss+gd59+gds1o+gm8*gm10>

It is clear from (5.I0) and (5.I1) that the proposed OTA offers higher gain as compared to conven-
tional design. The CF stage enhances the overall DC gain of the proposed OTA and auxiliary circuit

at input stage improves the effective transconductance.
5.3.2 Analysis of Common-Mode Configuration

In order to understand the effect of common-mode signal on the output nodes, the common-mode
gain (Acyy) is computed. The CMRR of OTA is defined as the ratio of Apys to Acpr. An ideal
differential amplifier would have infinite CMRR. In bulk-driven circuits, as g,,;, being smaller than g,,
the common-mode signal is strongly suppressed. For common mode input signal, the cross-coupled
configuration provides negative feedback and hence results in a lower output resistance and smaller

Acayr- The common-mode gain of the conventional bulk-driven OTA as shown in Fig. [5.4]is given by
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ACMC _ < 9mbl + Imb2 ) ( 9m4 > (5 12)
o 9ds1 + 9ds2 + Gds3 + gm2 + gm1 Gmbs X AcMFB + Gdsa + 9dss

It is clear from (5.12) that the common source amplifier at the second stage of the conventional
design results a large common mode gain. For common-mode signal, the auxiliary circuit employed in
the proposed design reduces effective transconductance g,,7c and thereby decreases the common-mode
gain. In addition, the CF stage at the output stage of the proposed design reduces the output stage
transconductance g¢,,rrc which further reduces the common-mode gain. Hence, the overall common-
mode gain Az prop Of the proposed OTA is very small as compared to conventional design. The

expression for the common-mode gain of the proposed design is given by

P ( GmbIC ) < GmIIC ) (5.13)

Gds1 + 9ds2 + 9ds3 + Gm2 + Gm1 ) \Gmbe X AcMFB + Gds7 + 9dso

= _ _ 9mba _= _ 9m9+9mb9
where, gmbrc = gmb1 + gmb2 — gm3 <gm5+gds4+gds5>, ImIIC = Im7 — 9mé <gdsg+gdsg+gdsm+gms+gmlo>’

Imcd
. . . Gmes X
CMFB circuit gain: Aoy r = <M>

9dsc3tT9dscs
5.3.3 Noise analysis

The input referred noise performance of OTA mainly depends on the effective transconductance
of input stage and it is related to current flow though input devices. Flicker-noise which depends on
the geometry of the input devices is more dominant compared to other noises at lower frequencies. At
higher frequencies, the thermal noise becomes dominant and it can be reduced by enhancing effective
transconductance of input stage. The input-referred noise of bulk-driven circuits is intrinsically large
due to smaller value of body transconductance g,,, compared to the gate transconductance g,,. The
total input referred noise (m) is combination of flicker noise (Vn%1 / f) and thermal noise (VnQ,th)‘

The expression of the total input referred noise for the conventional bulk-driven OTA can be

expressed as

7 _ 2 Kingmi | Krpdmo | KppIms n 8KpT gm1 + gm2 + gm3
A CONY T ok F(gmbt + gmp2)? L Wil WaLo WsLs 3 (gmb1 + gmb2) Gmbl + Gmb2
(5.14)

Similarly, the input referred noise of the proposed bulk-driven OTA in Fig. can be written as
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SN, Kpngim | Ko Kfpgfns] | 8KBT {gml + gm2 + gm3 (5.15)

V2, —
A Prop = Cox fg2ur L Wila WaLo W3Ls 3Gmbr gmbI

where, Ky,, Ky, flicker noise coefficients for nMOS and pMOS transistors, respectively, gmpr
represents the effective transconductance of the proposed input stage as shown in Fig. .11 (b). All
the other symbols have their usual meanings.

It is clear from (5.14) and (B.I5) that the input referred noise of the proposed bulk-driven OTA is

less compared to the conventional design because of enhanced transconductance.
5.3.4 PSRR analysis

Power supply rejection ratio (PSRR) is the capability of OTA to suppress the power supply fluc-
tuations at output signal. It is given by the ratio of the change in supply voltage to the equivalent
output voltage it produces. PSRR is defined as the gain from the input to the output divided by the

gain from the supply to the output [129] and it is given by

Apm

PSRR =
Apsr

(5.16)

The power supply rejection gain Apgr,cony Of the conventional circuit with respect to power supply

variations is given by

Im7 + 9mbr — K19m7
Imb7 X AcMFB + 9ds6 + 9ds7

: : . ~ 9m1+9Imb1 T9m2+Imp2 i
where, PSR gain of input stage K; =~ O W s . and PSR gain of CMFB

APSR,C’onv ~ (517)

Imcd
X —9mecd
gmes Imel T 9Ime2

Circuit ACMFB - 9dsc3tT9dscs

In the proposed design, the cross-forward configuration in output stage offers a negative transcon-
ductance, which results in the decrease of power supply gain, thus giving a high PSRR. Hence, the
proposed bulk-driven OTA is also insensitive to supply variations. The PSR gain Apsgr prop of the

proposed OTA is given by

Im7 + Gmbr — Krgme — K1gm7
Imb7 X AcMFB + 9dse + 9dst

APSR,Prop ~ (518)

_ 9matGmbs
gm5+9gdsat9dss’

Im1tImb1 +9m2+gmb2—9gm3 X Kax
Im1+9mblt9m2+9Imb2+9ds1+9ds2+9ds3

Where, PSR gain of auxiliary stage K4x =~

PSR gain of input stage: K =
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. : =~ — 9m9~+gmb9
PSR gattl of cross forward stage: K= (1 Kl) (gm8+gm10+gdss+gdss+gds10)
] . . gmes X M+4
PSR gain of CMFB circuit Acyrp = Ime1+9me2
9Jdsc3t9dses

5.3.5 Frequency Compensation

In the multi-stage design, a simple Miller-compensation technique is employed for stability [10].
This can be achieved by placing a compensation capacitor (C¢) between input stage and output node
(i.e., high impedance nodes). This separates the poles and locates them at large distance to improve
the phase margin [10]. The unity gain frequency (f,) of Miller compensated OTA shown in Fig. [5.4]

and is given given by

. 9mbl + Imb2

fu,Conv & 271'00 (519)
9mbl
fu,Prop ~ 2:00 (520)

In (5.20), gmpr represents the effective transconductance of the proposed OTA expressed in (5.2]).
The proposed OTA provides higher UGF as compared to conventional design because of its enhanced

transconductance.

5.4 Simulation Results of Pseudo-Differential Conventional and Pro-
posed OTA

The conventional and proposed bulk-driven OTAs are designed and post-layout simulations per-
formed using UMC 65-nm CMOS process. The input, output and intermediate common-mode voltage
levels of the amplifier are equal to mid of the supply voltage (i.e., Vpp/2). Both OTAs operate with
supply voltage of 0.3-V, and the total quiescent current of conventional and proposed designs are 110
nA and 170 nA, respectively.

In order to improve the performance parameters such DC gain, UGF, slew rate and CMRR, the
proposed OTA requires an additional quiescent current of 60 nA (54%). In both OTAs, on-chip
compensation capacitance C¢ of 0.35 pF is employed for stability. The channel lengths of nMOS and
pMOS devices are 2 um and 1 um, respectively. In the following, post-layout simulation results are
presented for the conventional and proposed design.

Simulated performance parameters of conventional and proposed OTA are summarized in Table.
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5.4 Simulation Results of Pseudo-Differential Conventional and Proposed OTA

BTl Tt can be observed from Table. 5. that the proposed OTA shows better performance as compared
to conventional except phase margin. In post-layout simulation, the phase margin of the proposed

OTA is decreased due to the parasitic effects of devices and metal lines.

Table 5.1: Comparison of simulation results of conventional and proposed OTA design.

Parameter Conventional | Proposed
Power supply (V) 0.3 0.3
Current dissipation (nA) 110 170
Load capacitance (pF) 5 5
DC gain (dB) 29 60.5
UGF (kilz) 15 70.5
Phase margin (°) 62 53
Slew rate (4+/—) (mV/us) 7.3/7.28 25.5/25.7
IRN (uV/vVHz) at 1 kHz 3.42 2.82
CMRR (dB) at 1 Hz 53.2 126
PSRRT (dB) at 1 Hz 59 90
Settling time (t5) (+/—) (us) 69.7/70 48.2/46.2

Fig. illustrates the magnitude and phase frequency response of the conventional and proposed
OTAs for a load capacitance (Cr) of 5 pF. The proposed OTA provides a DC gain of 60.5 dB which
is 37 times higher than that of conventional OTA. It also clear from Fig. that the proposed design
shows 4 times improvement in UGF with a small reduction in phase margin compared to the traditional
design. The UGF of the conventional and proposed designs are 15 kHz and 70 kHz, respectively, which
indeed demonstrates the enhanced transconductance of the proposed technique.

