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Preface

Standard analog design procedure is usually based on a large number of
simulations, strongly depends on the type of analog circuit that has to be
implemented and requires a lot of manipulation at the transistor level.
Simulators offer accurate modeling and precise calculations, but on the other
hand ascertaining circuit parameter dependences is difficult and depends on
analog designer expertise and knowledge. Moreover, with CMOS technology
improvements, the complexity of analog design tasks further increases, since
the design specifications become more severe in terms of gain and speed,
requiring at the same time minimization of the circuit surface.

This book describes a structured analog design approach that makes it
possible to simplify complex analog design problems and develop a global
design strategy that can be used for the design of different analog cells. The
basic concept consists in analog cell partitioning into the basic analog
structures and sizing of these basic analog structures in a predefined procedural
design sequence. The basic analog structure specifications are derived from
circuit-level requirements, and thus its sizing in the environment imposed by
the circuit demands less effort. Furthermore, the procedural design sequence
ensures the correct propagation of design specifications, the verification of
parameter limits and the local optimization loops.

The proposed transistor-level design procedure is based on the continuous
MOS modeling approach and relies on the device inversion level as a
fundamental design variable. Since all important design parameters can be
expressed as continuous functions of the device inversion level, the design
optimum as well as the technology limits can be easily found.

Finally, the developed design procedure is implemented as a CAD tool that
guides and assists the user during analog design tasks and provides an
interactive interface that allows instantaneous visualization of design trade-
offs.

All material presented in this book is the result of the Ph.D. project that was
performed at EPFL (Ecole Polytechnique Fédérale de Lausanne), Lausanne,
Switzerland and supervised by Prof. Maher Kayal. The developed CAD tool
can be downloaded from the Electronics Labs web site: http://analog.epfl.ch.

Danica Stefanovié
Lausanne, March 2008
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CHAPTER1

Introduction

Even though it becomes possible to realize more and more functionalities
using digital circuits, the design of analog circuits still has its important role in
the design of numerous systems on chip that are produced nowadays. Analog
cells are extensively used in analog-to-digital and digital-to-analog interfaces
in mixed-mode systems, as well as for the implementation of different analog
functions such as amplifiers or integrators.

With the advances in technology development and the use of submicron and
sub-100 nm CMOS processes, digital circuits have become faster and more
precise, occupying at the same time smaller surfaces. This imposes more
severe specifications in terms of gain, speed and acceptable surface for the
analog counterparts. Hence, the design of analog cells becomes a very
sophisticated task, since modern technologies introduce two major difficulties:
larger parasitic capacitances (since oxide thickness decreases) and smaller
output resistances (due to short channel-effects and drain induced barrier
lowering DIBL). In other words, a common analog design task nowadays is to
design a circuit that will achieve the demanding specifications, using a smaller
voltage headroom (as the supply voltage headroom is also reduced) and
transistors that have more parasitic effects and smaller intrinsic gain. Thus, the
eternal question “How to size analog circuits to achieve the required
performances?” arises with even more importance than before.

The state-of-the-art in analog design today can be summarized in the few
following comments:

* There is no general analog design methodology - the analog design is still
based on previous experience and knowledge, and in some cases even on
“trial and error” simulation loops.

* There is no general approach of how to deal with the tasks on different
levels of complexity and different levels of abstraction.

* There exist a large number of Computer Aided Design (CAD) tools that
are primarily used for simulation, layout generation and postlayout
verification of analog cells.

* There exist a large number of analog design automation tools that are
based on different approaches and methods, but these are used in only a
limited number of design cases, and always in the university domain.
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* There are few analog design automaton tools, compared to the digital
domain, that are widely used and largely accepted by the analog designer
communities in industry.

Consequently, the questions that need answers are the following:

* How to deal with the increasing complexity of the analog circuits, and the
very demanding specification sets?

* How to estimate the technology limits?

* How to bridge the gap between hand-calculations, simulations and
measurement results?

+ Is it possible to understand the device physics and apply it successfully for
the analog design purposes instead of blindly believing in simulators and
extremely complicated mathematical models?

* How to optimize the analog circuits and find the best design trade-offs?

» Is it possible to develop CAD tools for analog design assistance rather than
for analog design automation?

e Is it possible to encapsulate expertise and knowledge at different
abstraction levels - transistor level, analog cell level, system level?

1.1 The objectives of this work

This work proposes the approach that favors the simplification of complex
problems and global design strategy. It intentionally avoids treating the analog
design as a mathematical problem, developing a design procedure based on the
understanding of device physics and approximations that give insight into
parameter interdependences. Therefore, a structured design approach that can
be used for the design of a large number of analog cells is proposed. The basic
concept is the following: since each analog circuit can be seen as a set of basic
analog blocks, and since each block has a different role in the circuit and affects
some specific circuit-level parameters, the design procedure consists in sizing
the basic analog structures to achieve the required specifications. The basic
analog structures are sized in a specific design sequence, denoted here as a
procedural design sequence.

On the other hand, each basic analog structure can be seen as a set of
transistors working in a certain design environment. Thus, there are a finite
number of transistor-level design situations that can be easily resolved using
the device inversion level as a design variable. To make this possible a
continuous model based on device physics and dedicated to design of analog
circuits is used.

Finally, the proposed design concept is implemented as a CAD tool that can
be used interactively with the simulator. It provides the graphical interface that
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enables the user to explore the design space and find the design trade-offs
without limiting his decisions.

1.2 Structured analog design

The structured design approach is demonstrated using the example of an
analog amplifier. Nevertheless, it can be used for the design of any other analog
cell. Figure 1.1 depicts the design flow from system-level to transistor-level
based on the structured design approach. The amplifier is replaced in the early
design stage by its behavioral model. The circuit-level specifications are then
derived from both system-level requirements and system-level simulations.
Next, the chosen amplifier topology is partitioned into basic analog structures
and the design specifications are derived for each basic analog structure from
the circuit-level requirements. To facilitate this task a basic analog structure
library is defined, and for each basic structure the important design cases and
design parameters are specified.

Procedural design scenario - After the circuit has been partitioned, and the
specifications translated to the basic analog structures level, it is demonstrated
how to develop procedural design sequence in order to achieve the required
specifications.

Local optimization - The optimization is also translated at the level of basic
analog structures. Hence, it is proposed how to estimate the technology limits,
and determine the parameter bounds. Since there are always several ways to
find a solution, and it strongly depends on user decisions, the local optimization
guidelines and comments are given in critical points in procedural design
scenarios.

Topology variants - Finally, for the cases where the specifications are very
demanding and cannot be achieved, the proposed solution is to replace only the
basic analog structure affecting the parameter in question by its more advanced
version.

When the circuit is completed at the transistor-level, its performance must
be confirmed by repeating the same system-level simulations used at the
beginning of the design. If some system-level specifications are not achieved,
then the parasitic effects can be extracted, added to the behavioral model and
the design sequence repeated.
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Figure 1.1 Design flow based on the structured design approach

1.3 Transistor-level design based on the device inversion
level

The problem of transistor sizing is posed differently in this book. The
classical design variables: I (transistor bias current), W (transistor width) and
L (transistor length) are replaced by two design variables: IF (device inversion
level) and L (transistor length). According to the structured design approach,
and the specification derivation guidelines, it can be shown that the transistor
bias current is not an independent variable at the transistor-level since it is
imposed by the circuit-level specifications. Thus, it can be changed only at
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circuit-level, and if so, the redesign loop on the level of basic analog structures
is required.

The transistor-level design is based on the EKV modeling approach where
the transistor design parameters are given as functions of device inversion
level. Therefore, it is more convenient to use the device inversion level as a
design variable. The main advantage of this is that there is no need for weak
and strong inversion asymptotes (or approximations) since each parameter is
given as a continuous and single expression of the inversion level.
Furthermore, this makes it possible to easily estimate parameter bounds and
define the optimization strategies at the transistor-level. On this basis, the
possible design cases are identified and the transistor-level design recipes are
proposed.

1.4 CAD tools for analog design assistance

The proposed procedural design scenarios and the basic analog structures
library are encapsulated as a Procedural Analog Design (PAD) tool. This tool
is dedicated to analog design assistance, and it is intended to be used
interactively with a simulator. For each analog topology a step-by-step design
sequence is proposed, and guidelines and advice from the experienced designer
are provided at each step. Moreover, its interactive interface provides
instantaneous visualization of the design trade-offs and design space
exploration.

To make it possible to use the PAD tool with both the current industrial
standard MOS model (BSIM model) and the EKV MOS model library files, the
BSIM2EKY converter for the automatic conversion of BSIM to EKV model
parameters is developed as a separate module.

1.5 Practical design example

The proposed design approach is validated on the design of three analog
amplifiers forming part of multi-bit hybrid Delta-Sigma modulator system, and
using 0.18 um CMOS technology.

1.6 Book organization

Each chapter in this book is dedicated to one aspect of the previously
presented concept. Since there are different levels of explanation, and a large
number of facts and information at each level, a global picture of the design
procedure can be created only after all chapters have been read. The
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experienced designer may find a lot of familiar information in each topic.
However, the main contribution of this work is not in discovering new circuits,
but in providing a general vision and a way of how to progress and where to
look in the immense forest of analog design knowledge.

Chapter 2 - Firstly, an overview of the MOS models available on the
market today is given. Then, it is explained why the EKV MOS model is
chosen as a basis of transistor-level design. Secondly, an overview of the
transistor design parameter definitions from the EKV model is provided in
order to determine the design variables. Finally, transistor-level design recipes
are proposed.

Chapter 3 - This chapter describes the program for the automatic
conversion of the parameters of the MOS model that represents the present
industrial standard (BSIM model) and the chosen EKV MOS model. It
provides details on the conversion algorithm, and presents the results of the
conversion for the 0.18 pm CMOS technology example. At the end, comments
on the interpretation of results for analog design purposes are given.

Chapter 4 - After the library of basic analog structures mainly used in
linear electronics has been defined, the guidelines on circuit partitioning,
specification derivation, and behavioral modeling of the analog amplifier are
given. All basic analog structures are classified as transconductance, load and
bias structures. For each class, the important design parameters and the design
cases (that point to transistor-level design recipes) are specified.

Chapter 5 - The material presented in this chapter is focused on procedural
design sequence definition. It is presented in the form of complete procedural
design scenarios, including circuit-level parameters definition, frequency
analysis, circuit partitioning, specification derivation and design sequence
presentation, for three different amplifier topologies (folded cascode OTA,
fully-differential folded cascode OTA and Miller operational amplifier).

Chapter 6 - This chapter gives a brief presentation of the PAD tool and its
basic features as a practical implementation of all previously discussed
concepts.

Chapter 7 - The concept of topology variants is demonstrated on the
example of a fully-differential folded cascode OTA. For each topology variant
the design guidelines, as well as the design drawbacks, are given.

Chapter 8 - As a practical example, the design of analog amplifiers in a
Delta-Sigma modulator system is described from system level to transistor
level. The following amplifier topologies are presented: high-gain fully-
differential folded cascode OTA, high-gain difference differential amplifier
and two-stage amplifier with Miller cascode compensation.




CHAPTER 2

Transistor level design

Different MOS transistor models and their basic characteristics are
discussed in the beginning of this chapter. The requirements that a
MOS model must fulfill to be suitable for the design at the transistor
level are identified. Then, an overview of transistor parameters
needed for design of analog structures is provided. Finally, a
transistor-level design approach based on the choice of the
inversion factor and the transistor length is proposed. It includes
the design recipes for hand-calculations, and the analyses of
parameter limits and parameter optima.

2.1 MOS transistor model

The fundamental step of any analog design procedure is the design at the
transistor level, that means sizing of each transistor to achieve the required
specifications. To accomplish this task successfully, it is essential to
understand the transistor behavior and to calculate the important parameters.
Since the transistor behavior is described by its model, a “good analog” model
is prerequisite. Several studies are presented in [1]-[3] with the aim of defining
what is a good MOS transistor model. The most important features are
analyzed from the point of view of device modeling for analog design
purposes. The general conclusions are resumed hereafter:

* A good transistor model is based on physical behavior covering significant
physical effects such as non-uniform doping effects, mobility effects,
velocity saturation, short/narrow channel effects, substrate current,
thermal/flicker noise, and temperature effects.

+ It should be global and compact (preferably without binning), accurate and
with as small as possible number of fitting parameters.

* The parameter extraction procedure should be neither complicated nor
time-consuming.

* The model has to cover all geometry ranges of interest and ensure good
fitting for the device geometries that are not used during parameter
extraction. The accurate modeling means not only the correct I-V
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characteristics, but also the correct current derivatives, i.c.
transconductances which are important parameters for the design of analog
circuits. In addition, the correct best/worst case modeling must be
guaranteed for design robustness.

* The requirement for high speed and high frequency operation also impose
an accurate modeling of the intrinsic capacitances. On the other hand for
low voltage or small current operation, accurate weak and moderate
inversion modeling is obligatory.

* A good model is easily implemented, and does not present convergency
problems when used with different simulators.

In the next subsection, the good models available today are presented. Then,
the features of models that are appropriate for analog design at the transistor
level are discussed.

2.1.1 Overview of MOS models

Spice models [4] - The early Spice models (levels 1, 2, 3) were developed
at the University of California, Berkeley to be used with their circuit simulator.
All model parameters have physical meaning, but some effects are too
simplified or are not modeled at all. These models are not used nowadays, since
they are inaccurate for submicron technologies and present discontinuities in
current derivatives. However, they are mentioned here because of their
historical importance.

BSIM(1,2,3,4) models [5], [6] - To overcome modeling problems, a new
family of models dedicated to submicron technologies was developed at the
same university. The BSIM1 and its improved version BSIM2 are threshold
voltage-based empirical models, having good accuracy and continuous
derivatives. However, most of the parameters lose their physical meaning, and
a large number of fitting parameters is introduced. For example, the BSIM1
model requires about 60 DC parameters, whereas BSIM2 requires about 90 DC
parameters. As a result, these models become more appropriate for the design
of digital than analog circuits.

The next version, referred to as BSIM3, uses a different approach based on
physical behavior. There are more parameters with physical meaning and less
fitting parameters. In this case, about 40 parameters are needed for DC
analysis. The derivatives are continuous and the important improvement is that
there is one single expression for the drain current. Concerning the design of
analog circuits, two main problems are reported: less accurate modeling of
weak/moderate inversion behavior and incorrect intrinsic capacitances in some
regions. Despite this, the version BSIM3v3 (level 7) became an industrial
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standard, and is one of the most widely used MOS models for submicron
CMOS technologies.

BSIM4 was developed as an extension of BSIM3 and it models more
physical effects characterizing the sub-100 nm devices. Numerous high-
frequency and parasitic effects are also added, making it possible to use this
model for the design of RF circuits.

EKY model [7], [8], [19] - The EKV model has been developed at EPFL
(Ecole Polytechnique Fédérale de Lausanne) as a charge-based physical model.
Its version 2.6 (level 5) is dedicated to the design of low voltage and low power
analog circuits using submicron CMOS technologies. The most recent version
3.0 also includes modeling of all relevant effects for RF circuit design.

This continuous and compact model shows good accuracy, even though it
has a small number of parameters (e.g. for DC analysis only 9 physical, 2
temperature and 3 fitting parameters are needed). It respects the intrinsic
source/drain symmetry, introduces the inversion factor as a transistor
parameter, and shows the correct behavior in all inversion regions. Version 3.0
is validated for nanometer technologies down to 65 nm.

PHILIPS models [9]-[11] - The MOS model 9 is a compact threshold-
voltage based model intended to be used with both analog and digital circuits.
It models all significant effects, and has continuous first and second-order
derivatives.

The more recent MOS model 11 is a compact surface potential-based model
dedicated to design of digital, analog and RF circuits. It has continuous first and
higher-order derivatives and also models the effects present in advanced
technologies such as gate leakage, gate-induced drain leakage, polydepletion,
quantum-mechanical effects and bias-dependent overlap capacitances.

SP model [12] - The SP model is an "advanced physics-based" model
developed at the University of Pennsylvania. This surface potential-based
model has about 65 parameters and shows correct behavior in all inversion
regions. As any good analog design model, it respects the intrinsic source/drain
symmetry, it is continuous and has one single expression for the drain current.

PSP model [13], [14] - The PSP model is a combination of the best features
of the PHILIPS MOS model 11 and the SP model. It is a surface potential-
based model, containing all relevant physical effects. It offers accurate
modeling of current, charges and their first and higher-order derivatives, as
well as distortion behavior modeling and non-quasi static effects simulation
option. It has been adopted as an industrial standard for nanometer CMOS
technologies.
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2.1.2 MOS model oriented towards transistor-level design

As stated previously, having a good MOS model that ensures accurate
simulation results and models all relevant effects is mandatory. However, this
is not the only requirement. The design of analog circuits requires a lot of
manipulation at the transistor level, even before starting the simulations loops.
Since simulators are not design tools, the transistor sizes must be obtained by
hand-calculation, and only then confirmed by the simulator. Therefore, a small
number of model parameters with physical meaning and hierarchical model
structure are important advantages. In this case, it becomes possible to
approximate model equations, without a great loss of accuracy, and use them
for transistor-level manipulations. Moreover, a good understanding of
transistor behavior and precise hand-calculations are achieved at the same
time.

The design of low voltage circuits requires weak, moderate or limit of
moderate inversion as an operating region. This means that the approximations
of transistor design parameters in weak and strong inversion are no longer
acceptable, as they introduce a large error with regard to the simulation results
and do not reflect correctly the transistor behavior. Hence, it is more
convenient to have every design parameter expressed as a function of the
inversion degree (or the inversion level) and using just one single expression.
Furthermore, the inversion level itself becomes an important transistor
parameter and it needs to be easily calculated from the model.

Taking this into account, we have chosen the EKV model as the most
suitable candidate for transistor-level design. Its hierarchical structure allows
us to pass easily from hand-calculations to the complete model without
introducing large errors. All important design parameters, such as: the
inversion level, the saturation voltage, the Early voltage, the small-signal
parameters, the parasitic capacitances, and the transconductance efficiency
factor can be directly calculated as functions of the inversion level parameter.
Furthermore, the basic concepts of this model can be used to develop a design
approach at the transistor level.

2.2 Transistor design parameters

The transistor parameters that are used for the design of analog structures
are summarized here. Even though this is not the original contribution of this
work, the definitions are introduced with the intention of presenting the
transistor parameters and their interdependences in the way they are needed for
analog design purposes. Special emphasis is given to the definition of the
inversion regions and the inversion level parameter calculation. Later, it is
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shown that all design parameters can be expressed as a function of the inversion
level parameter. On this basis, the variables for the design at the transistor level
are identified and transistor-level design approach based on the device
inversion level is proposed in the next section.

It is important to note that the relations that are given in the next subsections
represent the approximations for the hand-calculations, with no intention of
defining or introducing a new MOS model. The parameter definitions are taken
(or derived) from the work of Ch. Enz, F. Krummenacher, and E. Vittoz
presented in [8], describing the basics of the EKV modeling concept, and from
the work of M. Bucher presented in [17], that lead to the EKV model
implementation in commercial simulators. The complete charge-based EKV
model equations, version 2.6, such as implemented in a simulator, are given in
[16]. Finally, “a rigorous, complete and coherent derivation of the relations
between charges and potentials” and the derivation of the EKV model as its
approximation can be found in [18].

2.2.1 Transistor symmetry and voltage definitions

A MOS transistor is a four-terminal device presenting an intrinsic source/
drain symmetry.

To respect this symmetry, the gate V, source Vg and drain V' voltages are
referred to the substrate (bulk), as depicted in Figure 2.1. If Vg, Vs, Vp,, and
Vs are voltages connected to the gate, source, drain and substrate terminal, it
follows that

Ve = Vo=V 2.1)
Vs = VsVl (2.2)
Vp = |Vpi=Vsl (2.3)

Figure 2.1 Four-terminal symbols of a) NMOS and b) PMOS devices and voltage
definitions

11
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o

Figure 2.2 Simplified three-terminal a) NMOS and b) PMOS transistor symbols
when the bulk terminal is connected to the appropriate supply voltage

Table 2.1 Definitions of operating regions with respect to the surface potential

Y,<0 accumulation

¥Y,=0 flat-band condition (Vg = Vkg)

0< VY, < & depletion (@ is the Fermi potential)
D < W, < 20+ Vg, weak inversion

2O+ Vi < W< 2D+ Vit mV,; moderate inversion, m = 2-3, V= kT/q

Y>> 2+ Vot mV, strong inversion

Figure 2.2 shows simplified transistor symbols often used in circuit
schematics. The unshown substrate terminal is connected to the negative
supply voltage in the case of the NMOS transistor, and to the positive supply
voltage in the case of the PMOS transistor.