The common-mode and power supply rejection ratio responses for the conventional and proposed
bulk-driven OTA are shown in Fig. B.7 It is clear from Fig. B that the proposed OTA provides
high CMRR (& 126 dB ), due to the PPF configuration at the input and output stage of OTA. Since,
PPF acts as negative feedback for common-mode signal and hence results in low common-mode gain.
In addition, the CMFB circuit acts as an amplifier for common-mode signal which further improves
the CMRR. Moreover, the auxiliary stage in the proposed design minimizes the common-mode signal
variation which is evident from equation (5.5]).

Fig. B.8 illustrates the stability simulation results of CMFB circuit. In conventional and proposed
designs the CMFB circuit remain same and hence the CMFB stability simulation results are same for
both OTAs. It can be observed from Fig. that the CMFB circuit DC gain is 30 dB, UGF is 307.1
kHz and phase margin is 61°.

Fig. illustrates the input-referred noise (IRN) power spectral density response of both OTAs.
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Figure 5.6: Simulated magnitude and phase response for conventional and proposed Miller-compensated OTA
approaches.

Note that the thermal noise of the traditional and proposed bulk-driven OTAs at 1 kHz are 3.42
N VHz and 2.82 uVy VHz, respectively. The proposed bulk-driven OTA shows a small noise power
spectrum density compared to the traditional OTA because of higher effective transconductance as
demonstrated by (0.14) and (5.15).

The large-signal response for the OTAs are observed in unity gain feedback mode. Simulation
results of unity gain amplifiers for a 0.3-V,_, pulse input with load capacitance (Cp) of 5 pF are
depicted in Fig. EI0l The differential slew rate of the proposed amplifier at rising and falling edges
are 25.5 mV /us and 25.7 mV /us, respectively, which is 3.5 times more than the slew rate of traditional
OTA. The 1% rise settling times for the conventional and proposed designs are 69.7 us and 48.2 us,
respectively. Note that the OTA with the auxiliary and cross-forward stage has the shortest settling
time.

The DC input and output voltage characteristics of unity gain amplifier are shown in Fig. BETT1
This demonstrates that the enhanced gain of the proposed OTA can be achieved at a rail-to-rail input
voltage range. It is evident from Fig. [E.I1] that the proposed bulk-driven OTA gives a rail-to-rail
output voltage for rail-to-rail input voltage and the error voltage (Vo — Vip) near supply rails is
less than 5 mV. The conventional OTA gives high gain error because of its low voltage gain which is
approximately 100 mV near supply rails.

The transient response of the proposed amplifier in unity gain configuration with sinusoidal input
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Figure 5.8: Simulation results of CMFB circuit stability.

is shown in Fig. The proposed design gives rail-to-rail output for all common-mode voltages;
the maximum output swing of OTA is 293 mV,,_,, which is 97.6% of the total supply voltage.

The proposed bulk-driven OTA can be used as a tunable transconductance device, which is useful
to design tunable active G,,,-C filters. In weak inversion region, the transconductance of OTA is
linearly varies with the bias current. This allows linear control over the range of cut-off frequency
of the filter. The transconductance of OTA can be tuned by altering bias voltage (Vpp) of auxiliary
input pMOS transistors (Ms4 and Msp) as shown in Fig. The Vpp is generated using bias
current Ip with a diode-connected pMOS device Mp. The change in bias current results in change

in bias voltage Vgp. In pMOS, the increase in the current reduces the value of Vgp, which results
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Figure 5.9: Simulated input-referred noise response of conventional and proposed OTAs.
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Figure 5.10: Simulated large-signal response of OTAs in unity gain configuration.

a larger current in input stage that lead to high transconductance. The internal node voltages in a
circuit varies with I due to cross-coupled configuration. Moreover, the output node voltages (Vop
and Vpu) are maintained at mid of supply voltage using the CMFB circuit.

The open-loop frequency response of OTA for different values of I is shown in Fig. B3l The per-
formance parameters of amplifier such as DC gain, UGF and phase margin with respect to Ip is shown
in Fig. 014l By changing the bias current Ip from 1 nA to 200 nA, the effective transconductance of
OTA varies approximately from 26 nA/V to 1250 nA/V.

In order to study the performance of the proposed OTA with respect to supply, temperature
and process corners variation, simulations were performed for corners (SS,TT,FF,SNFP,FNSP) at
temperature of 0 °C, 27 °C and 80 °C with supply variation of + 10%. The PVT simulation results
are summarized in Table [5.2] and B4 It is clear from Table 5.2 and [£.4] that the parameters

of amplifier are less sensitive to temperature variation for different PV'T corners. In most of the cases,
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Figure 5.11: Simulated input common-mode range of both OTAs (conventional and proposed) in unity gain
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Figure 5.12: Transient response of proposed OTA in unity gain configuration with sinusoidal input: (a) Voas =
25 mV, (b) Voar = 150 mV and (¢) Vo = 250 mV

the DC gain is greater than 50 dB and the UGF is higher than 60 kHz with acceptable phase margin

of more than 50°.
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Figure 5.13: Simulated magnitude and phase response of the proposed OTA with different bias current I3.
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Table 5.2: Performance parameters of OTA over process and temperature variation (Vpp = 0.27 V)

Corner @ Temp=0°C

Corner @ Temp=27°C

Corner @ Temp=80°C

Parameter SS [ TT | FF | SNFP | FNSP | SS | TT | FF | SNFP | FNSP | SS | TT | FF | SNFP | FNSP
DC-gain (dB) 53 | 585 | 60 | 58 | 57.7 | 56 | 578 | 57 | 573 | 576 | 54 |51.6| 44 | 503 | 51
UGF (kHz) 41.65 | 515 | 61.4 | 51 51 | 468 | 528 | 61 | 53 51 | 50 | 524|521 | 525 | b5l
Phase margin (°) | 64.9 | 66 | 66.3 | 63 | 68.5 |63.2| 644|646 | 62 | 685 | 60 | 622|658 ]| 62 62
Slew rate (1)(mV/us) | 13.27 | 17 | 20 | 16.7 | 16.7 | 16.3 | 18.9 | 21.6 | 18.6 | 16.7 | 19.3 | 200 | 22.4 | 20.1 | 21.6
Slew rate (1)(mV/us) | 13.37 | 17.3 | 204 | 17 17 ] 166|192 | 22 | 19 17 197 | 214|229 | 206 | 22
tst (V/us) 679 | 53.3 | 45.1 | 53.7 | 547 | 553 | 475 | 415 | 481 | 474 | 459 | 416 | 37.1 | 423 | 403

ts~ (V/us) 672 | 525 | 443 | 52.6 | 535 | 547 | 46.8 | 40.7 | 472 | 46.6 | 44.7 |40.8 | 36 | 41.8 | 394

17 11610233
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Table 5.3: Performance parameters of OTA over process and temperature variation (Vpp = 0.3 V)

Parameter Corner @ Temp=0°C Corner @ Temp=27°C Corner @ Temp=80°C
SS | TT | FF | SNFP | FNSP | SS | TT | FF | SNFP | FNSP | SS | TT | FF | SNFP | FNSP
DC-gain (dB) 60 62 | 62.3 | 61.7 62 59.2 | 60.5 | 58.6 59.4 59.5 56.4 | 53.7 | 46.3 | 52.7 53.5
e UGF (kHz) 60 | 61.5 | 75 69 67 62.5 | 70.2 | 73.5 | 69.4 67.5 | 615 | 65 |63.4]| 65.6 63.4
Phase margin (°) 55.4 | 55 | 55.7 60 65.5 55 53 | 54.6 51 56 51 55 57 51.5 52
Slew rate (1)(mV/us) | 17.5 | 22.7 | 26 21.6 23 21.8 | 25.5 | 28.3 24.5 24.8 24.5 | 26.7 | 29 25.7 27.6
Slew rate ({)(mV/us) | 17.7 | 23 | 26.7 | 22.1 23.5 22.5 | 25.7 | 28.4 | 24.7 254 251|274 | 30 26.6 30.3
ts™ (V/us) 65.8 | 53.9 | 46.2 54.7 54.1 55.8 | 49.4 | 43.3 | 49.8 49.2 | 474|436 | 39 44.8 42.6
ts™ (V/us) 65.7 | 53.6 | 45.8 | 54.1 53.8 | 55.1 | 48.5 | 42.8 | 48.7 48.6 | 46.8 | 42.7 | 38.6 | 43.1 414

TH-2017_11610233
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Table 5.4: Performance parameters of OTA over process and temperature variation (Vpp = 0.33 V)

Corner @ Temp=0°C

Corner @ Temp=27°C

Corner @ Temp=80°C

Parameter SS TTT | FF | SNFP | FNSP | SS | TT | FF | SNFP | FNSP | SS | TT | FF | SNFP | FNSP
DC-gain (dB) 63 | 636|632 | 633 | 637 | 616|615 60 | 6L | 615 |57.3 | 548|474 53.6. | 54
UGF (kiz) 733 | 838 | 94 | 862 | 813 | 74 | 817|893 | 838 | 793 | 723 | 745|722 75 | 723
Phase margin (°) | 59.2 | 58.3 | 57.6 | 54 | 618 | 56 | 56 | 57 | 52.3 | 59.3 | 52.3 | 55.6 | 61.4 | 55 67
Slew rate (1)(mV/us) | 20.3 | 282 | 317 | 25 | 289 | 265 | 30 |33.1| 20 | 305 |294|31.6 | 348 | 30.3 | 32.8
Slew rate (1)(mV/us) | 204 | 29 | 32.6 | 254 | 29.6 | 27 | 308 | 341 | 20.7 | 314 |30.3 | 32.6 | 359 | 314 | 33.9
tst (V/ps) 67.5 | 55.8 | 45.5 | 57.9 | 566 | 58.3 | 51.3 | 45.5 | 51.56 | 51.3 | 50.1 | 454 | 41 | 46.2 | 45.2
ts— (V/ps) 67 | 55 | 44.6| 57 | 545 | 578|506 | 44.6 | 51 | 50.6 | 49.3 | 445 | 41 | 457 | 441
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Table 5.5: Monte Carlo simulation results of proposed OTA for 1000 samples.