2.2.2 Operating regions

The transistor operating regions are defined as in Table 2.1 with respect to
the surface potential ¥, and the channel potential V,,. The channel potential V',
corresponds to difference between quasi-Fermi potentials of majority and
minority carriers along the channel.

This definition is correct, but cannot be used directly for analog design
purposes. However, when the result of the integration of Poisson’s equation
(2.4) is combined with the relation between the surface potential, the inversion
charge and the gate voltage (2.5), it is possible to approximate the inversion
mobile charge in each operating region. The integration of this mobile charge
along the channel gives the drain current. Finally, the normalized forward
current component of the drain current gives the inversion level indication that
can be used as a design parameter, as will be shown in subsection 2.2.7.

12
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The result of the integration of Poisson’s equation (for an n-channel device)
is given here without entering into details

_ \Ps ‘Ps_z(I)F_V;h \Ps
Qinv - _’Yco)m/vl(/\/? + exp(T) - 7[} . (24)

The relation between the surface potential ¥, the inversion charge Q;,, and
the gate voltage V, valid in all operating regions, is
Qinv
Vg = VFB“V#Y«/JS—C—: (2.5)

ox

and is developed in [17]. Vg is the flat-band voltage, the gate-oxide
capacitance C,, = ¢,,/t,, is calculated from the dielectric constant of SiO; €,,
and the oxide thickness #,,, and the parameter 7 is called the substrate factor or
the body effect factor. It depends on technology, i.e. on the substrate doping

concentration Ny, and is equal to

/\/ZqNSubgs’ (2.6)

C

ox

2.2.3 Strong inversion, pinch-off voltage and slope factor

The definitions of three important design parameters: threshold voltage Vry,
pinch-off voltage Vp and slope factor n are related to the strong inversion
operation. They are derived from the approximation of the inversion charge in
strong inversion given in [8].

The surface potential in strong inversion is W, = 2®.+mV,+ V. It can be
rewritten as ¥, = ¥,+V,,, where ¥, = 2®,+mV,. Then, equation (2.5)
becomes

Qinv
Vo = Veg+VWo+ Ve 1YWy + Vch_C_ . (2.7)

ox

If now the gate threshold voltage referred to bulk is defined as

VigWVen) = Vig+ W+ Vo + YW+ Vs (2.8)

then the inversion charge can be expressed by

Oiny ==Cox(Vg=Vrp(Vey)) - (2.9)

13
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“The threshold voltage Vry, is a gate voltage for which the channel is at
equilibrium (¥, = 0) and the inversion charge is equal to zero”, as stated in [8].
Hence, it follows

V1o Visl, _,= Vea+ Vot YW (2.10)

“The pinch-off voltage V' is a channel potential for which, at a given gate
voltage, the inversion charge Q,,, becomes zero (i.e. the channel is pinched-
off)”, as stated in [8]. From

=V
G|Vh OQH _0

= VTB’V’h = VrptWot Vet Y JWo+ Vp (2.11)

G
‘Vch:VP’Qinv:o =Vp

it follows that

VPZVG—VTO—YL/ —Vro— («/70 )_(A/‘ITO"'%)J (2.12)

The pinch-off voltage as a function of the gate voltage is depicted in Figure
2.3. If the gate voltage is equal to V7, the pinch-off voltage is zero.
The slope of Vp = f(V) is not constant and is usually written as

dVp dVe? g
= (G} =1 2.13
dVg (dVP) n’ ( )

where 7 is the slope factor. It is calculated from equation (2.11) as

n=1+—»>b—, (2.14)
2o+ Vp

and since it depends on v, it is often called the substrate effect factor. Its value
usually varies between 1.2 to 1.8.

However, for hand-calculations the slope factor is approximated by its
asymptotic value in strong inversion, and given as a technology parameter.
Now, the pinch-off voltage is obtained from the first-order development of the
relation (2.12) as

Ve=Vro _ V6=V
n(Ves) n

V= (2.15)

and this simple relation can be used for hand-calculations without assuming
the strong inversion operating condition. From this relation, it can be seen that

14



2.2 Transistor design parameters

~"' slope =1/n

Ve
\Y TO

Ve

Figure 2.3 Pinch-off voltage and slope factor as functions of the gate voltage

Ve = Vyy+nVp,and then, in more general terms, that Vo, = V5 +nV,,. When
this is substituted in equation (2.9), the inversion charge in strong inversion is
finally approximated as

Oiwy =—C,n(Vp—=V_p). (2.16)
2.2.4 Weak inversion

When the channel potential becomes smaller than the pinch-off voltage, the
inversion charge Q;,, becomes much smaller than the depletion charge Oy, and
the channel is in weak inversion.

Since Q,,, << Qy,,» €quation (2.5) can be rewritten as

Vo = Vig+y, +1.Jv, . (2.17)

If the flat-band voltage is replaced using the definition of Vz, given by (2.10),
then the gate voltage is

Ve = Vgt (W, — Wo) +Y(JW,—Jwp). (2.18)

Comparing this expression to the relation (2.11), it follows that in weak
inversion the surface potential can be approximated as y, = V,+ y,.

15
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When this result is introduced in the solution of the Poisson equation,
expressed by (2.4), and the Taylor expansion is applied, the inversion charge
in weak inversion is approximated as

Qi = =Cpuln= 1)V, exp( L2 _VtchF) exp( L — el (2.19)

t

2.2.5 Drain current and specific current

Figure 2.4 depicts the inversion charge as a function of the channel
potential. As shown previously, it is linearly dependent on (Vp-V,;) in strong
inversion, and it depends exponentially on (Vp-V,;) in weak inversion. The
transition region corresponds to moderate inversion. The drain current is
determined by integrating the inversion charge along the channel, and it is
proportional to the shaded surface in the same figure.

If it is assumed that the mobility does not depend on the position along the
channel, the drain current is determined as

Vb
Qinv
I = B_[ _C_OdeCh' (2.20)
VS
The integration starts at source (V,, = Vs) and finishes at drain (V,, = Vp), and
w
B = I'L()Coxz ’ (221)

'

_Qinv/Cox

strong inversion

VeV

weak inversion
~f(exp(Vp-Vep))

>
Vch

Figure 2.4 Inversion charge as a function of the channel potential
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where (1, is the mobility, ¥ is the transistor width and L is the transistor length.
The integral can be rewritten in the following way

Vi o o
Qinv Qinv Qinv
Ip = BI_C_Mchh = ﬁf—c—odech— B[~ Cdech = lp— Iy (2.22)
Vs ’ Vs Vp ’

N

This introduces the concept of forward (/) and reverse (/) currents, that
perfectly match the transistor symmetry: if the drain and the source voltages are
replaced, only the sign of the drain current changes.

Using the previously determined approximations for the inversion charge,
the expressions for /rz in weak/strong inversion can be determined.
Nevertheless, for the design of low voltage, low power analog circuits, it is
essential to have one expression covering all inversion regions. Therefore,
using mathematical interpolation, a continuous function valid over all
inversion levels is obtained

_ 2 VP =V S,D
Ipg = 2nBV,2~ln [1+exp(—2VI—ﬂ, (2.23)
where the forward current depends on (Vp-Vs), and the reverse current depends
on (Vp-Vp). Further, the forward and reverse currents can be normalized by

I = 2nBV, (2.24)

which usually is denoted as the specific current.

The specific current is an important design parameter and represents the
drain current when the transistor operates in the center of moderate inversion.
The parameter 3 is usually determined as § = KP - (W/L), where KP=C,_ -,
is given as a model parameter, called the transconductance parameter.
Obviously, the specific current depends on technology and transistor geometry.
However, for analog design purposes, the specific current can be interpreted for
the given technology as a function of transistor geometry only. Finally, the
drain current is written as

Ip = Ig-(ip—ig), (2.25)

where the normalized forward and reverse currents are

Vp—V,
ip g = lnz[l + exp(PTS’DH , (2.26)
t
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A

_Qinv/Cox

strong inversion operation

weak inversion operation

\\I I >
VeiVs Ve, Vo Ven
Figure 2.5 The strong and weak inversion operation

and calculated using Vp approximated as Vp, = (Vg — Vyy)/n .

The important point here is that the case when the source or the drain
voltage is smaller than Vp corresponds to the strong inversion operation. The
case when both the source and the drain voltage are larger than Vp corresponds
to the weak inversion operation, as illustrated in Figure 2.5.

2.2.6 Saturation drain current and saturation voltage

On the basis of previously developed expressions, the conduction and
saturation regions can be interpreted as follows: when the drain voltage is
changed, as long as the forward and reverse currents are of the same order of
magnitude, the transistor is in conduction. When [.>>1, the influence of the
drain voltage becomes negligible, i.e. the transistor is in the saturation region
of operation, and the drain current is equal to the saturation drain current

I Dsat

[D = IS' (iF_ iR)|[F>>[R = ]S' iF = IDsat‘ (227)

This rather “mathematical” definition of conduction and saturation operation is not
easily used for the design of analog circuits. A more convenient way to deal with
the conduction/saturation operation is to compare the difference between the drain
and source voltages to the design parameter called the saturation voltage Vg,
To determine how to calculate the saturation voltage, the conduction/saturation
conditions are analyzed again in strong and weak inversion.

18
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When the transistor is operating in strong inversion, the conduction/
saturation operation can be defined with respect to the voltage Vp as:
* if V,V,<V,, the transistor is in conduction,

» if Vy<V,< V), the transistor is in saturation.

The saturation voltage Vpysy, is calculated as Vg, = Vp— Vg, as shown in
Figure 2.6a.

When the transistor is operating in weak inversion both Vg, V> V. Since
the forward drain current is now a few orders of magnitude lower than in the
strong inversion case and the condition />, can not be easily verified, the
saturation voltage is determined according to the acceptable error between the
drain current and the expected saturation drain current (Figure 2.6b). This
value is estimated, according to [19], to be several V..

| pea s 222

100+

-3
8x10

I Dsat /IS_>

4x10°]

Figure 2.6 Saturation voltage definition in a) strong and b) weak inversion
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On the basis of these saturation voltage asymptotes, the EKV model
proposes a simple relation

Vissar = Vi Qulig+4), (2.28)

where the saturation voltage depends only on normalized forward drain
current, or the inversion level as will be shown next.

2.2.7 Inversion factor as a measure of the device inversion level

The inversion level can be determined from the forward drain current I,
which is directly proportional to the mobile inversion charge along the channel.
The design parameter is called the inversion factor IF and is equal to

_]D_wt_. .2 VP_ VS
IF = I =ip=1In {I+exp( 27, ﬂ (2.29)

This is an important relation because it shows that the inversion factor is

determined by

 the saturation current (i.e. the transistor bias current, as it will be shown
later) and the transistor geometry (via the specific current) or

* the transistor voltage bias (Vg, V).

When the saturation drain current is equal to the specific current, the transistor

operates in the center of moderate inversion, that is /FF = 1. The transition

region of moderate inversion operation is accordingly estimated to be in the

drain current range that corresponds to 0.1/ up to 10/s. Therefore, the strong,

moderate and weak operating regions are defined as in Table 2.2. This enables

easy manipulation of inversion level information during the analog design

procedure.

2.2.8 Transconductances

The small-signal transconductances are defined as changes in the drain
current due to small variations of gate, source and drain voltages.

Table 2.2 Operating region definitions with respect to the inversion factor

IF<0.1 weak inversion

0.1<IF<10 moderate inversion

IF>10 strong inversion
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o dl,  di,  di,
Ip = d_—VG : vG+d_VS : VS+(,W[-) “Vp = &mG” VG_ng. vS+ng “Vp- (230)

The small-signal gate transconductance g,,¢, usually denoted as g,, and
referred to as the transistor transconductance, represents the first derivative of
the drain current in terms of the gate voltage

dl, d(z—1Iy) dV,
=D _ZVF RZP_, 2.31
Ema dVG dVP dVG Em ( 3 )
The small-signal source transconductance g, is determined as the first
derivative of the drain current in terms of the source voltage

dl, dI,
Gps = = = —. (2.32)
mS T dVs  dV
At this point, it is important to mention that the conventional “Spice-like”
small-signal substrate transconductance, obtained as a current derivative in the
case when the source is considered as a reference, is

dl,,
EmB = m = 8ms — 8mG — 8mbD> (233)

since in our case the gate, source and drain voltages are determined with
respect to the substrate.

The small-signal drain transconductance, representing the first derivative
of the drain current in terms of the drain voltage

dl,  di,
Emp = d_VD - d_VD (234)

is usually denoted as the small-signal drain-source transconductance gps. This
is correct because the influence of the source voltage can be neglected when
the reverse current is derived.

If we now recall that the forward/reverse currents I, , are functions of
(Vp— Vs p) it follows that

dlpp  dlpg
dVpy — dVgp'

(2.35)

On the other hand, the pinch-off voltage is approximated as
Vp = (Vg— Vy)/n and then
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dv,

v, :, (2.36)
and, in the saturation region,

g = Tt T = L (g g9 28 237)
Therefore, equation (2.30) can be rewritten as

Ip = 8w V=N 8&n VsTE&ps Vps> (2.38)

and gives the small-signal equivalent scheme drawn in Figure 2.7.

The gate-source transconductance is represented as a resistor, because it is
controlled by the voltage on its terminals. Hence, it represents the transistor
output conductance, which is an important design parameter. For the analog
design hand-calculations, the output conductance is approximated using the
Early voltage V, as

I

Dsat

8ps = [7 . (239)

2.2.9 Normalized transconductance
Deriving the drain current, and then, the EKV model interpolation function,
proposed in [17], that links weak, moderate and strong inversion, we obtain

LA B S (2.40)

]Dsat th £+ l.+£’
2 NP4

gm' Ve
G S MGnvs | p
. > 4)
Vg Vs v gV VVV Vb
DS

=

Figure 2.7 Small-signal MOS transistor equivalent scheme with
transconductances
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1 1
==. , and 241
e Vot i+l e
2 NP4
8ps _ 1 1
ebs _ L __ 1 2.42
e Vit i+l e
2 NR4

The normalized transconductance, derived from equation (2.40) and
defined as

gm 1

—nV, = ———— 2.43

]Dsat ! 1 1 ( )

§+ iF+Z

becomes a fundamental relation for analog design. It provides the relation
between the small-signal parameter (the transistor transconductance) and the
DC parameters (the drain saturation current and the inversion factor). In fact, it
represents a measure of the translation of polarization current into
transconductance for different inversion levels. Hence, it is often called the
transconductance efficiency factor 7EF. The relation (2.43) is universal, and
does not depend on technology. In weak inversion it approaches 1
asymptotically, whereas the strong inversion asymptote is I/ﬁ ~ (Figure 2.8).

TEF

moderate strong

0.57

0

10*  10° 10% 10" 10° 10" 10% 10°

Figure 2.8 Normalized transconductance as a function of the inversion factor
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2.2.10 Capacitances

The variation of global charge (Q.,., Og, O.) With respect to the variations
of terminal voltages is modeled through the intrinsic capacitances. They are
called “intrinsic” because they refer to the intrinsic part of the device
(consisting of the inversion layer, the depletion region, the oxide and the gate)
that determines the transistor behavior. The rest of the device represents the
extrinsic part and influences the parasitic effects that usually limit the overall
response.

The intrinsic capacitances are:

» the capacitances between the gate and the other terminals, defined as the
derivatives of the gate charge with respect to the source, drain and bulk
voltage:

49

Cosi =~ (2.44)
_ 49

Copi = ~ary and (2.45)
4Y

Con =~ (2.46)

Vs p, G = const

+ the capacitances between the substrate and the source/drain terminal,
defined as the derivatives of the depletion charge with respect to the source
and drain voltage:

_ deep
Cpsi = av, , and (2.47)
dQg.
Cppi = — dlij- (2.48)

This way of modeling is valid only for the quasi-static behavior, that is “if
the terminal voltages vary sufficiently slow, so that the charge distribution in
the channel can follow with the negligible inertia”, as stated in [15]. According
to [8] and [15], the quasi-static behavior is valid up to

i,
W<<®, = L_Z . (VP - VS)‘ (249)
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2.2 Transistor design parameters

For higher frequencies, a different modeling approach is required. However,
the design methodology, discussed in this book, is dedicated to the analog
circuits for which the non-quasi static model is not required.

The intrinsic capacitances are calculated in [17] from the normalized
forward and reverse drain currents as

2 X§+XR+§XF
CGSi = ngWLCGSi’ Whel‘e CGSi = § 1 - T s (250)
XpTXR

2 1
Xp+Xp+xp

Copi = C, WLegp,, where cgp,; = % 1- —22 , (2.51)
(xp+xp)
Cpi = CoxWLegy;, where cgp; = ’%1(1 = CGsi~ CGpi) (2.52)
Cys; = C, . WLcpg, Where cge, = (n— eggs (2.53)
Cyp; = C,.WLcgp,;, Where cgp; = (n— 1cgp, (2.54)
.1 .1 . . N |
and xp = Jip+ 2R = firt g In the saturation region, we can write i, << 7
and i, >>ip. As aresult,
1
2(xF+ I)(xF— 5)
CGsi= 3T 0. (2.55)

] 2 » €Gpi =
XF+§

The extrinsic capacitances are:

» the overlap capacitances between the gate and the source, drain or
substrate are determined in the following way

CGSov = CGSOWJ (256)

Copov = Copol, (2.57)
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Coov = Caaol (2.58)

where Cgs0, Copo and Cgpp are the parameters of the technology;
* and the source/drain junction capacitances, C;s and Cjp.

The complete small-signal equivalent scheme, including transconductances
and capacitances, is shown in Figure 2.9. For an “analog” transistor operating
in saturation, the equivalent scheme is simplified as shown in Figure 2.10.

2.2.11 Intrinsic gain

The transistor intrinsic gain is defined as the ratio of its transconductance to
its output conductance

1
A[:g_m:g_m.u_sm:(g_m).bya, (2.59)
8ps ]Dsat 8ps ]Dsa

This parameter shows the technology limit, that is the gain that can be achieved
with a one-gain stage under given bias conditions. It depends on the g,/Ipsu
ratio, and thus the inversion level, as well as on transistor length.

H CGDO\/
H CGDl
I Ve
Casov —<—<I>—‘
Ngpe Vs
G S D
I} —P
CGSi
- — Ve Vs| T T —\WWNW—! =/ — Vb
Cagov Cosi Cesi st 9ps CjD Cepi
\ 4 \

Figure 2.9 Complete small-signal MOS transistor equivalent scheme including
transconductances and capacitances

|CGDOV
[
G s Omlenvs) |p
Cos
- v, V. Vv,
GB e 9bs °
A

11H

Figure 2.10 Simplified small-signal MOS transistor equivalent scheme

26



2.2 Transistor design parameters

2.2.12 Transition frequency

The transition frequency is the frequency where the magnitude of the
transistor current gain becomes unity. It can be approximated as

f — glﬂ
' 2m(Cig+ Copt+ Cop)

(2.60)

It represents the maximal frequency for which the transistor can be used, and it
is a measure of transistor speed.

2.2.13 Intrinsic noise

The intrinsic noise is modeled as either a spectral density of drain current
fluctuations or a spectral density of gate voltage fluctuations, as drawn in
Figure 2.11.