Parameter w* o* | o/u(%)
DC-gain (dB) 60.45 | 0.12 0.2
UGF (kiz) 703 | 4.9 7
Phase margin (°) 52.6 | 4.3 8.2
CMRR (dB) 1269 [ 0.15 | 0.1

Slew rate (1) (mV/us) | 25 | 0.72 2.9
Slew rate ({) (mV/us) | 25.2 | 0.75 3
tst (us) 50.1 | 1.45 2.9
ts™ (us) 51.5 | 1.34 2.6

* p: mean value o: standard deviation

To examine the robustness of the proposed OTA against process and mismatch variations, Monte
Carlo simulations were performed and the results are summarized in Table The ratio between
mean (u) and standard deviation (o) are calculated to check sensitivity due to process and mismatch
variations. It is evident from Table that the proposed OTA is robust against process variations
since parameters are less than 10% sensitive.

The magnitude and phase responses obtained using Monte Carlo simulation for 1000 runs is shown
in Fig. The OTA parameters such as DC gain, CMRR, UGF and phase margin histogram are
depicted in Fig. The layout of the proposed OTA shown in Fig. 517 occupies an active area of
~0.003 mm? (75 pm x 40 pm).

5.5 Design of GG, — C Filter

For processing of low-frequency signals such as biomedical and audio, we considered the design
of a tunable G,, — C Butterworth low-pass filter using the proposed OTA. The performance of filter
strongly depends on the basic building block, i.e., transconductance cell. The biquad filter is realized by
replacing the passive elements of a RLC band pass filter with transconductor-capacitor arrangement.
Here, inductor is replaced with a gyrator-capacitor arrangement and the resistor is replaced with a
negative transconductor circuit. The conventional biquad filter topology is adopted from [130] and
the block diagram of filter configuration is shown in Fig. The transfer function of Butterworth
biquad filter and conventional second-order low-pass filters are given in (5.2I]) and (5.22]), respectively.

Gml Gm3Gm4

VOu Ima
H(s) =3 () o G (5.21)

in(s) 5?4 Gprs 4 Cpatm
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Figure 5.15: Magnitude and phase response of Monte Carlo simulation for 1000 samples (I5=10 nA).
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Figure 5.16: Monte Carlo simulation results for 1000 samples (Ip=10 nA).
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Figure 5.18: Fully differential biquad low-pass filter structure.

2

Apw?

H(s) = (5.22)

52+ %‘%s + w2
where Gy1 — G is the effective transconductance of OTA and C; and Cs are the load capacitance
of the filter. By comparing with the transfer function of standard low-pass filter, the pass band gain

(Ap), corner frequency (f,) and quality factor (@) can be obtained as follows:

Q

ml

Ap = —/— 2
r=a- (5.23)
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5.6 Simulation Results of G,, — C Filter

i GmBGm4
27 C1Cy

Gm3 Gm4 Cl
_ 5.25
@ G%ﬂ Cy ( )

All the transconductance Gy,1 — G cells used in filter circuit are identical (Gy1 = Gia = G =

fo= (5.24)

and

Gma = Gy,). Substituting this in (5.23) —(5.25) results passband gain of unity and equations (5.24)
and (5.28) reduced to

1 G,
fo= T TCC. (5.26)
Q= & (5.27)

The filter cutoff frequency can be tuned either by changing the value of transconductance or the
load capacitance. In the previous section, we proposed OTA which acts as tunable transconductance
amplifier by changing the gate voltage of auxiliary amplifier at its input stage. Due to that, the value
of capacitance is maintained constant and the change in G,, will alter the cutoff frequency of the filter.
The filter is designed to achieve cutoff frequency of 20 kHz with the bias current of 10 nA.

The proposed OTA offers transconductance of 140 nS with bias current of 10 nA. The quality
factor of the biquad filter is assumed unity, for that load capacitance is set to 1 pF (C; = Cy = 1 pF).
The cutoff frequency of filter as per (5.26]) is approximately equal to 22.4 kHz which is closer to the
desired value (i.e., f.=20 kHz).

5.6 Simulation Results of G,, — C Filter

The proposed 0.3-V pseudo-differential bulk-driven OTA is used to design a second-order fully
differential Butterworth G,, —C low-pass filter. It is clear from Section. [5.4lthat the transconductance
cell performance parameters are insensitive to the process and temperature variations which implies
that the performance of filter is also insensitive to these variations. In filter design, the load capacitance
C1 and (s are set to 1 pF, which does not effect stability of OTA. The second-order Butterworth low-

pass filter is also simulated in a UMS 65-nm CMOS process operating with supply voltage of 0.3-V.
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Figure 5.19: Simulated frequency response of the G,,, — C biquad filter.
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Figure 5.20: Cutoff frequency (f.) of the G,, — C filter with respect to bias current (Ip) variation.

The magnitude frequency response of filter is shown in Fig. It is clear from Fig. that a
tunable cutoff frequency, which can be widely varied in the range of 4 kHz to 190 kHz, is obtained
by varying the bias current Ig from 1 nA to 200 nA. Fig. illustrates the cutoff frequency of the
filter with respect to bias current Ip.

In order to observe the filter response due to process variations, the Monte-Carlo analysis of
biquad filter is performed for 1000 samples at different bias current Ig = 10 nA. The corresponding
magnitude response of the biquad G,, — C filter is shown in Fig. and the histogram of filter
cutoff frequency is depicted in Fig. It can be seen from Fig. that the deviation in
filter cutoff frequency due to process variation with in the acceptable limit with a relative error of

3.3%. Layout of the biquad filter is shown in Fig. 522, occupies an active area of 0.022 mm? (310
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N
=]
1

-
o
T

1g=10nA

Magnitude (dB)
S &h A b N A
o o o o o o o
T T T T T T

5
o
:

'80 L L Il sl PR wl P 1 il L wul
10" 10° 10" 102 10° 10* 10° 10°
Frequency (Hz)

(a)

IB=10 nA
300,0 WF<-r10na

Number = 1000
. Mean‘: 22.4300 kHz
250.0 Std Dev = 743.686 H

200.0 -

No. of Samples
o
o
=3

100.0 -

50.0 -

0.0 -

22 23
Cut -off frequency (fc) (k)

(b)
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Figure 5.22: Layout of fully differential biquad G,, — C low pass filter.
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5. An Ultra-Low-Voltage Bulk-Driven OTA for Low-Frequency Applications

5.7 Comparative Studies

The performance parameters of proposed OTA and state-of-the-art sub-1 V designs are summarized
in Table In Chapter 4, the efficiency of UGF and slew rate is evaluated using IFOMg and IFOM ,,
respectively. The proposed OTA operating at a low supply voltage shows better IFOMg and IFOM,
compared to other existing works [11],26,[31]. Compared to state-of-the-art designs, the proposed
design shows five times improvement in small-signal (IFOMg) and 2.5 times improvement in large-
signal performance (IFOMp). The noise floor is the range which is acceptable for low-frequency
applications. As the CMRR of the proposed OTA is high, this circuit can be used to process the
signals encountered in biomedical applications.

In [IT,31], the R~-C miller compensation technique was used to minimize the current in the output
stage of the OTA by means of pole-zero cancellation. However, when the OTAs are designed for low-
frequency operations, the resistor value becomes very large (typically in the order of M(2s). Because of
the large value of resistor, such OTAs [11,31] occupy large silicon area. In contrast, the proposed OTA

occupies a smaller area of 0.003 mm? because circuit does not employ any resistors for compensation.
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Table 5.6: Comparison of proposed OTA

with state-of-the-art bulk-driven OTAs.