It consists of the thermal noise component and the flicker noise component.
The thermal noise current spectral density, according to [8], can be
approximated as a function of the inversion factor by

1 I+a 2. 1+Jo+o
HF.( SRR Uy ) 2.61)

2
Lyth = 4KT'ng']

where o = ip/i, . If the transistor operates in saturation, it becomes

2 1 1 2.
Vo th = 4KT'ng'm'(§+§lF). (262)

The thermal noise voltage spectral density is then calculated as

1 (1 2.)
4KT - n - — | =+=i
5 Sin I+i, \2 3L

Voo = A~ . 2.63
e th gi Em ( )

3 o
4 n,el
a) qb)

Figure 2.11 Intrinsic noise modeled as spectral density of a) current or b) voltage
fluctuations
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The flicker noise voltage spectral density is determined as

KF

S — (2.64)
WLC, [

2
Vsl

where f is the frequency and KF, AF are the technology parameters. The
equivalent input-referred noise voltage spectral density is then

2 2 2
v = Vo, th + Vn,fl' (265)

n, eq

The frequency where the flicker noise component becomes equal to the
thermal noise component is called the corner frequency and is equal to

Soor = (2.66)

2.3 Design approach

Each transistor in a circuit is seen as a combination of one or several design
parameters. When the circuit is partitioned into basic analog structures, the
specifications for each basic analog structure are derived from the circuit
specifications. All polarization currents are determined from the requirement
for either maximal current dissipation or minimal acceptable speed. Since each
basic analog structure consists of one or several transistors that realize a certain
analog function, the required parameters for each transistor are extracted from
the analog structure specifications. The design at the transistor level thus
consists in the calculation of the values of the transistor design variables to
achieve the specified design parameters of the analog structure with the given
polarization current.

2.3.1 Design parameters and design variables

Transistor parameters that are required for the design of basic analog
structures are:
+ saturation voltage Vpgyus,
+ transconductance g,
* output conductance gps,
* parasitic capacitances (intrinsic/extrinsic),
* gain 4,
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2.3 Design approach

 transition frequency f,, and
* equivalent noise.
They are all defined in section 2.2, and closer inspection shows that they
depend on some of the following variables:
e saturation current /g,
e inversion factor IF,
e transistor width W,
* transistor length L,
e ratio W/L, and
e area WL.
These variables are obviously interdependent, and this complicates the task of
transistor sizing which entails transistor width and length calculation in the
traditional design approach. Therefore, the problem of the design on transistor
level must be posed differently.

Since a transistor in an analog circuit usually operates in the saturation
region, the given polarization current represents the saturation drain current

[pol - Dsat

= 2nKP(;V) V:.IF. (2.67)

Hence, the saturation drain current is not an independent variable at the
transistor level, as it is imposed by the circuit-level design. Now if the inversion
factor /F is specified, the ratio /L can be calculated directly as

w IDsat
LA - (2.68)
L oukPV-IF

and vice versa. Since the transistor length affects important design parameters
such as the output conductance and the transition frequency, we propose to
express the transistor width as a function of the inversion factor and the
transistor length as

(”ﬁ L= Mfﬁ L, (2.69)

and thus to eliminate the transistor width as a design variable. In the same way,
the transistor surface can be rewritten as

(W) 3 2nKIl;;/m IF L (2.70)
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As a result, the problem of transistor sizing can be treated as the calculation of
the inversion factor and the transistor length to achieve the required design
parameters with the given polarization current.

2.3.2 Table of design parameters as functions of the design variables

Using the conclusions from the previous subsection, all important transistor
design parameters are summarized in Table 2.3. They are expressed in terms of
the two independent design variables. The ratio g,/Ip,. is used instead of the
transconductance g, as a design parameter, since it is a function of the
inversion factor only, and thus more convenient for the analog design as
demonstrated in [20]-[22]. On the other hand, the sum of all intrinsic
capacitances is approximated as

2C; = Cgsi+ Copi+ Cpi=Cop - WL=(ZC)) 15 2.71)

where WL is replaced by the expression (2.70). In a similar way, the transition
frequency is recalculated as a function of the inversion factor and the transistor
length. The summary of the design parameters and their dependence on design
variables is indicated in Figure 2.12. The g,/Ip ratio, the saturation voltage
and the output conductance depend on only one design variable and when these
parameters are given as a design specification, the transistor length or the
inversion factor is calculated directly. In contrast, the two-variable design
parameters demand either two design conditions or the optimization strategy.

one-variable

design params
Im
gDS VDSsat

(Z1)

i lpsa =I5 (WIL)-IF

— A —
(ZCy)
ft

Vn, eq

max

two-variable
design params

Figure 2.12 Relations between the design parameters and the design variables
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Table 2.3 Table of transistor design parameters given as functions of the

inversion factor and the transistor length

saturation B .
voltage Vpssar = Vi (2J177+ 4)
sat ratio R N S
gm/lIpsat Inae 1V, l+//ﬁ
2 4
output ,
conductance _ ‘Dsat
8ps .V

a

(xp+ 1)(xF— 9

,  2nKPV.-KF-IF
v , 7 = -
n, fl chofoF']Dsm

[Dsat 2 2
CGS = Cox' > - L § 3
2nKPV, - IF (x | g)
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1
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IDsat 2
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AN WKV - IF
intrinsic g
gain A,«=([m)'L'Va
Dsa
o o (aa) s
u = —2m .
q y 1 20(ZC) i Mpsar nCox-LZ
Y (1 2 )
, KR Gt
Vo, in =
. ’ g,
noise ([_[.)J_) Apous

31



CHAPTER 2: Transistor level design

2.3.3 Analyses of design parameters as functions of the design variables

The design parameters are analyzed in this subsection using the example of
one 0.35 um CMOS technology with the objectives to identify the parameter
bounds (maximal and minimal values), and to identify the possible optimal
choices (for the situations when there are several design requirements).

Saturation voltage - Figure 2.13 shows the saturation voltage as a function
of the inversion factor. The smallest saturation voltage can be achieved when
a transistor is operating in weak inversion, and its value is estimated to several
V; as stated in subsection 2.2.6. It is important to note that this is the minimal
possible value that can be expected with any technology. Therefore, to ensure
that the minimal saturation voltage is achieved, it is sufficient to chose the
transistor operating region at the limit of weak inversion (/FF = 0.1). When it is
necessary to move towards strong inversion because of some other parameter
(e.g. to improve the current matching), the best design choice is to place the
transistor at the limit of strong inversion (/F' = 10), since the saturation voltage
starts to increase quadratically with the inversion factor in strong inversion.

2u/Ipsus ratio - The ratio g,/Ip,,, illustrated as a function of the inversion
factor in Figure 2.14, achieves a maximum in weak inversion, whereas it is
proportional to //(+/IF) in strong inversion. The maximal value //(nV,) depends
on technology, since it depends on n, and varies from 27 up to 32 at ambient
temperature. This is a very important parameter because it shows the maximal
transconductance that can be achieved with the given polarization current.

V | :
bSsat  \eak ' moderate strong

Figure 2.13 Saturation voltage as a function of the inversion factor
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Figure 2.14 g,/Ipsa¢ ratio as a function of the inversion factor (0.35 um CMOS
technology)

Intrinsic gain - As it is directly proportional to the g,/Ip, ratio, the
maximal gain is obtained when the transistor operates in weak inversion.
Figure 2.15 gives an example of the intrinsic gain as a function of the inversion
factor for different transistor lengths for one 0.35 um CMOS technology.
Obviously, a longer L provides a larger gain. A key point here is to notice that
when the transistor operates in the center of moderate inversion (/F' = 1), the
gain value almost approaches its maximum, and thus it may often be an optimal
design choice.

It is also of interest to observe the gain characteristics in Figure 2.16 which
confirm that the intrinsic gain does not depend on the polarization current,
when the inversion factor is kept constant. We can see from equation (2.59) that
even though the transconductance value increases with the saturation drain
current (since the g,/Ip,, ratio stays the same), the output conductance also
increases with the polarization current, and thus the intrinsic gain can be
considered the same.

The most common design situation is depicted in Figure 2.17. Here, the
polarization current is kept constant, and the transistor length is changed from
the minimal value allowed by technology L,y up to 100L,,y, moving in this
way the transistor operating region towards strong inversion. Nevertheless,
when L increases, the overall gain also increases.
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Figure 2.15 Intrinsic gain as a function of the inversion factor for different

transistor lengths: 1.5Lyn, 3Ly, 6Ly (0.35 um CMOS technology)

Ai[dB]
60

— =

40 T(Ai)MAx L=Lyn

20+

- HA]

0 . .
1 10 100 1000

Figure 2.16 Intrinsic gain as a function of the polarization current (when
IF = const.) for different transistor lengths: 1.5L;n, 3Ly, 6Ly (0.35 um CMOS
technology)
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Figure 2.17 Intrinsic gain as a function of the transistor length when the
polarization current is constant (0.35 um CMOS technology)

Capacitances - Figure 2.18 presents an example of the gate-source Cgs and
the gate-drain Cgp capacitance trends when the inversion factor is changed, and
the transistor area (WL) is kept constant. As expected, the minimal Cgg is in
weak inversion. The bottom value is the overlap capacitance Cgg,, and when
the transistor is in the saturation region, Cgp; is negligible with respect to the
overlap capacitance Cgp,,.

Unfortunately, the described situation rarely occurs in real design. More
often, the saturation drain current is constant (it is imposed by the circuit
requirements), and the transistor length is determined by another design
parameter. When the inversion factor decreases, the transistor width and the
transistor area augment. Hence, as Figure 2.19 clearly shows, weak inversion
is the worst operating region, because the gate-source capacitance achieves
there its maximum.

Figure 2.20 depicts another situation: the saturation current is constant, and
the transistor width is fixed. When the transistor length is changed, the
inversion factor is consequently changed. In this case, a longer L means
moving towards strong inversion, but also a larger surface and thus a larger
Cc;s.
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Figure 2.18 Gate-source and gate-drain capacitances as functions of the
inversion factor when WL = const. (0.35 um CMOS technology, L = Ly,
W =50 um, COX = 4.48 mF/m?2)
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20+
0 ‘ IF
0.1 1 10

Figure 2.19 Gate-source capacitance as a function of the inversion factor, when
the polarization current and the transistor length are constant (0.35 um CMOS
technology, L = Ly, COX = 4.48 mF/m2)
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Figure 2.20 Gate-source capacitance as a function of the transistor length when
the polarization current and the transistor width are kept constant (0.35 um CMOS
technology, W =50 um, COX = 4.48 mF/m2)

Transition frequency - Figure 2.21 depicts the transition frequency as a
function of the inversion factor for different transistor lengths. Higher
transition frequency is achieved when the transistor operates in strong
inversion and its length is as small as possible.

The situation when the polarization current is constant and the transistor
length is changed from Ly up to 100L,y is shown in Figure 2.22. Clearly, to
obtain the maximal f;, the minimal transistor length is a must. In the case when
the transistor length has to be increased due to some other design parameter,
the acceptable limit that we propose here is L = 10L,y.

Noise - The thermal noise voltage root spectral density as a function of the
inversion factor, when the transistor area is kept constant, is depicted in Figure
2.23. It decreases when the transistor operating region moves towards strong
inversion.

The flicker noise voltage root spectral density is inversely proportional to
the transistor area. Thus, it is of interest to observe the situation when the
transistor length is imposed by another design parameter, and the polarization
current is constant. In this case, the weak inversion operation means a larger
transistor width and a larger surface, and thus a smaller flicker noise
contribution (Figure 2.24).
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Figure 2.21 Transition frequency as a function of the inversion factor for different
transistor lengths: 1.5Ly,n, 3Ly, 6Ly (0.35 um CMOS technology, KP =243 nA/
V2)
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Figure 2.22 Transition frequency as a function of the transistor length when the
polarization current is constant (0.35 um CMOS technology, KP = 243 nA/V?)
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Figure 2.23 Thermal noise voltage root spectral density as a function of the

inversion factor, WL = const. (0.35 um CMOS technology, L = Ly, W =50 um,
KP = 243 uAIV?)
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Figure 2.24 Flicker noise voltage root spectral density at f= 1 Hz as a function of
the inversion factor when the transistor length and the polarization current are
constant (0.35 um CMOS technology, L = Ly, I =10 pA, KP = 243 nA/V?)
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2.3.4 Design steps

Design at the transistor level includes the following steps:

» check of design parameters limits,

* determination of the bounds of design variables,

+ calculation of the design variables to achieve the specified or the closest
value of each specified design parameter.

Check of design parameters limits - Before any calculation at the
transistor level, the first thing to be verified is if the specified parameter is
within the technology limits. For example, it is not possible to expect a
saturation voltage smaller than 4V, or parasitic capacitances smaller than the
overlap capacitances calculated for the minimal transistor width/length.
Similarly, if the required transconductance is larger than 1, ,,/(nV,) , the
problem is not in the transistor sizing. In this case, to make it possible to
achieve the required value, the polarization current must be augmented.

If the specified design parameters are outside the technology limits, the
design must be revised at the circuit level. This topic will be treated in the
following chapters.

Determination of the bounds of design variables - Minimal transistor
length and width are defined by the fabrication process. However, minimal
transistor lengths are often avoided because of short channel effects, and it is
proposed not to use transistor lengths smaller than 2L,,y. In addition, to
achieve better current/voltage matching, it could be decided to increase the
minimal acceptable transistor length for some transistors to 5L;y.

On the other hand, maximal transistor area is imposed by the total circuit
layout area constraint. For example, if L is fixed, moving towards deep weak
inversion means increasing the transistor width, which can become “too wide”.
As a result, maximal transistor width or length may be defined for certain
design situations.

Calculation from two design specifications - If the polarization current
and two design parameters are specified from the design at the higher level, the
transistor length and the inversion factor can be calculated directly.

The most common design situations include the following combinations:

» output conductance + saturation voltage,

* output conductance + transconductance,

* output conductance + gain,

+ transconductance + gain,

+ saturation voltage + gain,

* output conductance + sum of parasitic capacitances,
» transconductance + sum of parasitic capacitances,

* output conductance + transition frequency,
 transconductance + equivalent noise,
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* gain + transition frequency,

* gain + sum of parasitic capacitances, and

* gain + equivalent input referred noise.

The design recipe for each case is given in the next subsection.

Optimization strategy - When one or both of the specifications are
expressed as requirements to minimize or maximize a certain design
parameter, the design task consists in searching for the best design variables’
values. A similar situation may occur when there are more than two design
specifications. Following the analyses in subsection 2.3.3, the optimal design
regions are proposed for each design recipe in the next subsection.

2.3.5 Design recipes

Output conductance + saturation voltage - The transistor length is
calculated using the approximation (2.39), whereas the inversion factor is
calculated using (2.28). Thus,

Ipsur
—L=—"-and 2.72
&ps 25V, ( )
_ VDSsat 2
Vpsous— IF = [0.5 : (T - 4)} . (2.73)

Output conductance + transconductance - The transistor length is
determined as in (2.72), and the inversion factor is calculated from the g,./Ips.
ratio. Thus,

g oS p = [+ 1}2— (2.74)

1
Dsat n Vt : (gm/IDsat) 2 4

Output conductance + gain - Since the intrinsic gain is defined as the ratio
of the transconductance and the output conductance, it follows that

A; =8y = 4" &ps» (2.75)
which is equivalent to the case: output conductance + transconductance.
Transconductance + gain - Similarly to the previous case,

A, > gps=A4,/8m> (2.76)

which is equivalent to: output conductance + transconductance.
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Saturation voltage + gain - The inversion factor is determined using the
equation (2.73). Further, the g,,/Ip,, ratio is calculated from the inversion factor
as in (2.40). Thus,

gm

VDSsat - IF— ]_ (277)

Dsat

The transistor length is now easily determined from the development (2.59) as

A.
! (gm/IDsat) ’ Va ( )

Optimization strategy - The design conditions to:

* minimize the saturation voltage, or

* achieve the maximal gain

require weak inversion as the operating region for both parameters.

Output conductance + sum of parasitic capacitances - The transistor
length is calculated from the output conductance using the expression (2.72).
On the other hand, the sum of parasitic capacitances is largely approximated by
the equation (2.71). Therefore,

I
(2C) —>IF = C, 17— (2.79)
2nKPV; - (£C))

Optimization strategy - The design conditions can be to:

* maximize the output resistance, or

* minimize the sum of parasitic capacitances.

Since larger transistor length increases the output resistance (decreases the
output conductance), the parasitic capacitances are augmented consequently.
Thus, a design trade-off must be found.

According to the analysis of source-gate capacitance behavior shown in
Figure 2.19, the optimal solution is in the region [/ <IF<10 where the
capacitance value approaches its minimum. If the inversion factor is set in these
bounds, the maximal transistor length is

(ZC)),

(L)pax = > (2.80)

Cnx . IDsat
2nKPV, - IF

where the maximal acceptable value (XC;), must be estimated from the design
at a higher level.

The other solution is to decrease the saturation drain current, i.e. the
polarization current. As a result, the output resistance increases, whereas the
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parasitic capacitances diminish. However, this decision must be confirmed at
the circuit level, and may not always be possible.

A special case here can be the combination: output conductance + sum of
parasitic capacitances + saturation voltage. When the saturation voltage has
to be minimized, the output resistance maximized and the parasitic
capacitances minimized, the optimal solution is, again, in the region
I1<IF<10.

Transconductance + sum of parasitic capacitances - The required
transconductance value imposes the inversion factor as in (2.74), and the
transistor length is then computed as

(XC)
COX . IDsat
2nKPV, - IF

(EC) > L = (2.81)

Optimization strategy - To fulfill the requirements to:
¢ maximize the transconductance, or
* minimize the parasitic capacitances
a design trade-off needs to be found. To achieve the highest g, the transistor
must operate in weak inversion, which is the most unfavorable region for
minimization of the parasitic capacitances. According to Figure 2.14 and
Figure 2.19, the optimum is around /F' = 1.

The first possibility is to set the transistor length to Ly, and then calculate
IF according to the required transconductance value. However, this solution is
acceptable only if this places the transistor in moderate inversion operation.
The better solution is to set the inversion factor to /F" =1, and this gives the
transistor length as

: (2.82)

where (£C;), is the minimal acceptable value.

Another special case is the combination: transconductance + sum of
parasitic capacitances + saturation voltage. The minimization/maximization
trade-off is again around /F = 1.

Output conductance + transition frequency - The required output
conductance gives the transistor length, as in (2.72). If the transition frequency
is approximated as

g nKPVt2~IF
o ()
nC,, - L

ox

(2.83)

[Dsat
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and the g,/Ipy,, ratio is replaced by (2.40), the inversion factor is given by

_ Cohi'T(Cop /(LR + KPV))
KP’V;

fi—IF (2.84)

Optimization strategy - The design conditions in this case can be to:

* maximize the transition frequency, or

* maximize the output resistance.

According to the analysis in subsection 2.3.3, maximal transition frequency is
achieved when the transistor length is minimal. It is also observed that the
transition frequency increases in strong inversion. Thus, a possible solution is
to set /F' = 10, and calculate the transistor length from the minimal acceptable
f; value using

_lr g, nKPV]IF
L - J(IDSHZJ . TCCOX.f; ’ (2.85)

The other way to find a design trade-off is to use the result shown in Figure
2.22. On this basis, putting L < 10L,y still improves the output resistance and
may be acceptable. The inversion factor is then calculated from the minimal
acceptable f; value using equation (2.84).

Transconductance + equivalent input referred noise - The equivalent
input noise can be approximated by its flicker noise component, since its
contribution is critical and dominant in low frequencies. Therefore, when the
inversion factor is determined from the g,/Ipq, ratio, the transistor length can
be calculated as

(2.86)

N KF - 2nKPV: - IF
Vo, f1 =

AF "
vn,ﬂ : IDsat : C()xf

Optimization strategy - There is no need for trade-off decisions here, since
weak inversion operation provides maximal transconductance and minimal
flicker noise. Total noise can be further decreased at the cost of polarization
current. Higher saturation current, when the inversion factor is kept constant,
results in higher g,, minimizing the thermal noise component, and thus, the
overall noise level. Nevertheless, this decision must be reconsidered from the
point of view of circuit-level design and total current consumption
requirement, and may not always be applicable.
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Gain + transition frequency - If the gain is determined as in equation
(2.59) and the transition frequency is approximated by the expression (2.83),
the transistor length can be calculated as

_KPy,+ JKPPV: - 442C, fKPn’nY,
B 24.C, fnm :

(2.87)
if KP'V.>44.C, fKPn'nV,. (2.88)

Then, the g,/Ipy. ratio is calculated with respect to the required gain, which
finally gives the inversion factor.
gm A[

IDsat = 17/; — IF. (289)

Optimization strategy - When it is required to:
* maximize the gain, or
* maximize the transition frequency,
the design optimum can be found in moderate inversion, and a good initial
value is [F = 1. If the transition frequency has higher design priority, the
transistor length is determined from the approximation (2.83). Otherwise, it is
calculated from the gain equation (2.59).