Parameters

1311

frequency not defined;

IFOM [, = Slew rate x %

17 11610233

IFOMg = UGF x & [MEZPE] o 100;

\%4 F
[E x 57] % 100

[26] [32] |131] 24] [60] This Work
CMOS technology 0.18 pm 130 nm 0.18 pm 50 nm 65 nm 0.18 pm 65 nm
Output type (S/D) D S D D S S D
Supply (Vpbp) (V) 0.5 0.25 0.5 0.4 0.5 0.35 0.6 0.3
DC-gain (dB) 65 60 38.5¢ 58.6 46 43 82 60
Compensation R-C Miller Miller Miller R-C Miller Damping gm—C Miller
UGF (MHz) 0.55 0.0019 0.027 2.31 38 3.6 0.019 0.07
Phase margin (deg.) 50 79.2 69 50 57 56 60 53
Slew rate (/) (V/us) 0.23 * 0.00064/-0.00077 — 1.2* 43* 5.6* 0.012* 0.025/-0.025
Noise (uV/vHz) 0.432 at 1 kHz 3.3 at 0.1 kHz 2 at 0.1 kHz | 0.164 at 10 kHz | 0.94** | 0.926** 0.16 at 1 kHz 2.82 at 1 kHz
CMRR (dB) at 1 Hz 86 at 5 kHz = 53.15 92 at 5 kHz 35 46 130.2 at 100 Hz 126
PSRRT (dB) at 1 Hz 76 at 5 kHz — — 64 at 5 kHz 37 35 - 90
PSRR™ (dB) at 1 Hz = — — - - 91
Cr (pF) 20 15 5 20 3 15 5
It (pA) 56 0.072 0.6 79.6 364 48.6 0.667 0.17
Power (uW) 28 0.018 0.3 31.8 182 17 0.4 0.051
Area (mm?) 0.052 0.083 - - 0.005 0.003
IFOMg 20 37.5 225 58 31.3 22.2 43 205
IFOM, 8.21 13 = 30 35.4 34.5 27 73.5
Note: ®: measurement results; S: single ended; D: differential; a: pre-amplifier designed for gain of 40 dB; — not reported; *: average value; *x: noise
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5. An Ultra-Low-Voltage Bulk-Driven OTA for Low-Frequency Applications

5.8 Summary

A low-voltage, low-power pseudo-differential bulk-driven OTA which operates at a low supply
voltage of 0.3-V, has been proposed. Simulation results show that the proposed OTA has a better
FOM compared to other reported bulk-driven OTAs. Also, the proposed OTA gives a high CMRR
value of 126 dB. Since, the bulk-driven differential stage provides small transconductance at the input
stage, which results low common-mode gain. Also, the partial positive feedback configuration at the
input and output stages provides a low common-mode gain. The proposed OTA performance is less
affected due to temperature and process variations, which is evident from corner simulations. The
total quiescent current consumption of the proposed OTA is 170 nA and occupies an active area of
0.003 mm?. Because of these advantages, the proposed design is suited for low-voltage, low-power
applications such as biomedical signal acquisition systems and portable systems. In addition, the

proposed OTA is also employed to design a second order tunable G,, — C low-pass filter.
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6.1 Introduction

6.1 Introduction

Analog voltage buffer is the most important building block of analog and mixed-signal systems
such as LCD drivers, signal monitoring, testing, and to drive large Cp, [132]. OTA can be used as
a buffer when it is configured in unity gain mode. In order to drive large C, at higher speed, OTA
requires high slew rate. For the output to settle faster, the OTA also requires sufficient DC-gain and
GBW. In order to satisfy all these requirements with minimum quiescent current consumption, there is
a need for new OTA topology which can operate under low-voltage environment. In order to maintain
sufficient SNR, the rail-to-rail operation has become necessary in low-voltage design [36]133].

The adaptive biasing circuits are often employed to overcome the slew rate limitation [2J69]. In [69],
a set of current mirrors are used to boost the bias current during large-signal operation. Another way
to attain high slew rate of OTA is by increasing the current in active load of the differential input stage.
Here, a local common mode feedback technique is employed with conventional Class-A differential pair
to work as Class-AB amplifier [2,/40]. In this case, the maximum differential current of differential
pair is twice the quiescent current. However, this approach necessitates the use of a large feedback
resistor for sufficient current boosting, which is incompatible with larger phase margin. The current
boosting ability of OTA is expressed by the current boosting factor (CBF) defined as the ratio of the
maximum load current (Lo arax) to the differential pair bias current (Ig) i.e., CBF = Iyy—nax/IB.
The existing topologies discussed so far, either require large bias current to improve the slew rate or
demands high supply voltage which in turn consumes more power. Hence, in this chapter, we proposed

high driving capability low-voltage Class-AB bulk-driven OTAs with improved slew rate.
6.2 Proposed Circuit Implementation

In low-voltage environment, it is difficult to drive large C, with fast settling time, since the bias
current is usually quite small in weak inversion region. Moreover, the bulk-driven circuits have less
driving capability as compared to gate-driven circuits. Hence, there is a need for new bulk-driven
topology which can drive the large C', with high speed.

Depending on system needs, OTA requires high DC-gain, high slew rate and large GBW. The high
slew rate and GBW ensure small settling time, whereas the high gain improves the settling accuracy.
Unfortunately, all these requirements are difficult to reach with Class-A circuits since the maximum

output current is limited by the input stage bias current. Hence, there is a trade-off between slew
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6. Low-Voltage Class-AB Bulk-Driven OTAs with Improved Slew rate

rate and power consumption. To achieve these desired features, Class-AB circuits are often employed.
These circuits provide well-controlled quiescent currents, which can be made very low in order to

reduce static power consumption.
6.2.1 Adaptive biasing

In order to obtain Class-AB bulk-driven OTA, we first consider the conventional bulk-driven Class-
A OTA is shown in Fig. [6.0] which uses a constant bias current Ip to meet the desired GBW and

slew rate. The expressions for UGF and slew rate of OTA are given by

Gm

UGF = & (6.1)
Iout
Slew rate = CL (6.2)

where, G,, represents effective transconductance, Iy, is output current and Cy, is load capacitance
of OTA.
The effective transconductance G,, of Class-A OTA in Fig. is equal to gp1,2. The UGF and

output current of Class-A OTA in weak inversion region is given by

9mb1,2

UGF(Qlass—A = =——=
Class—A 27TCL

(6.3)

Iout Class—A = 2.BIp tanh (2;/‘2) (6.4)

where, B is output current mirror (Mg and Mg) ratio, V;q is the differential input voltage. All
the other symbols have their usual meanings. The differential input voltage (V;4) of gate-driven and
bulk-driven circuits is equal to V;p — Viy and (n — 1) (V;p — V;n), respectively.

It is clear from (6.4) that for large V;; the maximum output current of Class-A OTA is limited to
2BIp, which causes slewing at output node. The Class-AB OTAs are often employed to reduce the
slewing effect. This is due to the fact that, for large V;4 the output current of Class-AB OTA is not
limited by input stage bias current Ig.

The conventional Class-A OTA in Fig. is transformed into Class-AB by using adaptive biasing
circuit at input stage as shown in Fig. Here, the adaptive biasing circuit is realized with the

help of bulk-driven flipped voltage follower (FVF). The cross connected FVF cells provides Class-
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Vdd Vdd

| Vdd I
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Figure 6.2: Schematic of OTA with adaptive bias (Class-AB).

AB operation at input stage. Each FVF cell comprises of transistors M4 /Mip, Maa/Msp and bias
current Ig. The differential inputs V;p and V;n are connected to bulk-terminals of My, M74 and
My, My p transistors, respectively. The FVF copies input signal V;p (Vin) to source of M (M),
which results the effective transconductance twice that of conventional (i.e., Class-A OTA) OTA. The

effective transconductance of Class-AB OTA is approximately 2¢,,;1,2 and UGF is given by

2.9mp1,2

UGF(Qlass—AB & ———
Class—AB 27TCL

(6.5)

At quiescent condition, both input transistors M7 and Ms carries equal current of Ig. For Vid >> 0
(Vip >> Vin), the current in M;j increases and is not limited to quiescent current Ip. Whereas
current through My decreases which is less than the quiescent current Ig. Similarly, when Vid << 0
(Vip << V;n) the current in M; increases and current through M; decreases. In Class-AB OTAs, the

dynamic current is boosted for large V4 and it is larger than the input quiescent current levels. The
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output current expression of Class-AB OTA is given by

. Vi
Iout,ClasszB ~ 2BIpsinh ( id ) (66)
nVp

The normalized output current characteristics of Class-A and Class-AB OTAs are depicted Fig.
It is evident from Fig. that the maximum output current of Class-A OTA is limited to 2/p
even for larger V;4. On the other hand, the Class-AB OTA output current is much larger than bias
current 2/5. Therefore, it is possible to achieve large dynamic current using adaptive biasing with a

low standby current. The adaptive biasing improves the driving capability of OTA.

4 ‘ —— Class-AB —&— Class-A [ ‘ k

0.5 1 15 2

0
V\d W)

Figure 6.3: MATLAB simulation results for normalized output current characteristics of Class-A and Class-AB
OTA for B=1.

Fig. [6.4lillustrates the schematic simulation results for the output current of Class-A and Class-AB
OTAs. Here, we considered the supply voltage of 0.5-V. It is clear from Fig. that the adaptive
biasing improves output current at lower input voltages which are < £0.5-V.
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Figure 6.4: Simulation results for the output current (I,,;) characteristics of Class-A and Class-AB OTA with
B=10 and Ip = 0.25 pA.
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6.2.2 Adaptive loads

The CBF also depends on the load resistance of input stage [I134]. For high output current, a
larger value of load resistance is required at the input stage. But, the large resistance causes stability
issues in case of small-signal variations. The additional dynamic current can be obtained by using the
cascode current mirror as an active load of the input stage [82]. This current mirror gain depends on
the variation in the input voltage. The operating region of the active load transistors changes with
variation in input voltage. This results variation in load resistance and hence acts as an adaptive load.
The current mirror gain is unity for small-signal voltage variation. However, for large differential input
voltage, the current mirror gain is greater than 1 and yields a larger output current.

Schematic of various cascode current mirror load configurations are shown in Fig. In Fig. [6.5],
the Type IT and Type IIT act as adaptive loads due to variation in the input current (I;;,). These loads
shows a variation in load resistance due to change in the operating region of transistors [82,[83]. For
low supply voltage, these loads can be operated in weak inversion region and shows a large variation

in the load resistance with low quiescent currents.

fd

o

<

n,
| :| — Ven
n M
N IOUt IOUt
ny
Ms Mg Mg

(a)
Figure 6.5: Schematic of non-linear current mirror (a) Type I (b) Type II (¢) Type IIL

In Type I load, the impedance at node n is very low and hence large I;, can flow through node ny
due to variation in the input voltage. But, the variation in I;, does not effect node voltage of ny and
hence drain-to-source voltage (Vpg) of M5 remain constant [I33]. The MOS transistor M5 connected
in shunt feedback configuration and it translates the changes in I;;, into a compressed voltage at node
ns. The replica of changes [;, is generated using the voltage variation at ns and output transistor
Msg.

The current-voltage relations for Class-AB operation of input stage using Type I load are given in
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Table 6.1: The output current of non-linear current mirror Type I load.

Mg Weak inversion Vgs < Vrm, Vps>0.1V Ms Strong Inversion Vas>Vrg, Vbs>Vps,sat V
M5 Linear Region Vgs < Vrg, Vps < 0.1V M5 Linear Region Vgs>Vru, Vbs < Vps,sat V
W Vass—Vry ~Vpss
ID5:Io<T>5exp nVr (1—eXp vr ) i Ips =Ip + Iin | Ips = Bs Vass — Vru) Vpss 5 Ips = I + Lin
W —Vpss I
Vass = Vrg +nVrln ((IB + Im)/lo(f>5 (1 e )) Vass =Vrn + 505
_ W Ip+lin =85 (Iatlin
Ips = ypr ( T ) ID8_78<5§VDSu>
l—exp VT
—Via 2
- B, 3T
Izn — IBE Vr Izn — 122 ( /Bli - ‘/ld)
W [ Ig+l o B 1 — B s f2] 2?
— e = ¢
Ips =W % IDS*%{BSVJEB,S5 +265V1Ds5< B_f_v'd) }
l1—e T

Table [6.1], with left and right side column represents the current-voltage relations for weak inversion
and strong inversion region, respectively. The output current for weak inversion condition is given in

(67) and denominator of (6.7)) becomes approximately if Vpgs > 4Vr.

—Vid
Ws | Ig + Ige™'T

IDS,TypeI — WE) (67)

—VDss
l1—e V1

In Type Il load, as I;, increases, the Vgg of Mg increases and this results in Vpg of My to decrease.
If Vpgs < 4Vp, transistor M5 enters into triode region. This causes a large voltage variation at node
ng (i.e., Vgs of Ms). The Type II load delivers a large dynamic current as compared to Type I due

to voltage variation at ny (i.e., Vpgs). The output current of Type II adaptive load is given by

—Vid
Wy Igen'r

Ips ryperr = 77 (6.8)
1l—e 'r

In order to further improve the dynamic current, the Type III load which is functionality equivalent
to the combination of Type I and Type II is used. In Fig. (c), as the input current I;;,5 increases,
the node voltage of nq decreases similar to Type II load. As discussed, in Type I load the voltage
at node ny is not influenced by the variation in I;,;. Nevertheless, the combination of I;,1 and I;2
increases overall node voltage of ny (i.e., Vigg of Ms). This results in a large dynamic current and the

output current of Mg is given by
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—Vid

I Wy 2Ige "Vt
D8, Typelll = WEJ —

l—e 'r

(6.9)

This conclude that the adaptive biasing and adaptive load techniques improve the dynamic per-
formance of the circuit. The implementation of low-voltage bulk-driven Class-AB OTAs using these

configurations are detailed in the following sections.

6.3 Low-Voltage Super Class-AB Bulk-Driven OTA with Adaptive
Biasing and Adaptive Load

The schematic diagram of the bulk-driven OTA with adaptive biasing and adaptive load is shown
in Fig. To provide rail-to-rail driving capability, the proposed OTA is composed using bulk-
driven differential input stage and a push-pull output stage. The adaptively biased input stage is
implemented using cross-coupled bulk-driven FVFE which is able to source a large amount of current
for large V;4 and hence, the output current of OTA is not be limited by the input stage bias current Ip.
In Fig. [6.6, each FVF cell is implemented using a bulk-driven transistor M4/, a diode-connected
transistor M4 /op which is connected in a shunt feedback and a biasing current source /. The CBF
mainly depends upon the output current of OTA and input stage bias current at quiescent state.
The adaptive biasing provides a variable bias current for input differential pair (M3 4 /35 and My 4 B)
during the presence of input signal. This reduces the quiescent current consumption without degrading
the transient behaviour.

The proposed OTA in Fig. employs Type III adaptive load at the input stage. Each branch
of input differential pair splits into two-paths using the transistors Mz, /35 and My4,4p which carries
an equal bias current of . The drain terminal of these transistors is connected to node ny /55 and
n14/1B, respectively, as shown in Fig. The differential input voltages V;p and V;y are connected
to bulk-terminal of transistor Mi 4, M3p, Myp and My, M3a, M4, respectively. The gate terminal
of these transistors is connected to a bias voltage Vpp. The cross-connected FVF cell copies the
opposite phase input signal (V;p/V;n) and drives the source of input differential pair transistors (V;
to Msa, Mgy and Vin to Msp, Myp). As a result, the effective transconductance of input stage gets
doubled by driving the bulk and source terminals of input stage. The input stage is operated in
Class-AB by means of adaptive biasing, thus improves the dynamic performance.

As discussed in previous Section. [6.2.2] adaptive loads improves the dynamic current which results
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Figure 6.6: Schematic of bulk-driven OTA with adaptive biasing and adaptive load.

in CBF of OTA also to improve. In quiescent condition, all the transistors in Fig. operates in a
weak inversion region. In this case, transistors M54 and M5p operates in weak inversion, but close to
the boundary of triode region (i.e., Vpssasp =~ 4Vr) and the overall input resistance of active load is
small. However, if current in Ms4/Msp increases, this causes an increase in Vg of Mga/Mgp that
decreases the Vpg of Ms4/Mspg, thus driving it to the triode region. Hence, input resistance increases
and features a drastic change in Vigg of M54 /Msp. Due to reduction in Vpg of Msa/Msp, these
transistors require large Vgg to accommodate the increased current. In addition, the low impedance
node nj4/n1p can sink large current variations from the input stage (i.e., current variation in Mgy
and Myp). The shunt feedback transistor Ms4/Msp translates these current variations into voltage
variations at node ngy /nop (i.e., Vigs of Ms4/Msp). The current variation in both input pairs Msa/38
and My, /4p improves the Vs of M54 /Msp drastically. The output stage transistors Mg and M7 copy
the voltage variations at node ng4/n2p and produce the output current.

Apart from this, a pair of transistors Mc4 and Mg p are configured in a cross-coupled configuration
to cancel gate transconductance of M54 and Msp. This improves effective resistance at node no4 and
nop and hence gain of input stage increases. For large V4, one of the cross-connected transistors
(Mca/Mcp) will go into the cut-off region, this causes further improvement in the Vigg of Ms4/Msp.
The voltage variation at node ng4/nop can be used to boost the current in output transistor Mg/Mj.

As the transistors in Fig. are operating in weak inversion region, the output current of Class-AB
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6.4 Low-Voltage Class-AB Bulk-Driven OTA with Slew rate Enhancer

bulk-driven OTA is given by

[Vial _ V4l
enVT —e nVp

L = +2.BI5 (6.10)

—VDS54/5B8,min
1—e Vr

where, Vpgs4/58,min Tepresents the minimum Vpg of diode connected transistor (M54 and Msp).