Gain + sum of parasitic capacitances - There are two equations: the gain
given by the equation (2.59) and the sum of intrinsic capacitances
approximated as (2.71). The mathematical solution is

2
24;C, 1, KPn(C)V.
IF = — i Corl paKPHC) az 5, and (2.90)
(Ai Cox[Dsatn - 2KP(ZCl) Va)
24.KPn(ZC)HV V
L= RPnCCVE (2.91)
2KP(ZC)V,— 4;C, Ipean
giving an additional requirement
2KP(EC) V2> A°C I, n 2.92
i’ a i ~ox"Dsat

since the transistor length cannot be negative.
Optimization strategy - The design conditions can be to:
* maximize the gain, or
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* minimize the parasitic capacitances.
The optimal solution is, as in the previous case, in the center of moderate
inversion. The transistor length is calculated from the acceptable value that
represents higher design priority: gain or (2C;).

Gain + equivalent input referred noise - When the equation (2.59)
expressing the intrinsic gain, and the equation approximating flicker noise
contribution

KF - 2nKPV: - IF

Vi = (2.93)
g L2 ' IDsat : C{;foF
are solved, the transistor length and the inversion factor are given by
2 AF 2
24;C, 1y, KFKPnV.
1P = —= A{ T (2.94)
(Ai Caxf [Dsatnvn, th — ZKFKPVa)
2A,KFKPnV V.
L=— — L > (2.95)
Ai Cnxf [Dsatnvn, th — 2KFKP Va
with an additional requirement
A7C, S s utvy > 2KFKPV.. (2.96)

Optimization strategy - There is no possible design problem here, since:

* maximal gain, or

* minimal flicker noise contribution

are both achieved either in weak inversion operation, or when the transistor
length is augmented.

2.4 Conclusion

The inversion factor and the transistor length are identified as the only
independent variables for design at the transistor level. The design, therefore,
consists in the choice of the inversion factor and the transistor length values to
achieve the transistor parameters specified by higher-level design. The design
recipes for most common design situations are proposed. They include direct
calculations, when two design specifications are given, as well as the
discussion of optimal design regions in the case when it is required to
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minimize/maximize a certain design parameter. Table 2.4 summarizes the most
important optimization guidelines concerning the choice of the inversion
operating region on the basis of the proposed transistor-level design recipes.

Table 2.4 Transistor-level design guidelines

Om 9bs Vbssat A; f; (=C) Va
9m X direct calc IF<0.1| IFL0.1| IF =1 | IF =1 IF<0.1
dbs direct calc X directcale | directcalc | JF>]0 | [ <IF<]0 | IF<0.1
Vpssat | IF<0.1 | directcalc X IFL0.1| IF =1 | IF =1 IF<0.1
A; IF<(0.1 | directcalc IF<0.1 X IF =1 | IF =1 IF<0.1
f; IF =1 IF =10 IF =1 IF =1 X IF =10 IF =1
(=C) IF =1 I1<IF<10 | IF =1 IF =1 IF =10 X IF =1
Vn IFL0.1| IF<0.1 IFL0.1| IFL0.1| IF =1 IF =1 X
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CHAPTER 3

BSIM to EKV conversion

The BSIM2EKV converter has been developed as a stand-alone
application that works in interaction with an external simulator. It
makes it possible to extract the parameters of the EKV model from
the parameters of the BSIM model using the algorithm based on
standard EKV model parameters’ extraction procedure and the
simulated transistor characteristics. This chapter provides the
details on BSIM to EKV conversion procedure, and presents the
developed tool.

3.1 Motivation and purpose

The main motivation to develop the program for automatic conversion of
BSIM to EKV model parameters was to allow the analog designers to use the
PAD tool [1]-[2], presented in chapter 6. Since the BSIM model is an industrial
standard, very often only the BSIM model parameters are provided by the
foundries. On the other hand, the transistor-level calculator implemented in
PAD is based on the EKV model. Therefore, the EKV model parameters are
required as input data for each analog design scenario. The problem is solved
by creating the BSIM2EKYV conversion program as a separate module. The
BSIM2EKV converter extracts automatically the parameters of the EKV
model (version 2.6) from the parameters of the BSIM model (version 3.3) and
creates the EKV model library file. The generated model library file can be
used not only as a PAD tool input file, but also as a PSpice or HSpice-like
simulator input file.

The extraction algorithm described in this chapter can be also used for the
extraction of the EKV model parameters manually. It is enough to perform the
first five steps of the extraction procedure, since only the intrinsic EKV model
parameters are needed for the hand-calculations. This facilitates the use of g,/
I based methodologies [3]-[7], as well as the calculation of the initial design
sizes using the EKV model approximations. Moreover, the transistor-level
design approach presented in this book is based on the choice of the inversion
factor whose calculation requires the intrinsic EKV model parameters.
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CHAPTER 3: BSIM to EKV conversion

3.2 Conversion concept

The parameter extraction algorithm is based on the “efficient parameter
extraction methodology” described by M. Bucher et al. [8]. The basic idea
behind the BSIM to EKV conversion is to replace the measured characteristics
required for the standard extraction procedure by transistor characteristics
simulated using the BSIM model library file. The EKV model parameters are
then extracted in their logical order, as proposed by the standard procedure.
The transistor characteristics where the corresponding parameter is dominant
are simulated only in the operating regions where the two models can be
compared. In this way, the parameters are determined with minimal error
propagation and with maximal respect of the fundamental concepts of the two
models. The extraction concept is illustrated in Figure 3.1.

The transistor characteristics are simulated using the external simulator.
The present version supports the interaction with PSpice (BSIM level 7) and
SMASH (BSIM level 49, i.e. HSpice-like library files). The important point is
that simulator demonstration (“demo”) versions are sufficient, since all
simulated circuits consist of one transistor and several ideal voltage or current
sources. When the simulator executive file path is specified, the BSIM2EKV
program creates netlists and stimulus files and automatically runs all required
simulations. The transistor characteristics are then extracted from the
simulation output files and saved as arrays of points that are used later in the
extraction procedure.

= read calc =

— BSIM » EKV init = ————————————

— params values — —EKV model—
“equations =

!

extract -
curves —> |fitting| —» |= = =
- t out ATL A
.cir, .ne /4 . optim.
STATATOE toolbox
- PSpice
- SMASH

Figure 3.1 BSIM to EKV extraction concept
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3.3 BSIM versus EKV, the fundamental differences and the conversion algorithm

The conversion algorithm has been developed as a sequence of simulations
of the transistor characteristics, and parameter extraction steps consisting in
fitting the simulated curves by the EKV model equations. Due to the
hierarchical structure of the EKV model, the optimization loops are not
required. In each step, the EKV model equations, used for curve fitting, include
only the previously extracted parameters. Thus, the global approach, which
means extracting all parameters from all characteristics and setting the default
parameters’ values for non-extracted parameters, is avoided. Each parameter is
determined from the set of curves where its impact is dominant. The curve
fitting is based on the Levenberg-Marquardt non-linear least squares method.
The initial value for each parameter is calculated from either corresponding
BSIM parameters or using graphical methods. The convergence parameters
and the model parameters limits are set according to [9]. The extracted EKV
model library file includes the parameter sets listed in Table 3.1.

The conversion algorithm was first developed using the MATLAB
optimization toolbox. The MATLAB scripts are compiled as C++ files and
merged with the rest of the program that is also written in C++. As a result, the
BSIM2EKYV converter works as a stand-alone application.

3.3 BSIM versus EKV, the fundamental differences and the
conversion algorithm guidelines

Several studies have been undertaken by P. Bendix [10] and S. Terry et al.
[11] in order to determine the fundamental differences between BSIM and
EKYV model behavior. The parameters of each model were extracted from the
measured curves, and the results compared in different operating regions. The
main purpose was to draw conclusions in terms of the feasibility of simulation
results. Nevertheless, the conclusions of the aforementioned authors in
fundamental comparison points allowed us to determine the important
guidelines for the BSIM to EKV conversion algorithm.

The principal difference between the two models is observed for the g,,/Ipq
ratio as a function of the inversion level. Although the EKV model behavior is
considered more idealistic, the prediction in all inversion regions is good. In the
case of the BSIM model, the behavior is correct in strong and deep weak
inversion, while an error of 40% is detected at the limit of weak and moderate
inversion. Consequently, the strong inversion region is chosen wherever
possible as the region where the parameters of the EKV model are extracted
from the curves simulated using the BSIM model. The only exceptions are the
Vp = f{(V) simulations. In these cases, transistors are polarized in the center of
the moderate region, since it is the fundamental point of the standard EKV
model parameters’ extraction procedure.
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Table 3.1 Extracted/calculated EKV model parameters’ list
RSH sheet resistance [£2¥mZ2]
process related parameters
cox gate oxide capacitance per unit area [F/m?2]
xXJ junction depth [m]
DW channel width correction [m]
DL channel length correction [m]
basic (intrinsic) model parameters
V10 long-channel threshold voltage V]
GAMMA body effect parameter [JT/ ]
PHI bulk Fermi potential V]
KP transconductance parameter [A/V2]
EO mobility reduction coefficient [V/m]
UCRIT longitudinal critical field [V/m]
charge sharing and channel length
modulation parameters
LAMBDA channel length modulation -
WETA narrow-channel effect coefficient -
LETA short-channel effect coefficient -
reverse short-channel effect parameters
Qo reverse short-channel effect peak charge [As/m2]
density
LK reverse short-channel effect characteristic [m]
length
impact ionization related parameters
IBA first impact ionization coefficient [1/m]
IBB second impact ionization coefficient [V/m]
IBN saturation voltage factor for impact -

ionization
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Table 3.1 (continued) Extracted/calculated EKV model parameters’ list

temperature parameters

TCV threshold voltage temperature coefficient [V/K]
BEX mobility temperature coefficient -
UCEX longitudinal critical field temperature -
exponent

noise parameters

KF flicker noise coefficient -

AF flicker noise exponent -

The comparison of drain currents as a function of Vg and their derivatives
shows better behavior of the EKV model, even though the characteristics are
slightly underestimated for small L. Concerning the output conductance, the
conclusion is that the BSIM model has a correct trend for both long and short
transistors, where there exist a relatively small error for short L. The error
occurring in the case of the EK'V model is explained by simplified modeling of
the drain induced barrier lowering.

Therefore, the most critical step in the conversion algorithm becomes the
extraction of the parameters UCRIT and LAMBDA, as will be shown in the next
section. To overcome the model differences, only the initial values are
determined from the characteristics Ip = f{(¥p) in strong, moderate and weak
inversion. Using these initial values as a starting fitting point, the parameter
UCRIT is determined from I = f(V;) characteristics, and the final value of
LAMBDA is extracted from I, = f{Vp) in strong inversion only.

3.4 Conversion algorithm

The conversion algorithm starts with the initialization step where all
necessary information is gathered:
» simulator executive file path,

» working directory path,
* technology information,
* BSIM model library file path.

The BSIM model library file is parsed and the parameters required for the
calculation of the initial fitting points are read. The detailed diagram of all
conversion steps is depicted in Figure 3.2. When all EKV parameters are
extracted, the EKV model library file is created together with the conversion
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report text file. The corresponding rms error is calculated for each fitting step
and written in the conversion report text file. Moreover, the testbench
simulation option becomes enabled. This makes it possible to compare the
transistor characteristics simulated with the BSIM model and the just extracted

EKYV model.

BSIM
lib

calculations|---»

simulations:
Ip =f(Vs)
allgeom, all T

calculations|---»

simulations:
Ve = (V)
allgeom, all T

fitting| ---%

v

simulations:
Iy = f(Vg),lin.

WL

fitting| ---»

simulations:
Ip = f(Vg).lin.

WS

fitting| ---»

EKV params
initial values

Ig for all
transistors

VTO, GAMMA
PHI, LK, QO,
LETA, WETA

KP, EO

RSH, DL

+ |Z==

report.txt  EKV .lib

simulations:
Iy = f(Vp),st. inv.
WS
fiting| ---» UCRIT,
LAMBDA,;
simulations:
Iy =f(Vg),sat.
WS
fitting| ---» YCRIT,
< > LAMBDA
simulations:
’ Iz = f(Vg),sat.
WL
s ___a IBA,IBB,
fitting > BN
. ___a TCV, BEX,
fitting > UCEX
simulations:
noise
WL, st. inv.
fitting ---» AF, KF
/S

testbench

simulations

Figure 3.2 Flow-chart of BSIM to EKV conversion steps
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3.4 Conversion algorithm

3.4.1 Initialization

The technology information required for the conversion is:
e minimal transistor width Wy,
* minimal transistor length Ly,
» supply voltages Vpp/Vss,
* and parameter HDIF.
The parameter HDIF in the EKV model is calculated from layout rules as

HDIF = D +0.5W,,,, (3.1

cont, psedge

where D on pseage 1 the minimal distance from the contact to the polysilicon
edge and W,,,, is the minimal contact width.
According to minimal transistor width and length, the transistor geometries
of interest are determined in the following way:
» wide/long transistor WL - Wyax/Lyvax, Where if Ly < 0.35 pm, then
Wiytax = Lyux = 10 um, otherwise Wyiax = Lyux = 25 um,
* set of wide/short transistors WS - Wy x/Laan, 1.2Lyan, 1.4Laygn,
].6LM[N, 1.8LM]N, ZLM[N, 2~4LM[N; 2. 8LM]N, 3-2LMIN; 3. 6LM[N, 4LMIN,
» set of narrow/long transistors NL - Wy, 2Waun/Larax.
The parameters that are read from the BSIM model library are:
* nominal temperature (TNOM),
» process parameters (70X, XJ, NCH),
» parameters for the initial values’ calculation (U0, VSAT, WINT, LINT,
BETAO, ALPHAI),
» gate-overlap capacitances (CGSO, CGDO, CGBO),
» and junction capacitance parameters (CJ, CJSW, MJ, MJSW).
Using these data, the EKV and BSIM parameters are then mapped as in Table
3.2. Finally, the initial values for the fitting steps are calculated as in Table 3.3.

Table 3.2 BSIM and EKV parameter mapping

TNOM = TNOMpsim
TOX = TOXgsim
NSUB = NCHgsim
XJ = XJgsim
Dw = -2WINTgsim
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Table 3.2 (continued) BSIM and EKV parameter mapping

CGSO = CGSOgsim
CGDO =CGDOgsim
CGBO = CGBOgsiu
or eoxLINT/TOX
uo = UOssim
VMAX = VSATgsim

Table 3.3 Calculation of initial values of EKV parameters

DL init = - 2L1NTBS[M
6
2geq,- (NSUB - 10
GAMMA | init = J gesi - ( ),COX:eOX/TOX
COX
o NSUB-JO‘)
init = 2V,(TNOM) ln(—n[(TNO , where
E(T E(T
n(T) = 1.45~]016~L~exp( o Trer)  E(D))
PHI Trer 2V (Trgrp) 2VAT
T’ kT
E(T) = 1.1 f(. 2-—),1/ = X2 Trer=300.15K
(1) 6-(0.000702 =g (T) T
KP init = (U0- 107"y - COX
UCRIT | init = l@%
uo-10
EO0 init = — 01
0.4-TOX
BETAO e, XJ
IBB init = =220 p o~ (s
LC COX
IBA init = IBB - ALPHAI 35,
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3.4.2 Specific current calculation

Before starting any simulation or fitting step, the specific current must be
determined for each transistor geometry. This information is needed:
o for Vp = f{V) simulations, and
» to correctly determine weak, moderate and strong inversion regions of
operation.
Since the saturation drain current in strong inversion is approximated by

1
Ip =BV = =501y, (3.2)

it follows that

dly _ Iy (3.3)

dvy 27,

and hence, the specific current can be extracted from the slope of the square-
root of the drain current plotted as a function of the source voltage (Figure 3.3).
As, in practice, this slope is not constant, the specific current is calculated from
the maximal slope as

I = [2V(d JTp/dVe)pax) - (3.4)

Accordingly, the first simulation step consists in simulations of the drain
current as a function of the source voltage for all transistor geometries. Strong
inversion and saturation are ensured by setting Vp = Vi = Vpp for an NMOS
transistor and Vp =V =Vgs for a PMOS transistor. To extract the temperature
parameters, the same simulation set is repeated for the WL transistor for the

Vip

(slope), . = (dVIp/dVs) => Is

Vs

Figure 3.3 Shape of the curve of the square-root of the drain current as a function
of source voltage for a WL NMOS transistor operating in strong inversion
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temperatures of interest (-40°C, -20°C, 80°C, and 120°C). The specific current
in each case is calculated using the equation (3.4).

3.4.3 Extraction of parameters VTO, GAMMA and PHI

The intrinsic parameters V7O, GAMMA and PHI are determined by fitting
the simulated curves Vp=f{(V;) for the WL transistor to the simplified
equations

Vg = Vg— VTO+PHI+GAMMA - JPHI (3.5)
and
2
Vo= Vi - PHI- GAMMA( \/ Vg + (GAA;[MA) - GA]‘;MA) (3.6)

for V;'>0,and V, = —PHI forV; <0.

The Vp =f(Vs) curves are simulated using the scheme, proposed by M.
Bucher [8], which is shown in Figure 3.4. According to the expression (2.31),
when a transistor operates in saturation region and Vp = Vi, it follows that

Iy = Iy TP =% . (3.7)

Hence, if a transistor is polarized with half of the specific current, and the gate
voltage is varied from the positive to the negative supply voltage, then the
simulated source voltage V' is equal to the pinch-off voltage Vp.

3.4.4 Extraction of parameters LETA, WETA, and LK, Q0

The parameter LETA is determined using the simulated Vp = f{V) curves
for WS transistors, while the parameter WETA is extracted from Vp = f(V)

Figure 3.4 Scheme for Vp = f(V) simulation for a) NMOS and b) PMOS
transistors
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[Vl [V]
0.65 1
VTO =0.57
0.55 A
1 ! | Leff
LMlN 2I—MlN 4|—MlN

Figure 3.5 Vg = f(L.s) curve extracted for PMOS WS transistors (0.5 um CMOS
technology conversion example, Vyy, = 0.57 V)

curves for NL transistors. In this conversion step, the complete V = f(V ;) EKV
model equations are used for the curve fitting.

The parameters LK, Q0 are used to model the reverse short-channel effect
through the voltage difference AVzscr =f(LK, Q0). Thus, the equivalent
threshold voltage value of each WS transistor is determined as the intersection
of the appropriate Vp =f(V;) curve and the x-axis. Then, the curve
Viu = f(Leg), whose shape is illustrated in Figure 3.5, is plotted and fitted using

Vi = Vio+ AVrsce + ¥ JVs — GAMMAJPHI (3.8)

where VS’,D’ :f(VS, Ds PH[), and 'J/y :f(VS’, VD': LETA, WETA)

3.4.5 Extraction of parameters KP, EO

Using the simplified drain current equation, the parameters KP, E(Q are
extracted by fitting the curves Ip = f{V;) for a WL transistor operating in the
linear region (Vps=50mV) for different bulk voltages V. For an NMOS
transistor, the V values are chosen in the range Vs - 0.5(Vpp-Vss) to Vss. For a
PMOS transistor, the V values are chosen in the range Vpp to Vpp + 0.5(Vpp-
Vss). Figure 3.6 illustrates the results obtained after fitting the simulated curves
with the simplified EKV model on a 0.5 um CMOS technology conversion
example [12], [13].
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Vo

Figure 3.6 I = f(V) simulated (BSIM) and fitted (EKV) characteristics for a WL
PMOS transistor operating in the linear region (0.5 um CMOS technology
conversion example, KP, = 45 uV/A2?, EO, = 43.3 VIm)

3.4.6 Extraction of parameters RSH, DL

The initial value of the sheet resistance RSH,,; is determined using the
method of Ghibaudo, described in detail in [14]. The RSH,,; is calculated from
the factor of the mobility reduction that is determined graphically from
Ip = f{(V¢) curves simulated for WS transistors operating in the linear region.
Then, fitting the same set of simulated curves for WS transistors, the
parameters RSH and DL are extracted. The EKV model equations are still
simplified in this step and include only effects modeled with the parameters
extracted in the previous steps.

3.4.7 Extraction of parameters UCRIT, LAMBDA

The parameters UCRIT, LAMBDA are extracted using the complete set of
EKV model equations and the simulated characteristics for Ip = f(Vp) and
Ip = f(Vs). In order to determine the appropriate gate voltage value in strong,
moderate and weak inversion, the WS transistors are simulated as diode-
connected and polarized by 100/, /5 and 0.01/g, respectively. However, due to
the differences reported between the two models, only the strong inversion
region is valid for the parameter extraction. Therefore, Ip = f(Vp) curves are
simulated for WS transistors in strong inversion, and the parameters are
extracted using a different strategy compared to the previous steps (where each
pair of model parameters is obtained by direct fitting of the appropriate set of
curves).
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Whax/Lumin

EKV J Wiax/2Lvin

---- BSIM
Whax /4Ly

a) Ve
Ip
—— EKV
---- BSIM
Wsxlun
WMAX/ZLM\N
WMAX/4LM|N
b) \%)

Figure 3.7 a) Ip = f(Vg) in the saturation region and b) I, = f(Vpp) in strong inversion
operating region simulated (BSIM) and fitted (EKV) characteristics for WS NMOS
transistors (0.5 um CMOS technology conversion example, LAMBDA,, = 0.27,
UCRIT,, = 5.25 MV/m)

First, the initial values of UCRIT, LAMBDA are estimated by fitting
Ip =f(Vp) curves simulated for WS transistors in strong inversion. The
parameter LAMBDA is fixed to its initial value, and the parameter UCRIT is
extracted by fitting Ip = f(V) curves simulated for WS transistors operating in
saturation. The UCRIT value is then fixed to this extracted value, and the
parameter LAMDA 1is extracted by fitting once more Ip = f(Vp) curves
simulated for WS transistors in strong inversion. The final value of the
parameter LAMBDA is evaluated giving the highest weight to the fitting result
obtained in the case of the shortest transistor, i.e. Wy x/Lyn. Figure 3.7 depicts
the results obtained after a fitting of Ip = f(Vp) and Ip = f{(V) curves simulated
with the BSIM model by the complete EKV model on a 0.5 um CMOS
technology conversion example.
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b)

_|l$| 100l |
a) )

Figure 3.8 Scheme for the simulation of equivalent output noise current for WL
a) NMOS and b) PMOS transistors operating in strong inversion

3.4.8 Extraction of parameters IBA, IBB, IBN

The parameters that are modeling the substrate current are extracted from
Iy = (V) curves simulated for the WL transistor operating in saturation.

3.4.9 Extraction of parameters TCV, BEX, and UCEX

The temperature parameters are extracted by fitting the simulated curves for

temperatures -40°C, -20°C, 80°C and 120°C in the following order:

o TCV (related to VTO) from Vp = f(V) for a WL transistor,

* BEX (related to KP) from Ip = f{V) for a WL transistor operating in the
linear region,

* and UCEX (related to UCRIT) from I = f(V) for WS transistors
operating in saturation.

3.4.10 Extraction of parameters KF, AF

The noise parameters are extracted from the equivalent output noise current
spectral density for WL transistors operating in strong inversion. The
transistors are connected and polarized as presented in Figure 3.8, and the AC
noise simulations are performed in this case.

3.5 Conversion results

After all conversion steps have been accomplished successfully, the
BSIM2EKYV program generates the EKV model library file and the conversion
report text file. The conversion report file consists of the description of the
conversion procedure, i.e. the details on each simulation and fitting step and the
rms errors calculated for each set of fitted curves. The rms error is calculated
as is defined in [15]. At the same time, the testbench simulation menu becomes
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active in the program window (Figure 3.9). It allows the user to compare the
different transistor characteristics simulated with the BSIM library file and the
extracted EKV library file. In this way, the user can inspect visually the
differences between the two models and estimate the quality of the conversion
results. The available simulation sets are listed in Table 3.4.

Table 3.4 Testbench simulation options

Ip = 1(Ve)

WL transistor,
linear region,
different Vg

| dlp/dV,
Ip = f(Vg) D piave — _EKV

WL, WS and NL ==~ BSIM
transistors, -
linear region

Ip = (V)

WL, WS and NL
transistors,
saturation region
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Table 3.4 (continued) Testbench simulation options

Ip = f(Vp)

WL, WS
transistors,
strong/
moderate/weak
inversion

dlp/dVp

—EKV
---- BSIM

normalized g,/
Ipsat ratio

— EKV
---- BSIM

IF
simple circuit AldB dVgr/dV,
example: 8] —EKV .
OTA ---- BSIM

(with differential
pair in strong/
moderate/ weak
inversion)

- AC transfer
function

- DC input range

f
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CHAPTER 3: BSIM to EKV conversion

3.5.1 The 0.18 um CMOS technology conversion example

The results of the BSIM to EKV model parameters conversion are
illustrated here for an example of a 0.18 um CMOS technology. The
conversion time with an Intel Pentium 4 CPU at 2.4 GHz is about 5 minutes.
The rms errors are given in Table 3.5. The comparison of transistor
characteristics in the linear region and in the saturation, as well as in the strong
inversion, are presented in Figures 3.10, 3.11, and 3.12, respectively.

Table 3.5 0.18 um CMOS technology conversion example: rms error

rms error [%] | rms error [%]
compared characteristics NMOS PMOS
Ve = f(Vg), WL 1.63 0.38
Ip = f(Vg), lin, different Vg, WL 1.85 1.40
Ve = f(Vg), lin, WS 5.61 2.14
Ve = f(Vg), sat, WS 4.14 1.54
Vp = f(Vg), strong, WS 7.48 2.12
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I,[A] I5[A]
1.810° 4107
6 -
1210 310 &v{ 27,24,21,18V
210
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1-10
B== 0,-0.3,-0.6,-0.9 V NN
0 0.6 1.2 1.8 0 0.6 1.2 1.8
VsV V
_EKV s[V] _E,Q/M slV]
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10" 107°

107 107 \=27,24,21,1.8V
Vy=0,-0.3,-0.6, 0.9V
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12 -13

10 % 1.2 18 107 0.6 1.2 1.8
VgV] VslV]
a) b)

Figure 3.10 a) NMOS and b) PMOS I, = f(V;) characteristics in the linear region
for different Vg, simulated with BSIM and extracted EKV model parameters in a
0.18 um CMOS technology conversion example
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Figure 3.11 a) NMOS and b) PMOS I, = f(V;) characteristics in the saturation
region, simulated with BSIM and extracted EKV model parameters in a 0.18 um
CMOS technology conversion example
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Figure 3.12 a) NMOS and b) PMOS I, = f(Vpp) characteristics in strong inversion,
simulated with BSIM and extracted EKV model parameters in a 0.18 um CMOS
technology conversion example
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3.5.2 Results interpretation for analog design

The comparison of transistor characteristics simulated with the BSIM and
the extracted EKV model parameters is important in order to identify the
regions where special care must be taken because of significant differences
between the results. A key point is that the differences do not occur because of
problems of the fitting method, but as a result of the differences in the two
modeling concepts. The best illustration is given in Figure 3.13, presenting the
normalized g,/Ip,, ratio.

As stated previously, the fundamental difference appears in weak and
moderate inversion. Hence, another testbench is available in order to estimate
what are the gain differences for a single-stage amplifier structure. Figure 3.14
depicts the gain differences obtained in a 0.18 um CMOS technology
conversion example. Since the final design must be confirmed by the BSIM
model simulation, this means that the appropriate margin must be added or
subtracted when the analog blocks are designed either using PAD or using
hand-calculation approximations.

In the similar way, all other comparison curves can be used to investigate
the region of operation of interest. For example, if an analog switch is designed,
then the simulations in the linear region may be very useful. Or, if an active
load or a current mirror is designed, the comparison of the output conductances
in weak and moderate inversion is mandatory. As a result, each analog
structure can be sized using the advantages of the EKV model, and after taking
into account the security margin, the result can be confirmed with the design
kit provided by the foundry (i.e. the BSIM model library file).

—EKV
---- BSIM

\

0
0.01 0.1 1 10 100 1000
IF

Figure 3.13 Normalized g,/Ips.: ratio simulated with BSIM and with the extracted
EKV model parameters for a 0.18 um CMOS technology conversion example
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Figure 3.14 OTA transfer function with a differential pair operating in weak/
moderate/strong inversion simulated with BSIM and the extracted EKV model
parameters for a 0.18 pm CMOS technology conversion example

3.6 Conclusion

BSIM2EKYV program is a stand-alone application that enables to convert
automatically the parameters of the BSIMv3.3 model to the parameters of the
EKVv2.6 model. The conversion algorithm is developed in such a way as to
minimize the error propagation and to respect the fundamental model
differences, and no optimization loops are necessary. The BSIM2EKV has
been successfully tested on different CMOS technologies. The conversion is
usually performed in approximately 5 to 10 minutes with an average rms error
within 5%.

3.7 Download

BSIM2EKY program is developed in the frame of the Ph.D. project that was
performed at Electronics Labs, EPFL, Lausanne, Switzerland. The
BSIM2EKYV trial version and supporting documentation can be downloaded
from the Electronics Labs web site: http://analog.epfl.ch.
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CHAPTER 4

Basic analog structures

A library including the most commonly used basic analog building
blocks is defined. Then, circuit partitioning and derivation of the
specifications from the circuit-level design requirements are
discussed. On this foundation, the basic analog structures are
classified as transconductance, load and bias structures. In
addition, it is shown that the optimization of circuit performances is
possible only at this level. Finally, the recipes for the design of basic
analog structures based on the inversion-level methodology are
presented.

4.1 Introduction

Structured analog design is based on the concept that each analog cell can
be divided into basic analog structures. A basic analog structure is the smallest
analog building block consisting of one or several transistors. It can be
described by a set of design parameters that affect circuit-level performances.
From this point of view, the design procedure becomes the same for both
simple and extremely complicated circuits. It consists in:

» analog cell partitioning into basic analog structures,

+ derivation of the specifications for each basic analog structure from the
circuit-level specifications, and

» design of these basic analog structures in a specific sequence.

This chapter is focused on the basic analog structures, discussing the circuit

partitioning, the derivation of design specifications, and the design of basic

analog structures at the transistor level. Then, the next chapter shows several

design scenarios in which the design sequence is topology dependent, yet still

based on the same procedural approach for any circuit complexity.

4.2 Basic analog structures library

A basic analog structure is defined as a set of one or several transistors
connected in a specific way to realize voltage-to-current conversion, current-
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to-voltage conversion, or both [1]. Such a structure obviously demands current
or voltage bias, which is again realized by another basic analog structure.
Several basic analog structures connected together represent a complex analog
structure that is often called an analog cell. An analog cell realizes an analog
function such as: voltage or current amplifier, voltage follower, comparator,
multiplier.

Table 4.1 shows the basic analog structures that are most commonly used as
building blocks of the analog cells. It is important to note that a basic analog
structure is not any combination of transistors. In fact, there is a finite number
of basic analog structures and they create an analog library that can be used for
the design of a large number of analog circuits.

Table 4.1 Basic analog structures library

name schematic view basic features
+ voltage to
common lgias current
source é out conversion
IN’-I
+ voltage to
current
common conversion
drain 'N"I + the simplest
ouTt voltage
lgias follower
+ voltage to
current
common leias conversion
gate out + small input
VB|As"| impedance
IN
diode- * currentto
connected Isias voltage
transistor out conversion

78



4.2 Basic analog structures library

Table 4.1 (continued) Basic analog structures library

name

schematic view

basic features

cascode

IBIAS

._|
._|

ouT

VBIAS

IN

voltage to
current
conversion
common
source +
common gate
stage

high output
impedance

folded
cascode

lgiast
'N"I |“VB|AS
out
lgias2

voltage to
current
conversion

a cascode
stage variant

differential
pair

ouT- ouT+
INt_I |_LN-

IBIAS

differential
input voltage
to current
conversion

cascoded
differential
pair

OUT- OouT+

Veias
IN:_l |__|N-
lgias

differential
input voltage
to current
conversion
differential pair
variant
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Table 4.1 (continued) Basic analog structures library

name schematic view basic features
» differential
input voltage
folded to current
cascode conversion
differential » differential pair
pair variant
VBIAS
OouT+
* current
mirroring
current lgias our « current
mirror multiplication
or division
* precise current
mirroring

| .

BIAS out currgnF .
cascode multiplication
current Vaias —| or division
mirror « high output

I——l impedance

4.2.1 Transistor in a design environment

Closer inspection shows that a transistor in a basic analog structure can be

connected in one of the following ways:

» source connected to the DC voltage supply, the input at the gate, and the
output at the drain terminal (i.e. common source),

+ drain connected to the DC voltage supply, the input at the gate, and output
at the source terminal (i.e. common drain),

» gate connected to the DC voltage bias, the input at the source, and the
output at the drain terminal (i.e. common gate),
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4.3 Structured design approach

» gate and drain connected together (i.e. transistor connected like a diode),
 transistor in a differential pair.

This implies that besides the finite number of different basic analog structures,

there is also a finite number of transistor design situations. Hence, the design

of a basic analog structure represents a special case of transistor-level design,

where each transistor works in the given environment and only few transistor
design parameters are dominant.

4.3 Structured design approach

Structured design will be demonstrated in this section on the example of an

operational amplifier. The same approach can be used for the design of any

other complex analog structure.

single-ended or

<+— fully-differential

single-stage amplifier
(or the first stage of
a two-stage amplifier)

active load active load active load
curr. mirror casc. casc.
curr. mirror curr. mirror
differential cascoded folded casc.
pair differential differential
pair pair
bias bias bias
curr. mirror curr. mirror curr. mirror
common common
first source first drain
stage stage
bias bias
curr. mirror curr. mirror
cascode cascode
stage first stage
stage
bias bias
curr. mirror curr. mirror
Figure 4.1 Partitioning of analog amplifiers into basic analog structures

\single-ended

two-stage amplifier

/fully-differential
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4.3.1 Circuit partitioning

The most common operational transconductance amplifier and operational
amplifier topologies implemented as either a single-ended or a fully-
differential topology and partitioned into basic building blocks are shown in
Figure 4.1. The operational transconductance amplifiers, realized as single-
stage amplifiers, are shown in the following order: simple OTA, telescopic
OTA, and folded cascode OTA. A two-stage operational amplifiers consist of
an OTA in the first stage followed by a common source, a common drain or a
cascode as illustrated in the same figure.

Classification of basic analog structures - Each stage of the analog
amplifier consists of a transconductance (g,,) structure that converts the input
voltage to the output current, followed by a load structure that converts the
output current to the output voltage. The transconductance structure requires a
current bias, whereas any cascoded structure requires a voltage bias. Therefore,
all basic analog structures can be classified in the following way:

* transconductance structures: common source, common drain, cascode,
differential pair and its cascoded variants,

* load structures: simple and cascode current mirrors,

» and bias structures: simple and cascode current mirrors, diode-connected
transistor.

A key point is that all transconductance structures have the same set of design

parameters that affect the circuit performances. The same holds for the bias

stages and the load stages. This facilitates the derivation of the specifications

and also simplifies the design procedure.

7

Rours T Cour
JE— + -
VINl VINl 9./l lVOUT
— -+
Vour
Rour I Cour
= = Rour T Cour

a) b)

Figure 4.2 Behavioral model of an analog amplifier with a) single-ended and b)
fully-differential outputs
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Behavioral model of an analog amplifier - Since each transconductance
structure requires a current bias structure, they can be seen together as a g,,-cell
providing the required transconductance and the output current. This g,-cell
followed by a load gives the simplest behavioral model of an analog amplifier
(Figure 4.2). This behavioral model is useful for system-level simulations, as
well as for the derivation of the amplifier specifications from the system-level
specifications. It can be more complex, depending on the system and the
application.

4.3.2 Derivation of the specifications

Figure 4.3 summarizes the structured analog design procedure. First, the
analog circuit is partitioned into transconductance, load and bias structures.
Then, the specifications are derived for each analog structure from the circuit-
level specifications. At this point, it is possible to check technology limits,
verify circuit-level specifications using the behavioral model or make topology
changes. Since each analog structure represents a set of transistors in a design
environment, the final step is to choose the appropriate design recipe for each
transistor with regard to the basic analog structures’ specifications. Each
transistor can be then sized as proposed in chapter 2 using the inversion level
methodology. An example of the derivation of the specifications for the analog
amplifiers illustrated in Figure 4.1 is given in Table 4.2.

load
- struct
analog [4]
ircuit | oo " Yransistore.
ClCH partitioning | struct transistors 4
| in
bias design :Il'
' struct environment
——| basicstruct Joad l
—— | specifications’ Im transistor-level EE
——| derivation R = |bias requirements= EEE
circuit-level = transistor-level
requirements design recipes

Figure 4.3 Structured analog design procedure and derivation of the
specifications
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Table 4.2 Derivation of the specifications, example of an analog amplifier

circuit-level basic analog structure
specification approximative expression specification
the
transconductance of
transconduct. struct.
gain g.Rour output resistance of
load struct.
the
transconductance of
g transconduct. struct.
gain bandwidth 2 maximal output
mCy capacitance of load
struct.
fonw the 2C in nodes in
180° — atan (—) the signal gain path
phase margin fdp
-3 (fGﬂV)
atan
fndp

common-mode
input range
(CMIR)

Vsup - VGS - VDSsat

the saturation
voltage of bias struct.
the saturation
voltage and the Vs
voltage headroom of
transconduc. struct.

differential-mode

the Vs voltage
headroom of

input range ~ Vs transconduc. struct.
(DMIR)
the saturation
voltage of load struct.
(and, in some cases,
output swing Viup = 2V pssar of transconduct.
struct.)
static current 2l all circuit branch

consumption

currents
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Table 4.2 (continued) Derivation of the specifications, example of an analog

amplifier

circuit-level
specification

approximative expression

basic analog structure

specification

slew-rate

IOUT

the bias current of
transconduct. struct.
the branch currents

of current bias struct.

maximal output
capacitance of load
struct.

speed

equivalent RC const.
current sourcing/
sinking capability

the intrinsic
capacitance and the
transition frequency
of all transistors

all circuit branch
currents

input-referred
equivalent noise

2
2 gm,mirr > 2 .
Vn, dp — Vl’l,mirr
Em

the noise contrib. of
all transistors except
cascodes

the ratio of the
transconductances
of transconduct. and
load struct.

input-referred
equivalent offset

2
2 gm, mirr 5 2
vm, dp — Vm, mirr
Em o

the voltage mismatch
contrib. of all
transistors except
cascodes

the ratio of the
transconductances
of transconduct. and
load struct.

rejection ratios

Ap Ap Ap .

ADD ASS ACM[

ACMFB ACMFB ACMFB

>

ADD ASS ’ ACMi

the output resistance
of bias struct.

the output
conductance of
mirror transistors of
load struct.
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Design parameters’ trade-offs - Sometimes the design specifications can
be difficult to achieve because they may demand incommensurate values of
transistor design variables. When the transistor-level optimization strategies,
described in chapter 2, cannot provide satisfactory results, the design
optimization consists in finding a balance between the design specifications
that can be relaxed and the design specifications that have to be respected at the
level of basic analog structures. In fact, this becomes the only abstraction level
where the design parameters may be traded off in order to provide the required
circuit-level performances. It must be pointed out that the design optimization
can be treated as a mathematical problem, (for example [2], [3]), in a limited
number of cases, but this does not provide a general insight into the solution of
the problem. An attempt to tune the transistor sizes in order to achieve the
circuit performances results in a complicated and time-consuming procedure,
and has no real analog design background. Thanks to the structured design
methodology, the analog design optimization problem is approached in this
book in a different way.