The overall DC- gain of bulk-driven OTA without slew rate enhancer is given by

ADC’,W/O SE &~ < (611)

2 (gmb3 + gmb4)> Im8 + gm7 X g;lﬁ
9ds4 9ds7 1 9dss

6.4 Low-Voltage Class-AB Bulk-Driven OTA with Slew rate En-
hancer

The schematic diagram of bulk-driven Class-AB OTA with slew rate enhancer (SE) is shown in
Fig. The SE circuit further improves the driving capability of OTA. Two SE circuits are placed
in between Class-AB input stage and push-pull output stage through current replication branch as
shown in Fig. The SE placed in the right and left side provides large dynamic current during the
rising and falling edges of the differential input voltage, respectively.

The SE with current feedback (CFB) loop is shown in Fig. In the SE circuit, the tail current
is made input signal dependent by adding an additional feedback current (Ig) source to the main tail
current source i.e., Ip. The current feedback loop is realized using transistors Miga/168 — M19a/19B-

The reference current (Ir) source is gemerated by means of current subtractor (Mjs4/135 —
Miga /16B)- It is copied to the tail current source of SE with the help of nonlinear current mirror
(M17A/B — Myga/p) in current feedback loop. At quiescent condition i.e., Vig = 0, Ir = K.Ig, where
K is called the current feedback factor. The CFB loop in Fig. adjust the feedback current (Ip)
with respect to change in the input differential voltage. The mathematical expression of reference

current in CFB loop can be expressed as [69]

—Vaq
Ip (6 nVro — 1)
(6.12)

(K+1)—(K—-1)e™r

Ir=1Ip—INn=
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Figure 6.7: Schematic of Class-AB bulk-driven OTA with slew rate enhancer.
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6.4 Low-Voltage Class-AB Bulk-Driven OTA with Slew rate Enhancer
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Figure 6.8: Schematic diagram slew rate enhancer.

In ([©12), Va4 represents the differential input voltage across the SE circuits (i.e., differential output

voltage of input stage) and it

Vag =

\

is given by
Vid
nVr
nVrln _Vgssj/sB,mm for Vig > 0
l1—e \%§ (613)
Vi _ VDssA/5B,min
nVTln{e"VT <1—6 Vr )} for V;y <0

where, Vpgs4/58,min 18 the minimum Vpg across diode connected transistor (M54 and Msp) in

the cascode-current mirror at the input stage.

As the differential input voltage changes i.e., V;4 > 0 or V;4 < 0, the feedback current Ir will be

higher than Ir. This is because of the fact that as I increases, the Vpg of Miga/Migp decreases

driving it into triode region.

To accommodate the increased current Ir, Vigg of Miga/Misp will

increase (i.e., voltage of node n3s/n3p). As a result, the feedback current Ir will be higher than

Ir. This increases the tail current of SE, and improves the driving capability. The Ir of SE can be

obtained as

—Vaq
K Ip (6 nVro — 1)
Ip = K(IP o IN) - ~VDS18A/18B,min —Vaq (6'14)
[ Y G- e
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6. Low-Voltage Class-AB Bulk-Driven OTAs with Improved Slew rate

where, Vps184/18B,min 18 the minimum Vpg of diode connected transistors Misa and Misp in CFB
loop.

The current feedback loop in slew rate enhancer creates partial positive feedback which improves
the DC-gain of OTA. The approximated analytical expression for DC-gain of slew rate enhancer circuit

(Apc,sk) can be written as

gmie [ gmi2+gmi1
gm18 2gm1s

1 _ 9mi6 gmi19 gmi12—3gmill
gm18 ' gmi1s5 \ gmi2+gmil

Apcse ~ (6.15)

The voltage variation at node nz4 and n3p is used to drive the output transistors Mg and M.
In unity-gain configuration of OTA, the CFB loop recursively copies output driving current and
increases the bias current of SE until the input and output voltages become equal. The differential

output current () of OTA with SE is given by

I —J“;2d| "
+B B<e T )

~VDS18A/18B,min —|Vadl
<1—e Vr > (K+1)—(K—-1)e ™r

Towt = (6.16)

where, Va4 represents differential input voltage of SE and it is given in (6.13), Vis184/188,min is the
minimum Vpg across diode connected transistor (Miga/Migp) in CEB loop, and B is current scaling
factor of output stage. It is clear from (G.I16) that the combination of adaptive biasing and adaptive
load with slew rate enhancer increases the driving capability and improves the slew rate significantly.

The overall DC-gain of bulk-driven OTA with SE is given by

m X m

£ 2 (gmb3 + gmb4) 9ms + g 7gmgg 10

Apc,w/i SE ~ ApC,SE (6.17)
' Gds4 9ds7 + Gdss8

The proposed OTAs in Fig[6.6l and [6.71 employ an indirect feedback compensation technique to pro-
vide the stability [I35]. Here, a compensation capacitor (C¢) is connected in between low-impedance
node n1p, output node V,,;. This provides an acceptable phase margin (> 45°) even for large C, but

with a small reduction in UGF.

6.5 Simulation Results

The proposed Class-AB bulk-driven OTAs are designed and post-layout simulations performed

using UMC 65-nm CMOS process, with 0.5-V supply voltage and 100 pF load capacitance. The bias
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6.5 Simulation Results

current at input stage (Ip) is set to 0.25 pA, current scaling factor B of the output stage is set to
10. The total quiescent current (I7) of Class-AB OTA with and without SE is equal to 6.25 uA, 4.25
A, respectively. On-chip compensation capacitor (C¢) of 1 pF is used to stabilize the amplifier. In
order to maximize the signal swing, the input/output quiescent voltage is normally set to Vpp/2 and
the bias voltages Vpny and Vpp are set to 0.25-V. Through simulations, small-signal parameters such
as DC gain, GBW and large-signal parameter such as slew rate of OTA were observed. The OTA in
Fig. is considered as a Class-AB bulk-driven OTA without SE.

The open-loop frequency response of the proposed OTA with and without SE is illustrated in Fig.
Note that the OTA with SE shows 150% improvement in UGF with a small reduction in phase
margin compared to the OTA without SE. It is clear from Fig. that the DC-gain of the proposed
design with SE is improved by 17 dB. The OTA with and without SE provides input referred noise of
651 nV/vHz at 100 kHz.
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Figure 6.9: Open-loop frequency response of the proposed bulk-driven OTAs.

The voltage buffer is designed by configuring the proposed OTAs in unity gain feedback mode. Fig.
illustrates the simulated DC output voltage characteristics of voltage buffer and its corresponding
error plots (Vout — Vin). It is apparent from Fig. that both OTAs are offering rail-to-rail output
swing, and OTA with and without SE offers an error voltage of 1.5 mV and +7.5 mV, respectively,
near supply rails. As compared to OTA with SE, the error voltage of OTA without SE is more because

of low-voltage gain.
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6. Low-Voltage Class-AB Bulk-Driven OTAs with Improved Slew rate

_Vout,wlo se” " Voul,wli SE _Errorout,wlo se” "~ Errorout,wli SE
05 27.5
0.45 6
0.4 4.5
0.35 3
S
s 0.3 *\ 15 E
v._‘ 0.25 - S T . 0 £
Che [y G0
> . =
L o
0.2 1.5 >
0.15 1-3
0.1r 1-4.5
0.05r -6
0 I I I I I I I I 75

0 005 01 015 02 025 03 035 04 045 05
Vin (V)

Figure 6.10: Simulated DC output and error voltage characteristics of unity gain amplifier.

Fig. illustrates the transient response of the unity-gain amplifier for an input pulse of 0.5
Vp—p amplitude and frequency of 40 kHz with a load capacitance of 100 pF. The average slew rate of
the OTA with SE is 0.93 V/us which is 10 times that of slew rate of the OTA without SE. To observe
the steady state behaviour, transient simulation is performed using 40 kHz pulse with an amplitude
of 10 mVj,_,, and simulation results are shown in Fig. It is clear from [6.12] that the OTA without
SE shows better settling response for small-signal input due to its high phase margin. However, for
large-signal input the OTA with SE shows better settling response due to high slew rate and it is

evident from Fig. [6.11]
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Figure 6.11: Transient response of OTAs in unity gain configuration for large step pulse.

In order to observe the large-signal response under different load conditions, a 20 kHz square wave
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Figure 6.12: Transient response of OTAs in unity gain configuration for small step pulse and its zoomed
version.

is applied with a step input voltage of 0.5 V},_,, to unity gain amplifier. The transient responses of the
proposed OTA with and without SE for different load capacitors is shown in Fig. It is evident
from Fig. [6.13] that the proposed OTA (with SE) offers rail-to-rail swing even with large C, of 2
nF. The average settling time is 9.5 us for 1% error, which is an acceptable value for small and large
size LCD column drivers [68,[87]. The applications where a load capacitance around 100 pF or more
is used are reference buffers in data converters, IO buffers for measurement test setup, LCD column
driver of display panels, and error amplifier in capacitor-less low dropout regulators.