In the first place, since each basic analog structure has its own role in the
circuit, only the parameters that influence the circuit-level behavior need to be
taken into account. Second, according to the circuit-level design requirements,
it is possible to determine the level of priority of the derived design
specification, as well as the acceptable parameters’ bounds. This results in a
topology dependent design sequence, as will be presented in chapter 5, and
hence all basic analog structures have to be designed in a specific order. In this
way, the design specifications are derived not only from the circuit
specifications, but also with regard to the design parameters of the previously
designed blocks. Indeed, it becomes possible to find out which specification
can be relaxed. Moreover, using the classification of analog blocks in
transconductance, load and bias structures, and the behavioral model of the
amplifier, the circuit-level specifications can be correctly interpreted. For
example, if a certain value of the amplifier gain has to be achieved, the required
values of the equivalent transconductance and the output resistance can be
confirmed by the behavioral system-level simulations. Therefore, some
important design decisions can be taken at the system level, without taking into
consideration the transistor-level design.

Another important point is the possibility of checking the technology limits
at the level of basic analog structures. For example, since the transconductance
of the transconductance structure is derived from the gain bandwidth
specification, and the output current is derived from the slew-rate specification,
we can write

(L (4.1)

fGBW:gm/(2nCL): En__ _ _8&n__ _ 1 .(gm
SR Iour/ Cy 2nlpyr  2mipg,, 27 Npo/'
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Now, if this ratio is larger than the maximal (g,//p,,,) ratio for the given
technology, there in no design solution, and there is no need to look for the
design solution at the transistor level.

Finally, when it is difficult (or impossible) to achieve a certain design
requirement for the given technology, there is a solution, presented in chapter
7, that is again based on the structured design concept. It consists in replacing
only the basic analog structure that affects the parameter in question by its more
appropriate version. For example, if a high output resistance has to be achieved,
the transconductance and the load structure have to be replaced by their
cascoded versions. The rest of the circuit remains the same, as well as the
design sequence.

Analog cell design steps are the central topic of the next chapter. However,
before defining the analog cell design sequence, it is important to understand
the characteristics of all basic analog structures, as well as being able to
identify their design parameters. This is analyzed in the following sections of
this chapter.

4.4 Transconductance structures

Single-input-single-output transconductance structures that convert an
input voltage in an output current are: common source, common drain,
common gate and cascode. On the other hand, differential pair and its cascoded
variants convert a differential input voltage to a differential output current.
Nevertheless, in both cases the important design parameters are the following:
e transconductance,

* output resistance,

* input range,

* output swing,

* noise contribution, and

* parasitic capacitances seen at the input and at the output.

In the case of differential structures the additional parameter is input offset, i.e.
voltage mismatch contribution, since they consist of two or four transistors. In
this section, the design parameters and the appropriate design cases leading to
transistor-level design recipes are determined for all the aforementioned
transconductance structures.

4.4.1 Common source

Common source requires a current bias that behaves as a load structure
at the same time. This bias-load structure is often a simple or cascode current
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source. Figure 4.4 depicts the common source stage without entering into the
bias implementation details.

Design parameters - According to the small-signal equivalent scheme
shown in Figure 4.5, the small-signal output current is determined by the
transconductance of transistor M1 as

lour = —&miViN: 4.2)

Assuming that the output resistance R; of the bias structure is larger than the
output resistance of the common source R;>>1/gps;, the voltage gain is
approximated as the intrinsic gain

v
A= 2our _ _Smr (4.3)
ViN 8psi

Obviously, the output conductance gps; becomes an important parameter, since
it limits the total output resistance.

The output swing is limited on the one hand by the saturation voltage of
transistor M1 Vpg,.r, and on the other hand by the voltage headroom required
by the bias structure.

The parasitic capacitance seen at the input (Figure 4.6) is estimated as

gm]
Cin=Cgp1+Cas1 + “Cepi» 4.4)
8psi

Figure 4.4 Common source with its bias/load structure

Im1*Ve
Vin Ios12 VR |vour

11H

Figure 4.5 Common source small-signal equivalent scheme
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Figure 4.6 Common source parasitic capacitances

while the output capacitance is =~ C; . The capacitance C; is not taken into
consideration since it is not an intrinsic part of this basic analog structure. In
design practice, the input capacitance is more critical since it limits the
transient response (speed) of the gain stage. Therefore, it is usually largely
approximated by the transistor intrinsic gate-oxide capacitance C, W,L,, that
becomes an important design parameter.

Hence, the common source design parameters are the following parameters
of transistor M 1:
» transconductance g,,;,
* output conductance gpg;,
+ saturation voltage Vpsy, and
* intrinsic gate-oxide capacitance.

Design cases - The following design situations are possible:
* output conductance + transconductance,
» output conductance + saturation voltage,
 transconductance + parasitic capacitances, and
» output conductance + saturation voltage + parasitic capacitances.
The design solutions are given in chapter 2 as transistor-level design recipes,
and will not be further discussed here.

4.4.2 Common drain

Common drain with its bias is depicted in Figure 4.7, again without entering
into the bias implementation details.

Design parameters - Figure 4.8 depicts the small-signal equivalent scheme
in two cases:

e §= B, that is the source terminal is connected to the bulk terminal,
e S§# B, that is the source terminal is not connected to the bulk terminal.

The small-signal output current is given by:

lour = &miVin - 4.5)

In the first case, there is no body effect and the voltage gain is
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S = Your _ Emi

- ~1,
Vin  &mit&ps; T U/Ry)

whereas in the second case it becomes

4 = Your _ Emi Emi

1
VIN _ngI+gDS]+(1/RL) Susi M

(4.6)

4.7)

As a result, the common drain stage behaves as a voltage follower, since its
gain is less than or equal to unity.

According to Figure 4.9, both the input and the output parasitic capacitances

are determined by the gate-source capacitance Cgg; that is largely
approximated, as in the previous case, by C, WL, .

Figure 4.7 Common drain with its bias

S=B
I (Vinvour)
ViN 9os TVRL  vour
A4 \4
L
S*B
I VIN Ims*Vs
ViN 9os SR |vour
y \4

Figure 4.8 Common-drain small-signal equivalent scheme
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Cinls ‘—l

C
c, <« Cour

i—

Figure 4.9 Common drain parasitic capacitances

The amplitude of the output voltage depends on the DC level of the signal
at the input and the inversion level of transistor M1. The DC output voltage
level (Figure 4.7) is calculated with regard to the input as

Vour = Vin=Vasio (4.8)

and thus the output voltage range is limited by the required Vs, voltage

headroom as
1/
Vin=Vro— 20V, ln{exp( fl}—“”j - ]:|
s

(VOUT)MAX = 5 4.9)

n

or in the case when the source terminal is connected to the bulk terminal as

1
VouPyux = Viv— Vrg— 2nV,- ln{exp[ L}—‘“’J - 1}. (4.10)
S

Therefore, it depends on the inversion operating region, since [[;—”’ = [F.
N

Figure 4.10 shows the Vsheadroom part AV = 2V, - In[exp(/IF) — 1] that
is dependent on the inversion operating region as a function of the inversion
factor. Similarly, as in the case of the saturation voltage (Figure 2.13), the
smallest voltage headroom is achieved in weak and moderate inversion.

The design parameters are thus summarized as follows:
 transconductance g,,;,
* saturation voltage Vpssaui,
» gate-source voltage headroom Vgg;, and
* intrinsic gate-oxide capacitance.
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AV
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Figure 4.10 Vs headroom portion dependent on the inversion operating region
as a function of the inversion factor

Design cases - To ensure that the voltage gain is as close as possible to
unity, the source and the bulk terminal are usually connected together, and the
transistor length is set to L. Since the saturation voltage and the output range
change in the same way with the inversion operating region, the only design
case is in fact: saturation voltage + parasitic capacitances. The optimal solution
is in the region 1 < /F < 10, as shown in chapter 2.

4.4.3 Common gate

Common gate with its bias, which behaves as a load at the same time, is
shown in Figure 4.11.

The small-signal equivalent scheme is depicted in Figure 4.12, whereas the
equivalent scheme for the calculation of the output resistance is illustrated in
Figure 4.13. The resistance Rg is the equivalent resistance seen in the source of
the transistor M1 and it is determined by another basic analog structure.

IBIAS RL
" VOUT
VBIAS | )VDSsat
VGS1\\>

IN

Figure 4.11 Common gate with its bias
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S=B
égm"’m
9ps S 1RL VouT
3

VIN

1H

S+B

L ms*VIN
9os $ 1/RL VouT

3

VIN

1H

Figure 4.12 Common gate small-signal equivalent scheme

Design parameters - In the case when the source terminal is not connected
to bulk, according to Figure 4.12 (case S # B ), the small-signal output current
is written as

lour = &msVIN» (4.11)

the voltage gain is given by

Your Ems1 Emsi Emi
4 = _ ~2ml L poml (4.12)
VIN gpsit(U/Ry) 8gpsi  &psi

and the output resistance is estimated, according to Figure 4.13 (case S # B), as

v
Royp = 2L 8nsl g _p8ml p (4.13)
lour &bpsi &ps1

In the case S = B, the small-signal output current is

lour = &mVIN (4.14)

the voltage gain is

Vour Em1 Emi
4 = Your _ ~ Emi (4.15)
viv  &psit(U/R;) gps;
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Tout

S=B <
gm°VS
s S VR |vour
Vs
1/Rg
\4
L
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S#B <
Ims*Vs
9os $ 1R, Vout
Vs
1/R
/ S v

Figure 4.13 Common gate small-signal equivalent scheme for the output
resistance calculation

7 Cour

e

«1Cn

Figure 4.14 Common gate parasitic capacitances

and the output resistance is

v
Royr = 22 = Lot “Rg. (4.16)
lour 8bpsi

As a result, the design parameters to be taken into account are not only the
transconductance, and the output conductance, but also the intrinsic gain of the
transistor M1.

Concerning the speed and the frequency response, the input parasitic
capacitance is equal to the gate-source capacitance Cgg;, whereas the output
parasitic capacitance is the gate-drain capacitance Cpg;, as is indicated in
Figure 4.14. Since the capacitance Cgg; is dominant, the intrinsic gate-oxide
capacitance of the transistor M1 can be considered as a design parameter.

Similarly to the previous two stages, the output voltage swing is determined
by the saturation voltage, as well as by the Vg, voltage headroom.
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source case, and they have been already discussed in chapter 2:

Therefore, the common gate design parameters are:
transconductance g,,;,
output conductance gpg;,

intrinsic gain 4,;,

saturation voltage Vpgy., and
intrinsic gate-oxide capacitance.
Design cases - The possible design situations are similar to the common

output conductance + transconductance,

output conductance + gain,

transconductance + gain,

gain + saturation voltage, and

gain + saturation voltage + parasitic capacitances.

4.4.4 Cascode and folded cascode

The cascode stage acts as a common source stage followed by a common
gate stage, as illustrated in Figure 4.15.
Design parameters - The dominant design parameters and the design cases
are defined for both the transistor M1 and the “cascode” transistor M2 from the
parameters that affect the circuit-level design (transconductance, output
resistance, output swing, parasitic capacitances).

The small-signal cascode structure output current is

lour = —&miVIn»

whereas its output resistance is given by

Royr=

1 (”) " 8m2

8psi 8ps:2

IBIAS RL

M2 VIN

BIAS
| VDSsat2

VG82 CP

Vin '-I )VDSsaM

M1

V

Figure 4.15 Cascode with its bias

4.17)

(4.18)
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Assuming again that the bias output resistance R; is larger than the output
resistance of the cascode, the voltage gain is approximated as

g B (D) 8y (4.19)
8psi 8ps2

The slope factor n in equations (4.18) and (4.19) appears in the case when the
source and the bulk terminal are not shorted.

Concerning the influence of the parasitic capacitances, the most critical is
the capacitance seen in the cascode point CP (Figure 4.16) as will be shown in
the next chapter. It is approximated as

Ccp = Cgso + Sl Copr=Casa (4.20)

(n) - &>

The input parasitic capacitance is equal to gate-source capacitance Cgg;, since
the influence of the Miller capacitance Cgp,; can be neglected as the gain g,/
gn2 from the input to the cascode point is small. The output parasitic
capacitance corresponds to the gate-drain capacitance Cgpy,.

To ensure maximal output swing, the bias voltage Vs is determined so
that the transistor M1 is kept at the limit of saturation, that is

Vaias = Vpssarr ¥ Vasa T AV, (4.21)

where AV represents the security margin (either fixed at 50 mV or calculated
to compensate worst/best case or temperature variations). It follows that this
bias voltage depends on /F; and IF’, since from the equations (4.8), (4.9) and
(4.21) it is given by

Veias = Vyp+ (n) - Vpgears + 20V, Inlexp(JIF,) — 1]. (4.22)

Vout

—

«!Ccp

Figure 4.16 Parasitic capacitances in the cascode point
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Consequently, the minimal required DC output voltage headroom becomes

Vour) vy = Vossarr + Vpssarz T AV, (4.23)

and it depends on the inversion operating regions of transistors M1 and M2.
The design parameters of transistor M1 are thus:

» transconductance g,,;,

* output conductance gpg;,

 saturation voltage Vpgyu, and

* intrinsic gate-oxide capacitance.

On the other hand, the design parameters of transistor M2 are:

» transconductance g,,,,

* output conductance gpsp,

* saturation voltage Vpgsur,

* intrinsic gain 4;,, and

* intrinsic gate-oxide capacitance.

|VDSsat2 <
VBIAS
‘> VDSsat1 I_.

IBIAS2

Vout

Figure 4.18 Parasitic capacitances in the folded point
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Design cases - The possible design situations for transistor M1 are:

» output conductance + transconductance,
» transconductance + saturation voltage,
and they do require an optimization strategy.

Nevertheless, the design of transistor M2 usually demands a search for

design trade-offs since the possible design cases are:

* gain + saturation voltage,

* gain + saturation voltage + parasitic capacitances,

* output conductance + saturation voltage + parasitic capacitances.

The cascode variant realized with a complementary cascode transistor is
depicted in Figure 4.17. It requires an additional current bias /p;4s,. Here, the
DC voltage bias is calculated with regard to the voltage range required by the
current bias /p;45;. The design parameters and the design cases are the same as
for the cascode. (Figure 4.18 displays the parasitic capacitances in the folded
point.)

4.4.5 Differential pair

A differential pair is depicted in Figure 4.19. As previously stated, it
converts a differential input voltage v,y ) = vy, — vy, to a differential
output current i, = ipyr. — iours» and ideally should not be sensitive to any
variation of the common-mode input voltage v,y ¢y = 0.5 - (vpyy +vy).

Differential pair variants are depicted in Figure 4.20, as a) cascoded
differential pair and b) folded cascoded differential pair. The cascode (folded
cascode) pair transistors M3,4 impose the drain voltage of transistors M1,2,
ensuring that they operate in the saturation region. In addition, the output
resistance of these variant structures is equal to the output resistance of the
cascode, calculated in subsection 4.4.4. This makes it possible to create high-
gain amplifiers, if the load structure is also cascoded. Since the design of the
cascode (folded cascode) transistors M3,4 is exactly the same as in the case of
the cascode structure, it will not be further discussed here. We will focus on the
design parameters of the differential pair transistors M1,2.

IOUT—l l'oun

Figure 4.19 Differential pair
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IOUT—l lloun
M3 M4

VBIAS

i.l

VIN

M4

VBIAS

lIOUT*r

Figure 4.20 Differential pair variants: a) cascoded b) folded cascoded differential
pair

Design parameters - The design parameters of a differential pair are:
* equivalent transconductance g, ¢4,
» saturation voltage of the differential pair Vppy,
» differential input range,
* common-mode input range,
* input capacitance,
* equivalent noise, and
* equivalent offset.
On this basis, the transistor parameters and the design cases will be determined
later.
Transfer characteristic of the differential pair is shown in Figure 4.21. The
equivalent transconductance is defined as the first-order derivative of the
output current

g _ d(Uoyr)
et d( Vin, pm) ’

(4.24)
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‘A J

_IBIAS

Figure 4.21 Transfer characteristic of the differential pair

and thus represents the slope of the transfer characteristics. The slope at the
origin, ie. for a small differential input voltage, is equal to the
transconductance of the transistors M 1,2 at the DC operating point

d(oyr)

= o2 = = . 4.25
Emo d(V]N,DM) Emi Em2 ( )

Vinou— 0

Hence, when a small differential signal is present at the input, the small-signal
output current is given by

v v
: . . _ IN, DM IN, DM
lour = tour-— lour+ = 8mi1" ~, + &2 5 (4.26)

= 8mo " VIN, DM

On the other hand, if a large differential signal is present at the differential pair
input, the whole tail current /45 swings to the positive or the negative output
terminal, depending on the sign of the input voltage. It is said that the
differential pair is in “saturation”.

The differential input range is defined as the differential input signal range
for which the operating point of the differential pair remains in the linear region
of the transfer characteristic. Consequently, the equivalent transconductance
remains constant or within a certain error. When this parameter is given as a
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design specification, the acceptable error must also be specified to make it
possible to correctly evaluate the differential pair performance.

The parameter that is used as a measure of the differential input signal range
for design purposes is called the saturation voltage of the differential pair
Vppsar- This is a rough approximation calculated as a ratio of the tail current and
the equivalent transconductance in the operating point

Ipias 2 Ipgaua, > 2
Vipsar = = (Wl = , (4.27)

Emo gm(],Z) ( gm)
IDsa (1,2)

and shown in Figure 4.21. Since Vppy,, is directly proportional to the inversion
factor, it becomes possible to easily determine the inversion operating region
to achieve the required differential input range.

On the other hand, if both input signals decrease or increase at the same
time, the common-mode input range must be defined. It represents the range of
input common-mode signal in which both transistors operate in the (transistor)
saturation region and the tail current remains constant. Again, the equivalent
transconductance is constant or within a certain error in the input common-
mode signal range, and the acceptable error must be specified for the
performance evaluation.

When a differential pair is integrated on a chip, its two transistors never
have the same characteristics, and consequently, there exists voltage and
current mismatch. The gate voltage mismatch is the most critical one, because
the differential pair usually represents the input stage of the circuit and converts
the small input signal into a current. Its standard deviation is calculated,
according to [4], as

_ 2 IDsat 2 2
(87 = cr+(g—) o, (4.28)

m

where 6, = 4;/JWL, o3 = Ay /J/WL, and Arand Agare the parameters of the
technology.

Figure 4.22 depicts the standard deviation of the gate voltage mismatch as
a function of the inversion factor for different transistor areas. As is expected,
a larger area results in a smaller voltage mismatch. In addition, since voltage
mismatch is inversely proportional to the g,/Ip,, ratio, it decreases if the
transistor operates in moderate or weak inversion.

Finally, it is important to note that the cascode transistors (M3,4) do not
contribute to the input voltage mismatch, as will be shown in the next chapter
where the equivalent input offset is calculated at the circuit level. The same
holds for the equivalent noise contribution. However, the noise contribution of
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Figure 4.22 Standard deviation of the gate voltage mismatch as a function of the
inversion factor for different transistor areas

the differential pair transistors (M1,2) is the most important one at the circuit
level, since it represents the input stage contribution.
According to the previous definitions, we can conclude that the transistor
design parameters of interest are:
 transconductance g,,;,
» saturation voltage Vpgsui,
* intrinsic gate-oxide capacitance, and
* noise contribution.

Design cases - There are three possible design situations:
« differential pair in the amplifier with negative feedback, that means

Vin,om = 05 Vine = Vine = Vin, eno

» differential pair in the amplifier in the unity-gain configuration (voltage
follower), that means v,y ), — 0, Vjy. = V;y., Whereas Viy ey has a large
swing, and

« differential pair in the CMFB amplifier, which means v,y p) has a large
amplitude, whereas V;y cy = Ve rer-

This is illustrated in Figure 4.23 a, b, ¢, respectively.

Differential pair in the amplifier in the negative feedback - In the first
design situation, the differential input signal is small due to the negative
feedback, and it can be considered that the operating point stays at the origin of
the transfer characteristic. The two differential pair transistors have the same
inversion factor and the same transconductance. Then, we can write
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Igras = Ipsari Y Ipsarr = Is- UF +1F,) = 2-Ig-IF. (4.29)

The voltage imposed at the source of transistors M1 and M2 is directly
proportional to the DC input common-mode voltage and is equal to

1
e v ol )
N

(n)

Vp = (4.30)

The slope factor n appears in the denominator if the source and the bulk
terminal are not shorted. The situation when the source terminal is connected
to the bulk terminal is more favorable because the Vg voltage overdrive is
smaller in this case. Moreover, the differential pair is in a separate well, and
thus isolated from the rest of the circuit.

VIN /\/ —WWA—
v I A Vour
a)
I v [\1 Vout=VIN
N /\/
b)
VINl Vn
| CMFB
c)

Figure 4.23 Possible design situations for the differential pair used an input stage
of the amplifier
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The design of the differential pair, in the “negative feedback™ design
situation, is equivalent to the design of a simple transistor, where the following
design cases, already discussed in chapter 2, are possible:

» transconductance + saturation voltage,

 transconductance + equivalent noise, and

» transconductance + parasitic capacitances.

However, there are two additional cases:

» transconductance + voltage mismatch contribution, and

+ transconductance + parasitic capacitances + voltage mismatch
contribution.

According to Figure 4.22 and Figure 2.14, if a transistor operates in weak

inversion, the voltage mismatch contribution is decreased, and the

transconductance achieves its maximal value for the given bias current. In

contrast, if the transient response of the circuit is a design requirement with

high priority, according to Figure 2.19, the compromise can be found around

IF=1.

Differential pair in the amplifier in the unity gain configuration - When
an amplifier works as voltage follower, the differential input signal is small, but
the common-mode input signal has a large swing. In this case, the transistors
M1 and M2 work in the same inversion region and the equivalent
transconductance is constant as long as the tail current is constant. Since the
source voltage of the differential pair depends on input common-mode voltage

} Om, eq IF=0.1

VCM,IN

»
»

VSS VCM,REF VDD

Figure 4.24 Common-mode input range limitation for a transistor operating in
weak, moderate and strong inversion
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IBIAS
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Vins Vin-
IOUT,p-l loutp+

%IBIAS

Figure 4.25 Complementary differential pair

(equation (4.30)), the tail current starts to decrease when this voltage starts to
reduce the voltage range AV, s required for the correct operation of the bias
stage, as will be illustrated in more detail in chapter 7. At this point, it is only
important to note that the common-mode voltage range is limited by A4Vz;45 and
the gate-source voltage headroom of the differential pair. The first one is not a
design parameter here, while the second one is a design parameter and depends
on the inversion operating region of the differential pair transistors (Figure
4.10). As aresult, the common-mode input range also depends on the inversion
factor. This is presented in Figure 4.24 for the differential pair transistors
operating in weak, moderate and strong inversion (using the same bias stage in
all three cases).

Hence, the most common design case for the differential pair at the voltage
follower input is: transconductance + saturation voltage + CMIR. Obviously,
weak inversion is the most favorable operating region for all three design
parameters. However, if rail-to-rail operation is required, a possible solution is
a differential pair variant called the complementary differential pair, depicted
in Figure 4.25 and analyzed in chapter 7.

Differential pair in the CMFB amplifier - Finally, when a large
differential input range is required, the saturation voltage of the differential pair
has to be improved. This can be done by moving the transistor towards strong
inversion operation, as illustrated in Figure 4.26.

The additional design case is thus: transconductance + differential pair
saturation voltage, and it may require a search for the design optimum. A good
initial solution is /F = 1. An alternative solution is a topology variant, analyzed
in chapter 7, and illustrated in Figure 4.27.
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Figure 4.26 Differential input range for a transistor operating in weak and strong

inversion
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Figure 4.27 Linearized differential pair
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4.5 Load structures

Simple and cascode current mirrors are used either as load or as current bias
structures. The design parameters and the design cases are basically the same,
with the only difference being that the specifications are usually more relaxed
for a bias structure. Different voltage and current bias basic analog structures
are presented in the next section, whereas this section is dedicated to the
important points in the design of load structures.

4.5.1 Simple current mirror

Figure 4.28 shows a simple current mirror used as an active load in the case
of single-ended (a) and fully-differential (b) amplifiers. This kind of load stage
can be used with the differential pair, or some of its variants. In the fully-
differential case (Figure 4.28b), the output current is the difference between the
differential pair output currents at the negative and the positive terminals, and
then the current mirror transistors act as current sources, requiring an additional
voltage (and current) bias. If the amplifier is single-ended, the output current is
again the difference between the differential pair output currents at negative
and positive terminals. The result is obtained thanks to current mirroring from
negative to positive terminal implemented as in Figure 4.28a.

The most important feature of a current mirror is a precise current
mirroring. In the case of the simple current mirror, an electrical mismatch
occurs as a consequence of the Early effect and finite output conductance. The
drain voltages of transistors M1 and M2 are imposed by the circuit
environment, and thus they are never exactly the same. This results in a
difference in their drain currents, that can be eliminated only if the two drain
voltages are kept exactly the same.

In addition, it must be noted that when the current mirror transistors are
integrated on a chip, they do not have exactly the same characteristics due to
the variation of process parameters, temperature or stress. As a result, there is
also gate voltage and current statistical mismatch. According to [4], thisis a

| | | |
l M1 M2 l M1 l M2 l
V,
a) b)

Figure 4.28 Simple current mirror as an active load with a) single b) differential
outputs
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design parameter of the current mirror, and depends on the transistor area and
the inversion operating region. Its standard deviation is evaluated as

o (B - [+ (=) o, 40

Dsat

where in the case of the same transistor sizes 6, = 4 TA/WL, cp = A /JWL,
and A7 and A are parameters of the technology.

In the case when there is an additional voltage bias with different transistor
sizes (for example, for load current sources in a fully-differential amplifier as
shown in Figure 4.28b),

T N Wh)gres WL’ B~ oN(WL)gs WL

Design parameters - The parameters that affect the -circuit-level
performance are:

* output resistance, equal to 1/gps; for the current mirror transistors, and
usually designed to be larger than the output resistance of the
corresponding transconductance structure,

» saturation voltage, Vpg., limiting the output swing,

* parasitic capacitances, i.e. intrinsic gate-oxide capacitance, limiting the
speed and the frequency response,

* equivalent noise, and

* statistical current mismatch.

o (51, )%]
21w |
10t moderate strong
8
6l
4
ol 5W/5L
10W/10L ¢ '
0 : IF

10° 102 10" 10° 10" 10% 10°

Figure 4.29 Current mismatch standard deviation as a function of the inversion
factor for different transistor areas
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Design cases - The most common design case is: output conductance
(resistance) + saturation voltage, which directly gives the inversion factor and
the transistor length of the transistors M1 and M2. The additional design cases
are:

» output conductance + saturation voltage + noise,

» output conductance + saturation voltage + parasitic capacitances, and

* output conductance + saturation voltage + current mismatch.

The first two have already been discussed in chapter 2. In the last case, since
the current mismatch standard deviation is directly proportional to the g,/Ipsu
ratio, the most favorable operating region is strong inversion, as illustrated in
Figure 4.29. If the saturation voltage has to be minimized, the design
compromise can be either the limit of strong inversion (/F' = 10) or moderate
inversion operation with an increased transistor area in the following way: nW/
nL, where n is a multiplier.

4.5.2 Cascode current mirror

Cascode current mirror (Figure 4.30) enables more precise current
mirroring because the drain voltage of transistors M1,2 is imposed by the
cascode transistors. It is used as an active load for cascoded or folded cascoded
differential pairs, since it provides a high output resistance.

The cascode transistors demand an additional voltage bias. It is usually
calculated in the same way as for the cascode structure transistor by keeping
the bottom transistor at the limit of saturation.

An important advantage, that will be discussed further in the next chapter,
is that cascode transistors do not contribute to the equivalent input noise and
offset of the amplifier.

! ! L L

M3 M4 M3 M4

VBias —| }VDSsat VBLAS—Z} }VDSSat
M1 M2 M1
FH[, e ==

a) b)

Figure 4.30 Cascode current mirror as an active load with a) single b) differential
outputs
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Design parameters - The design parameters that affect the circuit
performance are:
* output resistance, given by

Rour= 1 8w (4.32)

8psi &ps?

» voltage headroom, approximated as Vpg..,; + Vpssarz »

* parasitic capacitances, i.e. gate-oxide capacitances of all transistors,
* equivalent noise, and
* current mismatch.

Design cases - The transistors M 1,2 are designed in the same way as in the
simple current mirror presented in the previous subsection, whereas the
transistors M3,4 are designed as transistor M2 in the cascode structure
presented in subsection 4.4.4.

4.6 Bias structures

When an analog circuit is integrated, the number of external current sources
is limited. Hence, there is one main current bias stage that generates all required
bias currents. These bias currents are then used to generate local circuit voltage
and current biases, as illustrated in Figure 4.31.

4.6.1 Voltage bias

The simplest way to generate a bias voltage is a diode-connected transistor
depicted in Figure 4.32a. It is generally used for a simple current mirror biasing
(Figure 4.28b) or a cascode transistor biasing (Figure 4.15). The generated
voltage Vp;4s depends on the bias current /45 and is given by

lgias extl é
voltage load voltage load
é bias struct. bias struct. | l8iasn
o L
= Tons Zl gm | i gm voltage
§ : ' struct. oo BIAS,n-1 struct. bias
(&)
| leis n-
= BAST | current BASAZl current
€ bias F bias

Figure 4.31 Current and voltage biasing on the chip
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4.6 Bias structures

Vaias = Vyg+2nV,- Zn{exp( /[B%‘j - 1}. (4.33)
S

If a simple current mirror is biased, the diode-connected transistor sizes are
matched with the active load transistors in the following way

(W/L)diode [BIAS

7D =7 (4.34)

mirror

mirror

where the transistor length is the same for all transistors, and the ratio of the
transistor widths corresponds to the ratio of the currents.

If a large DC bias voltage has to be generated, for example for cascode
transistor biasing, two diode-connected transistors can be stacked as shown in
Figure 4.32b. Now, the V5> 2V,

However, the most often used topology is the one presented in Figure 4.32c.
This makes it possible to have Vyy< Vs <2Vp. Here, the transistor M1
operates in the linear region and acts as an equivalent resistance in the source
of diode-connected transistor M2.

Finally, when a small bias voltage is needed, the topology depicted in
Figure 4.33 can be used. The bias voltage is then calculated as follows.
According to [5], the transistors M1 and M2 connected in series act as an
equivalent transistor, whose sizes are calculated as

Ly L L,

Weq Wl WZ .

(4.35)

IBIAS BIAS

BIAS BIAS

IBIAS M2 M2
VBIAS

M1 M1 M1
a) b) c)
Figure 4.32 Topologies for voltage bias generation: a) diode-connected

transistor, b) two stacked diode-connected transistors, c) diode-connected
transistor with the equivalent resistance in the source
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IBIAS

M2
VBIAS

M1

Figure 4.33 Low bias voltage generation

IBIAS1 IBIASZ

| o
V
vz | VBIAS2

—o

V
w1 UBIAST

Figure 4.34 Cascode current mirror bias voltage generation

Thus,

Viias = 2nV;- ln{[exp[ IIIB&?j - 1}/[@@?[ /Il;ig] - 1}}: (4.36)
S, eq S2

4 w
where I, = 2nKP(L—eQ) v, and Iy, = 2nKP(L—2) V.
2

eq

Figure 4.34 displays a voltage bias suitable for the cascode current mirror
(Figure 4.30b). Transistors M1 and M2 are matched with the cascode current
mirror transistors, i.e. the transistor lengths are the same and the transistor
widths are calculated from the ratio of the currents. The transistor M3 is sized
as explained previously to generate V45, that is required to keep the transistor
M1 in the saturation region.

4.6.2 Current bias

The bias currents for the transconductance structures are generated using
simple or cascode current mirrors. All bias currents are matched and generated
as illustrated in Figure 4.35. A topology for the generation of bias currents for
different analog cells from one external source is shown in Figure 4.36. The
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4.6 Bias structures

resistance Rpy4s 18 necessary in order to avoid start-up problems. When there is
no external current source, the topology depicted in Figure 4.37 can be used.

IBIAS1

IBIAS

o

£
I I I] '"‘I
o

Figure 4.35 Bias currents generation: a) simple and b) cascode current mirrors

-
MP1 wps Lo, e e w7 MP9
I I I I L )
I I I
MP2 II II MP6 :I MP8 MP10
I I I L —|
R l: lIBIASN 1 lIBIAS,n
BIAS
I |
lgias, EXTl l BIASP, 1 l BIASP, n
L|I e o 0 —|
5' b, e MN8

MN1

Figure 4.36 Main current biasing from one external current source
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llo ¢|

1
SR N

Figure 4.37 Current bias generation without external current source

4.7 Conclusion

The concept of structured design facilitates the design of analog cells
because each complex analog structure is partitioned into simple analog
building blocks that affect only few circuit-level parameters and demand less
design effort. There is a finite number of basic analog structures and they can
be classified as transconductance, load and bias structures. Each basic analog
structure class has the same dominant design parameters and affects the same
circuit-level parameters. Consequently, the design specifications are derived
for any circuit complexity in the same way. Moreover, if a certain design
parameter cannot be achieved, the basic analog structure in question can be
replaced by its more advanced version without any need to change the design
procedure. Finally, each basic analog structure can be seen as a set of
transistors in the design environment. When the basic analog structure
specifications are determined, the design consists in the determination of the
appropriate transistor-level design case and the use of a corresponding
transistor-level design recipe.
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CHAPTER 5

Procedural design scenarios

The procedural design sequence for the design of an analog
amplifier is introduced first. Then, the procedural design scenarios
for three widely used analog cells: folded cascode OTA, fully-
differential folded cascode OTA and Miller operational amplifier are
presented. For each cell, the circuit partitioning, the derivation of
the specifications, the procedural design steps, as well as the local
optimization steps are discussed in detail.

5.1 Introduction

After the analog cell partitioning into its building blocks, and the derivation
of the design specifications for each basic analog structure, the basic structures
have to be designed in a specific order for the following reasons:

» propagation of the specifications - the design parameters of already sized
basic analog structures may affect the design parameters, i.e. design
specifications of the basic analog structures that are not yet designed,

+ verification of the parameters bounds - the design parameters of already
sized basic analog structures may impose lower or upper limits on the
design parameters of some other basic analog structures,

* local optimization - the design trade-offs can be found only at the level of
the basic analog structures; since the design sequence imposes the design
priorities, it becomes possible to estimate which parameters can be relaxed
and at what cost.

5.1.1 Procedural design sequence for an analog amplifier

Since the analog amplifier is one of the most commonly used analog cells
[1]-[6] in analog and mixed-mode systems, a general procedural design
sequence for an analog amplifier is defined in this section. Then, the examples
of the procedural design scenarios for three different amplifier topologies are
presented in the next sections. Nevertheless, any other analog cell can be
designed in a similar way and using the same design approach. The procedural
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CHAPTER 5: Procedural design scenarios

design sequence is always defined with regard to the design priorities and the

basic building blocks.

Classification of analog amplifiers - In the most general terms, all analog
amplifiers are either current or voltage amplifiers. The so-called
transconductance amplifiers can be considered as a special case of voltage
amplifiers, since the transconductance structure always requires a load
structure that converts an output current into an output voltage.

In this analysis, we will focus on voltage amplifiers that can be classified
as proposed in Figure 5.1:

* Single-input single-output amplifiers - These amplifiers have one input
and one output terminal, and can be used in stand-alone mode or as output
stages. If they are realized as class A amplifiers, they consist of a
transconductance structure such as common-source, common-drain or
cascode and the appropriate load/bias structure. The examples of class B,
or class AB amplifiers are inverter or push-pull amplifier, but they will not
be taken into consideration here.

* Operational transconductance amplifiers (OTAs) - These amplifiers
convert the differential input voltage into output current, and they are
usually used in negative feedback with a capacitive load or as an input
stage of an operational amplifier. The main features are: moderate (or high)
gain, high output impedance and high output current sourcing/sinking
capability. They consist of a differential transconductance structure (i.e. a
differential pair or one of its variants), a current bias structure and a load
structure.

operational
transconductance . .
amplifier s_lngle-lnput
\ single-output
amplifier
load /
voltage|  struct. load/
bias curr bias
gm struct.  |voltage
struct. bias
gm
current struct.
bias
N/
operational
amplifier

Figure 5.1 Analog voltage amplifiers

118



5.1

Introduction

* Operational amplifiers - These amplifiers are defined as analog
amplifiers that have a large input impedance, a small output impedance and
a high gain. They amplify a differential input signal and can be used in
negative feedback with resistive or resistive and capacitive load. These
amplifiers are generally realized as a two-stage amplifiers composed of a

transconductance amplifier followed by an output stage.

Figure 5.1 depicts the described voltage amplifiers partitioned into basic
analog structures. We limit the analysis here to two-stage amplifiers for
simplicity. It is however possible to have several gain stages and an interesting

study of the design of such amplifiers is given in [6].

first stage
=0TA

second stage

= single-input

single-output
amplifier

Figure 5.2 Operational amplifier procedural design sequence
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CHAPTER 5: Procedural design scenarios

Design sequence - The procedural design sequence for the design of two-
stage operational amplifier is shown in Figure 5.2. The forward arrows on the
right-hand side indicate the basic analog structures whose design parameters
may be affected by the current design step. The backward arrows on the left-
hand side indicate the possible redesign or optimization loops.

Before any basic analog structure sizing step, the circuit currents have to be
determined according to total current consumption or speed requirements. The
basic structures are then designed in the following order: transconductance -
load - voltage bias - current bias structure. A transconductance amplifier is
designed as the first stage, whereas a single-input single-output amplifier is
designed as the second stage. The development of the procedural design
sequences in the form of design scenarios will be illustrated using the examples
of:

» folded cascode operational transconductance amplifier,

+ fully-differential folded cascode operational transconductance amplifier,
and

* Miller operational amplifier.

5.1.2 Definitions of the circuit-level design parameters

The definitions of the circuit-level design parameters that are used in the
examples that follow are given hereafter.

DC gain - The DC gain of each amplifier stage is defined as a product of
the equivalent transconductance of the transconductance structure and the
equivalent resistance seen at the output

Ay = guRour- (5.1)

Input range - The signal range at the amplifier input can be defined with
respect to the differential signal and with respect to the common-mode signal
(Figure 5.3).

Differential input range corresponds to the amplitude of the differential
input signal +Av,y p,, for which the differential pair at the amplifier input does
not saturate (see subsection 4.4.5). For design purposes, it is often translated
into maximal and minimal DC voltage level at each amplifier input that
guarantees that the operating point is still in the linear region of the differential
pair transfer characteristic, that is

Avin puy

Viner omminS Ver, rer— 2’ , and (5.2)
Aviy pu

Viner pmmax 2 Ve, rer T 2’ . (5.3)
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Voo Vss
Vin+,om, max—5~
v, ~ ¥

CM,REF x_A
+ VlN,DM/2 a)

Vineom, MiN Y

ZZ. Vinem, max

\,\/

VIN,CM, MIN

b)
Figure 5.3 lllustration of a) differential and b) common-mode input range

Common-mode input range corresponds to the amplitude of the common-
mode input signal *+Av;y ., for which the working conditions of the
differential pair are respected when both input terminal signals increase or
decrease (see subsection 4.4.5). For design purposes, it is also translated into
maximal and minimal common-mode DC level at the input, that is

Vin, e, v S Ve, Rer— AVin, cm » and (5.4)
Vin,om max 2 Ve Rer T AVin, cur- (5.5)

Output range (swing) - The output voltage range, also denoted as output
swing, £Av,,r corresponds to the amplitude of the output or the differential
output signal for which the transistors of the output stage do not move into the
(transistor) linear operating region. For design purposes, this can be translated
into maximal and minimal DC voltage level at the output terminals, as depicted
in Figure 5.4. For the single-ended output case, we can write

Vour,uivs Vewm rer—Avour and (5.6)
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Voo
I Y VOUT+, MAX
Vv LT Vour2
Vop oon CMREF 47
\V; ZZ.-\ i 2
CM,RE: iy OUT, MAX VVOUT+,MIN
N T ouT
NS Voo, 'S
,,,,,,, Vv ¥ Vour., max
vV OUT, MIN Vv P~
§s = CM,REF XA~
+ Vo2
a) b) il ouT
v VouT—, MIN
8§ “=

Figure 5.4 lllustration of a) single-ended and b) differential output voltage range

VOUT, MAX2 VCM, REF+AVOUT’ (57)

while for the differential output case

Av

Vour+r.mvs Vem rer— 9tl, and (5.9)
Av

Vour+r.max2Vem rer ™ gUT- (5.9)

Frequency response - When an amplifier is used in negative feedback it is
mandatory to analyze its frequency response and to check the stability of all
feedback loops.