The small-signal performance parameters such as DC gain, UGF and phase margin obtained for
the proposed amplifiers by varying the common-mode input voltage Vo are shown in Fig. [6.14
It is clear from Fig. that the parameters are less sensitive to the common-mode input voltage
variation. Whereas, the variation of DC gain, UGF and phase margin are less than +1.6%, +9%
and +2.8%, respectively, using a typical value of Vop,=0.25 V. In order to operate OTA without any
stability issues, the performance of OTA should be insensitive to the common-mode component of
the input signal. This target is achieved without imposing any restriction on the operating frequency
range of the circuit.

Transient simulations have been performed to obtain the response of unity gain amplifiers. These
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Figure 6.13: Large-signal transient response of unity gain amplifier with different C.
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Figure 6.14: DC gain, unity gain frequency and phase margin (¢a;) w.r.t common-mode input voltage (Voar).

simulation uses sinusoidal input signal with different common mode voltages levels of 50 mV, 250 mV
and 450 mV. Simulation results of the amplifier without and with SE are shown in Fig. and
Fig. [6.16] respectively. These results represent the rail-to-rail capabilities of the proposed OTAs in
time-domain. The amplifier without and with SE in unity gain configuration offer a total harmonic
distortion (THD) of -40 dB,-41 dB using 20 kHz, 50 kHz sinusoidal input, respectively. Here, the
amplitude of sinusoidal input amplitude is set to 500 mV,,_,,.

The proposed OTAs can be used as a tunable transconductance amplifier by varying the bias
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Figure 6.15: Transient response of OTA without SE in unity gain configuration for different common-mode
voltage levels (a) Voar=50 mV, (b) Voar=250 mV and (¢) Voar=450 mV.
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Figure 6.16: Transient response of OTA with SE in unity gain configuration for different common-mode
voltage levels (a) Veoar=50 mV, (b) Voar=250 mV and (c¢) Voar=450 mV.
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current Ig of input stage. Fig. [6.17 shows the simulation results of the proposed Class-AB bulk-

driven OTAs with bias current variation.
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Figure 6.17: The DC-gain, UGF and phase margin of the proposed OTA with and without SE, due to Ip
variation.

In order to verify the robustness of the proposed OTAs for process variations, Monte Carlo sim-
ulation is performed for 1000 samples. The performance parameters of OTA without and with SE
are summarized in Table and [0.3] respectively. It can be observed that the parameters are less
deviated from the mean value. The DC gain, UGF, phase margin and CMRR histogram plots of OTA
without and with SE is shown in Fig. and [6.19] respectively.

The robustness of the amplifier against process and temperature variations is investigated using
corner simulations at -55°C, 27°C, and 120°C and the results at different corners (SS, TT, FF, SNFP,
FNSP) are summarized in Table and It is clear from Table and that the proposed am-
plifiers remain stable across process and temperature variations. The OTA provides a minimum phase
margin of 63° without SE and 49° with SE. The remaining performance parameters are insensitive to

temperature and corner variations.
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Figure 6.18: Monte Carlo simulation results without slew rate enhancer.
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Figure 6.19: Monte Carlo simulation results with slew rate enhancer.
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6. Low-Voltage Class-AB Bulk-Driven OTAs with Improved Slew rate

Table 6.2: Simulated results of OTA without SE from Monte Carlo analysis (1000 runs).

Parameter L o o/u
DC gain (dB) 3 023 05%
UGF (kHz) 3718 115 3%

Phase margin (deg.) 67.6 0.43 0.6 %
Slew rate (1)(mV/us) 942 3.2 34 %
Slew rate ({)(mV/us) 102.2 2.7 2.6 %
£ (us)(1%) 6 023 38%

t (us)(1%) 54 0.28 52 %
CMRR at DC (dB) 101 13 13 %
PSRR* at DC (dB) 44 022 0.5 %
PSRR™ at DC (dB) 44 022 05 %
Noise (nV/v/Hz) 651 23 35%

Note: p: mean value; o: standard deviation

Table 6.3: Simulated results of OTA with SE from Monte Carlo analysis (1000 runs).

Parameter 1 o o/u
DC gain (dB) 60 038 0.64 %
UGF (kHz) 597 198 3.3 %
Phase margin (deg.) 514 072 14 %
Slew rate (1)(V/us) 091 0.078 8.6 %
Slew rate ({)(V/us) 093 0.023 24 %
£ (us)(1%) 0.85 007 82%

1= (us) (1%) 0.76 0.05 65 %
CMRR at DC (dB) 137 13 094 %
PSRR* at DC (dB) 611 038 0.62 %
PSRR™ at DC (dB) 61.5 04  0.65 %

Noise (nV/vVHz) at 10 kHz 651 2.27 0.34 %

Note: u: mean value; o: standard deviation
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Table 6.4: Corner simulation results of the OTA without SE at different temperatures (Cr= 100 pF).

Process corner

Parameter SS TT FF SNFP FNSP
Temperature (°C) 55 | 27 | 120 | 55 | 27 | 120 | -55 | 27 | 120 | -55 | 27 | 120 | -55 | 27 | 120
DC gain (dB) 42 | 42 | 39 | 46 | 43 | 38 | 47 | 43 | 35 | 44 | 42 | 37 | 47 | 44 | 38
UGF (kHz) 288 | 316 | 307 | 395 | 378 | 345 | 466 | 445 | 352 | 372 | 376 | 338 | 404 | 377 | 328
Phase margin (deg.) 71 | 68 | 67 | 65 | 66 | 67 | 64 | 65 | 72 | 68 | 67 | 70 | 63 | 64 | 65
Slew rate(1)(mV/ps) 69 | 85 | 92 | 83 | 94 | 114 | 104 | 118 | 149 | 86 | 99 | 125 | 80 | 90 | 106
Slew rate(])(mV/ps) 64 | 77 | 96 | 97 | 102 | 117 | 116 | 122 | 160 | 92 | 103 | 128 | 99 | 101 | 111
CMRR at DC (dB) 99 | 122 | 86 | 155 | 101 | 76 | 110 | 94 | 64 | 120 | 99 | 69 | 135 | 103 | S1
PSRR™ at DC (dB) 43 | 43 | 40 | 46 | 44 | 40 | 47 | 44 | 39 | 45 | 43 | 40 | 47 | 44 | 39
PSRR~ at DC (dB) 44 | 43 | 40 | 48 | 44 | 41 | 49 | 44 | 43 | 47 | 43 | 42 | 49 | 44 | 39
tF (us) 1% 86 | 7.2 | 63 | 68 | 61 | 5 | 56 | 49 | 38 | 65 | 56 | 44 | 71 | 65 | 54
t=(us) 1% 77 | 64| 57 | 58 | 54 | 51 | 48 | 55 | 36 | 6 | 53 | 44 | 57 | 55 | 5.3
Noise (nV/vHz) at 10 kHz | 0.57 | 0.66 | 0.73 | 0.56 | 0.651 | 0.71 | 0.56 | 0.64 | 0.71 | 0.56 | 0.65 | 0.71 | 0.56 | 0.65 | 0.7
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Table 6.5: Corner simulation results of the OTA with SE at different temperatures (Cr= 100 pF).
Parameter Process corner
SS TT FF SNFP FNSP

Temperature (°C) -95 | 27 | 120 | -55 27 120 | -55 27 | 120 | =55 | 27 | 120 | -85 | 27 | 120

DC gain (dB) 57.7 | 57.6 | 55 63 60 56 65 62 49 61 29 95 63 61 56

UGF (kHz) 490 | 502 | 524 | 610 | 597 | 591 | 720 | 709 | 589 | 607 | 604 | 542 | 608 | 598 | 600

— Phase margin (deg.) 49 49 50 48 51 o7 52 57 64 50 52 61 48 51 54
& Slew rate(1)(mV/us) 203 | 466 | 705 | 586 | 919 | 1161 | 998 | 592 | 868 | 476 | 889 | 1170 | 566 | 853 | 1093
Slew rate(])(mV/us) 279 | 644 | 829 | 725 | 939 | 842 | 1154 | 965 | 604 | 545 | 910 | 1266 | 885 | 940 | 1439

CMRR at DC (dB) 134 | 152 | 121 | 154 | 137 | 110 | 149 | 130 | 67 | 148 | 135 | 104 | 158 | 139 | 115

PSRR™ at DC (dB) Y 59 56 64 61 Y 66 63 45 62 60 o7 64 62 o7

PSRR™ at DC (dB) 60 59 o7 65 61 o8 68 64 41 64 61 o8 66 62 o8

t+(us) 1% 28 | 14 1 1.1 | 083 | 0.88 | 1.1 | 099 | 0.74| 1.3 | 084 | 098 | 1.2 | 0.89 | 0.78

ts (us) 1% 2 1 0.8 089 ] 078 | 1.2 | 0.54 | 0.88 | 1.3 1 107 ] 1.2 | 0.8 | 0.67 | 0.81

Noise (nV/vHz) at 10 kHz | 0.57 | 0.66 | 0.73 | 0.56 | 0.651 | 0.71 | 0.56 | 0.64 | 0.71 | 0.56 | 0.65 | 0.71 | 0.56 | 0.65 | 0.7
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6.6 Performance Comparison

Layout of Class-AB bulk-driven with adaptive biasing and adaptive loads is shown in Fig. [6.20,
occupies an active area of 0.0055 mm? (82 um x 68 um). The layout of Class-AB bulk-driven OTA

with SE is depicted in Fig. [6.2I] which occupies an active area of 0.0087 mm? (128 um x 68 um)

[ 82 um >

* Slew rate enhancer

Figure 6.21: Layout of the Class-AB bulk-driven OTA with SE.

6.6 Performance Comparison

The performance of proposed Class-AB bulk-driven OTAs are compared with state-of-the-art sub-
1 V designs and various performance parameters are summarized in Table In order to show the

efficiency of proposed OTAs, the IFOMg, IFOMf, FOM4, and IFOMr are calculated.
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Table 6.6: Performance summary and comparison with reported works.

Parameter [761® 75 [20] A2 36] 26]® ey A (AT EEh;)S |W f;’;lfSE T
CMOS technology 0.5 pm 0.18 pm | 0.18 pm 0.35 pm 50 nm 130 nm 0.18 pm 65 nm
Output type (S/D) S D S S D S S S
Supply (Vpp) (V) +1 1.8 0.8 0.6 0.4 0.25 0.7 0.5
Driving method Gate Gate Bulk Bulk Bulk Bulk Bulk Bulk
DC gain (dB) 81.7 72 44.3 73.5 60 60 57.5 43.1 60
UGF (MHz) 4.75 86.5 1.45 0.013 2.2 0.0019 3 0.38 0.6
Phase margin (deg.) 60 50 87 54.1 56 79.2 60 66 51
Slew rate™ (V/us) 8.7 74.1 3.5 0.0147 0.86 0.0007 2.8 0.096 0.93
Output range (V . . . . 0.15-0.7 7.5m-492.5m 1.5m-497.5m
% of Vi p V) - — - Rail-to-Rail — Rail-to-Rail 78.5% 97% 99.2%
t* (us)(to 1%) 0.085 r 0.4 = = = 1.15 5.75 0.8
-24 -57.7 -40 -54 -54 -40 -41
5 THD** at 100 — - at 1 at 1 at 0.15 at 100 at 20 at 50
=~ 1 0.52 0.384 = 0.4 0.5 0.5
CMRR at DC (dB) 91 - - 67.4 at 100 Hz 80 at 5 kHz - 19 101 137
PSRRT at DC (dB) 71 - - 58.1 at 100 Hz = - 52.1 44 61
PSRR~ at DC (dB) 79 — = - = = 66.4 14 61
IRN (nV/vHz) at 100 kHz | 49 at 1 MHz 0.8 = 290 at 1 kHz | 120 at 10 kHz | 3300 at 0.1 kHz 100 651 651
Cr (pF) 70 200 50 15 20 15 20 100
Ir (pA) 60 6611 62 0.92 60 0.072 36.3 4.25 6.25
Power (pW) 120 11900 49.6 0.55 24 0.018 25.41 2.125 3.125
Area (mm?) 0.024 0.07 = - = 0.06 0.02 0.0055 0.0087
IFOMg 554 262 117 21 73.3 37.5 165 894 960
IFOM, 1015 224 282 24 28.6 13 154 226 1488
FOM4,, 22638 10467 6475 2606 11000 9500 13577 77073 115200
IFOMp 443 - = 41.3 87.2 67.4 189 1430 1536

NOTE: ®: measurement results; S: single ended, D:differential; w/i: with; w/o: without; — not reported *: average value; *x: the formate is THD (dB), frequency(kHz), input
voltage peak-to-peak(V); A: the threshold voltage of nMOS and pMOS transistor is Vr gy, =0.48-V and Vpg, = -0.32-V.

IFOMs = UGF x £k [%] x 100 ; IFOM, = Slew rate x Sk [l x ﬂ] % 100 ;

©s A
_ . UGFxXCy, [dBxMHzxpF . _ Voun+|VrHp| . UGFxCL [ MHzxpF
FOM., = DC — gain x UGEXCL [dBMUnEE ] o 100, [FOMy = LExE VT2 o UG PP % 100
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6.7 Summary

According to FOM, the proposed OTAs outperforms as compared to existing designs which is
apparent from Table In all cases, the FOM values of the proposed OTA with SE are better
than that of existing gate-driven and bulk-driven designs. In particular, the IFOMy, of the proposed
OTA with SE is 1488 which is approximately 1.5 times higher than the best existing gate-driven OTA
reported in [76]. When compared only with bulk-driven amplifiers, IFOM/, of the proposed OTA with

SE is 5 times higher than the best existing design reported in [80].

6.7 Summary

In this chapter, two power-efficient Class-AB bulk-driven OTAs with improved slew rate have
been presented. The adaptive biasing and adaptive loads at the input stage enhanced the effective
transconductance and slew rate of OTA. In addition, the SE circuit based on current feedback loop
further improved the slew rate and settling time significantly. The proposed Class-AB OTA with SE
can drive 100 pF and 2000 pF loads with 1% settling times of 0.81 us and 9.5 us, respectively. As
compared to state-of-the-art designs, the proposed designs provides better FOM and are suitable for

low-voltage applications such as LCD column drivers.
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6. Low-Voltage Class-AB Bulk-Driven OTAs with Improved Slew rate
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7.1 Summary of Contributions

In this dissertation, the importance of the low-voltage and low-power circuits in battery operated
systems is first discussed. Next, the challenges involved in the design of low-voltage circuits in sub-
nanometer CMOS technology are described. The literature on low-voltage design techniques has been
reviewed. The effects of the scaling of CMOS technology are briefly discussed. Bulk-driven technique
has been employed to deal with the harsh voltage swing limitation. But, there are many challenges in
sub-nanometer bulk-driven CMOS circuits. To address these challenges, in this thesis, we proposed
different OTA topologies for bulk-driven circuits. This chapter summarizes the main contributions of

this thesis. A few directions for future research in relation to the main findings are also presented.

7.1 Summary of Contributions

e In advanced CMOS process, the device performance characteristics gets affected by changes
in the number of fingers due to STI effect, which in turn changes the circuit performance. A
systematic design methodology for designing analog circuits in sub-nanometer CMOS technology
has been presented. This methodology is used to evaluate the device geometry by considering
the number of fingers. The Miller-compensated two-stage OTA nad bulk-driven current mirror

are chosen as example circuits for validation of the proposed methodology.

e A PVT-insensitive bulk-driven OTA with improved DC-gain is presented. The gain of the bulk-
driven input stage is improved by use of cross-coupling of bulk-terminal of active load transistors.
An additional cross-forward stage assists in increasing the gain of second stage. It also improved
the driving capability of OTA without any stability issues. The proposed design is able to drive

the capacitive loads of up to 50 pF, with only a small reduction in phase margin.

e An ultra-low-voltage pseudo-differential bulk-driven OTA with rail-to-rail input/output swing is
designed for low-frequency applications. An auxiliary circuit is employed to improve the effective
transconductance of OTA. A partial positive feedback technique is used to improve the gain. In
addition, push-pull output stage is designed through a cross forward stage which improved the
current efficiency and gain of the amplifier. Further, a tunable second order G,, — C low pass

filter is designed using the proposed OTA.

e Power-efficient bulk-driven Class-AB OTAs with improved slew rate are presented. The proposed

designs are suitable for driving the large load capacitance under low-voltage environment. The
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7. Conclusions and Future Works

slew rate and GBW are improved with help of adaptive biasing, adaptive load and slew rate
enhancer circuits. The proposed design with slew rate enhancer can drive the capacitive loads

upto 2 nF with rail-to-rail output swing.

7.2 Future Work

There are number of issues which require further investigation in order to enhance the performance

of the bulk-driven circuits. A few possible research directions are listed.

e The noise optimization of bulk-driven OTAs is major concern in signal acquisition system for

very low-frequency applications.

e The switched capacitor circuits require high gain and less settling time OTAs. Improving the

settling time of bulk-driven OTAs under low-voltage environment is one of the future work.

e The proposed Class-AB OTA with slew rate enhancer can be used as error amplifier by incor-
porating minor changes in compensation scheme, for designing the capacitor-less low-dropout

regulators.

e Improving the settling time and noise performance of high slew rate OTAs needs further inves-
tigation. Noise and settling time are important parameters for designing the reference buffer of

high resolution SAR-ADCs.
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