The poles and zeros in the transfer function can be easily determined
analyzing the gain path, i.e. the signal path from the amplifier input to the
amplifier output, and using the following guidelines proposed in [2]:

* pole - corresponds to an equivalent resistance in parallel with an equivalent
capacitance seen at each node in the gain path,

* zero - corresponds to an equivalent resistance in series with an equivalent
capacitance in the gain path,

* positive zero - appears due to a possible feedback path in the gain path (for
example as in the case of Miller capacitances),

* doublet pole-zero - appears as a consequence of two possible gain paths

(for example as in the case of single-ended topology).

The amplifier in negative feedback is unconditionally stable if it behaves as
a system of the first order, that is if there exists only one pole in its transfer
function. However, there usually exist several nodes (poles) in the gain path,
and thus the stability is ensured only if the phase shift of any feedback loop is
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bigger than -135°. This implies that there is one dominant pole, and all other
poles must be non-dominant, i.e. far away from the frequency where the
amplifier gain becomes less than one.

In the most general case, the amplifier stability is analyzed in the most
unfavorable case, that is when the negative feedback factor (usually denoted as
B) is equal to one. However, in the real design situation the stability of the main
feedback loop must be verified with the appropriate feedback factor value. In
addition, the stability of all other feedback loops (for example the CMFB loop
in the case of a fully-differential amplifier) must be checked.

The important design parameters are the following:

* bandwidth frequency - corresponds to the dominant pole frequency f;, in
the open loop transfer function,

* gain bandwidth frequency fggy - corresponds to the product of the DC
gain and the bandwidth frequency of the open loop transfer function,

Josw = ADc'fdp =4 B'fdpa (5.10)

+ phase margin - represents the difference between the phase shift at the
gain bandwidth frequency and the phase shift of -180°

PM = 180° + ¢(fopp).- (5.11)

JHG2 1)l

pArg(H(2 )

-90°

-180°

Figure 5.5 lllustration of dominant, non-dominant pole, gain bandwidth
frequency and phase margin for the amplifier in open unity-gain feedback loop
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Figure 5.5 illustrates the stability analysis parameters in the case of the unity-
gain negative feedback. The loop gain corresponds to the DC gain of the
amplifier, while the corresponding gain bandwidth frequency is often denoted
as the amplifier gain bandwidth frequency and is given by fgzy = 4, 1y,
Rejection ratios - The positive and negative supply voltages, as well as the
common-mode input voltage are DC voltages, and thus, they are considered as
constant in the ideal case. However, in real design situations there may exist
perturbations of these DC voltages, that are then amplified and found in the
output voltage as unwanted components. Thanks to negative feedback, these
contributions are attenuated, in fact divided by the differential gain of the
amplifier or by the gain of the CMFB loop, as will be shown later. An important
design parameter thus becomes the ratio of the amplifier (or the CMFB loop)
gain and the gain of the undesirable small-signal component denoted as:
* positive power supply rejection ratio PSRR*,
* negative power supply rejection ratio PSRR-,
* common-mode rejection ratio CMRR.

VbD

Vi

VIN,.CM —® VIN,DMl
vy

Vout
A A

DD
\ ViNoM > VouT *— Vpp

A N

VIN,CM Vss

a)

—

VOUT,DMl —VouT.cM

— o

A
Z \ ViNDM ™ VouTbm Vbp
2 A
DD

VIN,CM ;\’ VouT,cm ‘; Vss
" O
-Acurs

Figure 5.6 lllustration of the signal and the perturbation gain paths in the case of
a) single-ended and b) fully-differential amplifier

b)
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Table 5.1 Rejection ratio definitions for the single-ended amplifier

CMRR 4
A C

A
PSRR* £
A DD
PSRR- 4
A SS

To determine the rejection ratios we will analyze the equivalent
contribution of each voltage source in the case of a single-ended amplifier and
in the case of a fully-differential amplifier both operating with a negative
feedback network (Figure 5.6).

For the single-ended amplifier, shown in Figure 5.6a, the small-signal
output voltage is given by

VA Z
vour = (1 +Z—2)v1 -7 (5.12)
7\ Ags ZNApp ZnAc
+(1 +Z—2 TVSS‘F(] +Z—2 TVDD+(] +Z—j)7v1N’ M

where 4 is the gain of the amplifier, 4pp is the gain of the perturbation from the
positive supply voltage source to the output, 4y is the gain of the perturbation
from the negative supply voltage source to the output and A¢ is the gain of the
perturbation from the common-mode input voltage equivalent source to the
output. On this basis, the rejection ratios are defined with regard to the
amplifier gain as shown in Table 5.1.

For the fully-differential amplifier, shown in Figure 5.6b, the gain of
unwanted perturbations is the same at positive and negative amplifier output
terminals. Hence, this is canceled for a perfectly balanced circuit since
Vour = Your.— Vours - 1he unwanted contributions occur only if there exists
an electrical or statistical mismatch of the transistors on the right and the left
part of the circuit

Z2
2% = ==V
oUT,DM Z] IN, DM (513)
+ASSmismv +ADDmismv +ACm[smv
A SS A DD A IN, CM*
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Table 5.2 Rejection ratio definitions for the fully-differential amplifier

A
CMRR —CMFR
4 C
PSRR* Acwrs
A DD
PSRR- Acurp
A SS

Since Asspmism Appmism and Acpism are very small, and divided by the amplifier
gain, these contributions are usually not critical.

On the other hand, since the output common-mode voltage is determined as
vour.cu = 0-5(Vours + Vour.), we can write that

ADD Vrnt ASS Voot AC v
DD SS IN,CM >
I+ ACMFB I+ ACMFB I+ ACMFB

Your,cm =

(5.14)

where Acyrp is the gain of the common-mode feedback loop. These
contributions are usually dominant, and thus, the rejection ratios are here
defined with regard to the gain of the common-mode feedback loop as given in
Table 5.2.

Noise - For each transistor in the circuit, the noise contribution is modeled
as an equivalent voltage source at the transistor gate equal to its input referred
noise voltage spectral density, as defined in subsection 2.2.13. The amplifier
noise is expressed as the equivalent input referred noise voltage spectral
density, calculated in the following way: for each “noise” voltage source, the
gain is calculated at the output, all contributions are summed and referred to the
input by dividing the sum by the amplifier gain.

Offset - For each pair of matched transistors in the circuit, the gate voltage
mismatch contribution is modeled as an equivalent voltage source in the
transistor gate equal to its gate voltage mismatch standard deviation, as defined
in subsection 4.4.5. The amplifier offset is expressed as the equivalent input
referred offset, calculated in the following way: for each “mismatch” voltage
source, the gain is calculated at the output, all contributions are summed and
referred to the input by dividing the sum by the amplifier gain.
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5.2 Procedural design scenario for a folded-cascode OTA

Speed - The speed of the amplifier corresponds to the time required for the
signal at the output to establish its final value or within an acceptable error. It
depends on the capacitive load, the parasitic capacitances in the nodes in the
gain path, as well as on the currents available to charge or discharge these
capacitances. Therefore, it can be characterized by:

» slew-rate SR - defined for the unity-gain configuration and the large input
voltage step as the ratio of the maximal available large signal current and
the equivalent capacitance seen at the output,

* current sourcing/sinking capability - defined as the current that must be
provided at the amplifier output for the particular working conditions (e.g.
negative feedback network) and any voltage amplitude in the specified
differential input voltage range.

5.2 Procedural design scenario for a folded-cascode OTA

The complete schematic of the folded cascode OTA structure together with
all necessary voltage and current bias basic analog structures is shown in
Figure 5.7. The same topology can be implemented using the complementary
transistors, i.e. replacing all NMOS transistors by PMOS transistors and vice
versa in the transconductance, load and bias structures. In both cases, the
design scenario remains the same and the circuit-level design parameters are
calculated in the same way. It is also important to note that the biasing circuitry,
presented in this example, is just one possible way of implementation. It is
decided here that all current bias sources are matched with the main current
bias for circuit simplicity. Nevertheless, each current source can be
implemented separately if there are additional design requirements.

5.2.1 Circuit-level design parameters

Circuit-level design parameters are calculated using the definitions
presented in the previous section and summarized in Table 5.3.

It is interesting to note that the contribution of the cascode transistors M5,6
and M7,8 to the equivalent input referred noise and the equivalent input
referred offset can be neglected, since the gain from the “noise” (“mismatch’)
voltage source to output is much smaller than the amplifier’s gain, that is

AM5,6 _ 8ps3,+ Rout down «] Ay s _8pso, 10° Rour, P g (5.15)

A() Emi - ROUT ’ A() Emi - ROUT
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| | M4
MB21

<
=

MB22
Vour |B|As,Nl
=C, lIBlAs,P
[ |

I MB32

Veist
L
_| M10 —| MB31

Vo

Zoo
[P Ly} [P Ly} [ MPs | el vp7 Vaias, pa
I I I I
IMP2 II | MP4 II | MP6 | :I MP8 Vgius s
I I I I
] lIBIAS, N
Raias
|_I Ll IJlImAs,P
lIBlAS I I I Vaias, N2
[MNZ [MN4 MN6 ]
Vss I_ | |
I i Vv
LI M wns BIAS. N1
T
Vss

Figure 5.7 Folded cascode OTA topology with voltage and current bias
structures
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Table 5.3 Folded cascode OTA circuit-level design parameters

static current ST = 21+ vy v 3y
consumption 3 BIAS, N BIAS, P BIAS

Ay = &u1,2 Rour Rour = Rout, down | Rour, up

H n-g,78 1
gain, output ROUT, down — T
resistance &ps7,8  &Dsy, 10

R _ n- gm5, 6 1
OUT, up :

8pss,6  (&psi 2T &ps3, 4)

v = Vpp—1V, -V +V
common-mode IN, CM, MAX DD | DSsat3, 4| DSsatl, 2 GS1,2

input range Vin,cmmin = Vst Vossasi Vst 2

VOUT MAX VDD |VDS.sut3 4| |VDS.S(115 6|

output range
Vour,muiv=Vsst Vbssar7,8 T Vbssare, 10

input referred 5 2 w3 N\ 2 8mo, 10\’ 2
equivalent Vy = 2Vn1,2+2(gm ) Vn3,4+2<—gm ’ ) Va9, 10
noise m 2
. 2 2
input referred Voir = 68V, )
equivalent '
offset +(%‘) o(8V5; 4) +(gm9 10) G(5VG9,1())2
ml, 8m1, 2
21
slew-rate SR =
¢

Rejection ratios - The input common-mode signal gain is approximated by

1/8ps3, 4
Ap = ==2DS2d o R (5.16
C I/gDSB] 6 our )

which results in

CMRR = 8ps3.4 &ml.2 (5.17)
EDpsBi gm5,6

If the CMRR 1is not the first design priority, the transconductances of the
transistors M 1,2, and M5,6 and the output conductance of the transistors M3,4
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are usually imposed by the gain and stability conditions. Therefore, the key
design parameter is the output conductance of the current bias source MBI1.
Concerning the PSRR, it is very difficult to determine the exact expression,
since all perturbation paths including the main and the bias circuit have to be
superposed. The common practice is thus to estimate the key parameters that
affect the main contributions and to use them as design parameters. The hand-
calculation difficulty arises from the fact that the positive and the negative
supply voltage noise affects the bias voltages, and hence they can be also
considered as small-signal sources. Consequently, transistors such as M3.4,
M9,10 or MB1 can be considered to have a small-signal perturbation source not
only in the source, but also in the gate terminal. The resulting gains are
approximately the same, but with opposite signs, and thus ideally canceled.
However, the calculation results never match with the simulation results, and
the previous conclusion can be used only as a design guideline. On the other
hand, the main contribution comes from the cascode transistors M5,6 and M7,8
since the perturbations of supply voltages result in their bias voltage small-
signal changes being amplified at the output. Since the equivalent gains can be
approximated by gpg; 4 Royr and gpgg 19 Royr, it follows that the key
parameters are the output conductances of transistors M3,4 and M9,10.

5.2.2 Frequency analysis

Figure 5.8 displays the equivalent half-circuit that simplifies the frequency
analysis. There exist four different nodes, and two possible gain paths from the
input to the output of the amplifier: the first one via the folded point FP, and
the second one via the cascode point CP. Consequently, a doublet pole-zero
will appear in the transfer function together with a dominant pole and two other
non-dominant poles. The approximations for pole and zero frequencies are
given in Table 5.4.

The gain bandwidth frequency is now calculated as

o glﬂ
Jesw = Ag-Jap = M(Zl—é)zow’ (5.18)

whereas the phase margin is given by

o) 5

) + atan( /

. =), (5.19)

PM = 180°— atan(
GBW

GBW

Since there are three non-dominant poles it is of interest to determine the pole
that is the closest to the origin in order to define the stability condition that can
be used for the design.
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5.2 Procedural design scenario for a folded-cascode OTA

Vv
BIAS,P4 a

=y
)
o< l

itk

Figure 5.8 Equivalent half-circuit of the folded cascode OTA used for frequency
analysis

There are two possible situations:
* Rourup <Rourdown - M this case g5 5<8.7 8 &pss.s>&ns7, s and

(&ps1. 2+ &pss.4) > &pso, 10» Which implies that IF; 3 < IFs5sand Ly g > Ls -

consequently, it can be expected that the sum of capacitances in the
cascode point is larger that the sum of capacitances in the folded point, and
thus it is possible to fulfil

Em7, 8 Ems. 6
8 . 6 5.20
O~ 0, (520

If now we impose the design condition that /F;g> IFg ;9 and L;g = Lg;y to
ensure that

n-gur7 s Emo, 10
= < . 5.21
ZO)¢p  (ZO)g9, 19 -2

the stability condition can be written as

fnde 2 kPM 'fGBW (522)

where kp), is determined by the required phase margin.
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Table 5.4 Approximations for pole and zero frequencies in the transfer function
of the folded cascode OTA

1

dominant pole fg, W
ouT our

(ZC)our = C.tCsps,61 Copr, s

n- gm5, 6

non-dominant R(=C) ,

pOIe fndp1

(2C)pp = Cgss.61 Cops,at Capi. 2

n .
non-dominant Z(Zg—"gg ,
pole fugp2 T(ZC)cp
(ZO)¢p = Cas7,517 Capo, 10
doublet - Zgz% ,
non-dominant T(XC)go, 10
pOIe fndp3
(ZC)qo, 10 = 2Cqs9, 10t gmmROUTCGDg, 10
289, 10
doublet - —mn
zero f, 2(ZC)go, 19
* Rourup>Rour,down - in this case g, 4>8.7 5 &pss,s<&ps7,s and

(8ps1. 2+ &ps3.4) <&pso. 10> which implies that /F; 3> [Fs5sand L; g < Lsg4 -
consequently, it can be expected that the sum of the capacitances in the
folded point is larger than the sum of the capacitances in the cascode point,
and thus it is possible to achieve

gm5 6 gm7 8
< o 5.23
=0 =0 (523)
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5.2 Procedural design scenario for a folded-cascode OTA

If now we impose the same design condition as in the previous case to ensure
that the non-equality (5.21) is still valid, the stability condition can be written
as

Jaap1 Z kpae Fpw- (5.24)

where kpy, is determined by the required phase margin.

load with
folded pair

folded pair
voltage bias

diff pair
current bias

1
MPT, Veias, 4
1
1
1
MP81
I : Veias, p3
1
1

main
current bias

'jil lBIAS, Py

VBIAS, N2

I _tl VBIAS, N1

Figure 5.9 Folded cascode OTA partitioned into basic analog structures
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5.2.3 Circuit partitioning

The circuit from Figure 5.7 is partitioned into the following basic analog
structures:
» differential pair,
* load with folded pair = bias mirror M3,4 + folded pair,
e cascode load,
+ folded pair voltage bias,
» cascode voltage bias,
+ differential pair current bias,
e main current bias,
and redrawn in Figure 5.9. It must be pointed out that the folded pair belongs
at the same time to the transconductance structure (folded cascode differential
pair) and to the load/bias structure (on the upper side). However, because of the
stability conditions, and the relations between the non-dominant pole
frequencies and the resistances Rouzdown Rouryy discussed previously, it is
more convenient to design the folded pair transistors M5,6 together with the
current bias transistors M3,4 to avoid the optimization loops.

5.2.4 Derivation of the specifications

Voo o stability,

" __ﬁ___ﬂ__ . OUtpUtBWing,
*gain, y i " |PSRR,
*CMIR, BIAS,P4 * ] 1—| ma 1 |enoise,loffset
« noise, offset T —l !

i I i1 | stability, gain,
J,'ri/ « output'swing
|
M6:: BIAS2
—=Fh
- Vour
|
s !
I VBIAS1
1
1 « stability, (gain,
MJN - outputiswing,
i * PSRR,
_________ > « Noise, (offset

« stability,[gain,
« outputiswing

Figure 5.10 Folded cascode OTA circuit-level parameter sets that are used for the
derivation of basic analog structures’ specifications
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5.2 Procedural design scenario for a folded-cascode OTA

The circuit-level design parameters that are used to derive the specifications

for each basic analog structure are indicated in Figure 5.10. The corresponding
circuit-level and basic analog structures’ design parameters are listed in Table
5.5.

Table 5.5 Table for derivation of the specifications for folded cascode OTA

basic analog

circuit-level or other basic

basic analog structure’s

structure analog struct. parameters parameters
differential - gain, *  9m1,29ps12,
pair * gain bandwidth, * Omia

+ common-mode inputrange, | ¢ Vgs1o,

* noise, offset * Om1, Va1.2 0(Va1.2)
load with * gain, *  Oms,6/9Ds5,6:
folded pair -  stability, * Imse/(2C)en
folded pair * output range *  Vpssatss
load with * gain, PSRR *  Jpss4,
folded pair - « output range, * Vpssats 4
current * noise, offset, *  Om34, Vi34, O(OVG34)
source

cascode load

* gain,

« stability,

e output range,

* noise, mismatch,

9m7,6/9s7,8: 9Ds9, 10,

* 9m7¢/(2C)ch

*  Vpssatz,8 Vbssato, 10,

* Gm9,10, Vng, 10, O(HVg,10)

+ PSRR *  9ps9,10
folded pair * IFse * Vaiast
voltage bias
cascode * IF7g * Veias2
voltage bias
differential * CMRR, *  Obss1,
pair current + common-mode inputrange | * Vpssa1
mirror

main current
bias

* IFg1, Wa1, Ly
e IF34, W34, L3

*  NMOS transistors
matched with MB1,

*  PMOS transistors
matched with M3,4
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5.2.5 Procedural design sequence

*SR

circuit
o3 [T*

currents

more ;
T S ----\  simulate
currents i and

* foaw differential redesign
*CMIR | ™" pair with

parasitic
¢ > capacitances

load with
folded pair

¢ gain,
« stability, — < e >
* output swing

cascode
load

J S ———— t _____ -

folded pair
voltage bias

'

cascode
voltage bias

¢

*CMIR, diff pair
«CMRR| ™ curren% bias | "

________ =

SIMULATIONS'

Figure 5.11 Folded cascode OTA procedural design sequence

Circuit currents - The differential pair tail current is determined according
to the speed or the slew-rate specification

S SR - (ZC)OUT‘

;2 > (5.25)
The current /, is then chosen to be in range
1.21,<1,< 21, (5.26)
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5.2 Procedural design scenario for a folded-cascode OTA

which ensures that the folded-cascode pair transistors will not be turned off
even when there is a large signal step at the input and all of the differential pair
tail current is balanced on one side. Finally,

I =1,+1,. (5.27)

The other design specification that must be respected is the total current

consumption. If all bias currents are equal it follows that
xI-51
< TB’AS . (5.28)

Differential pair - The inversion factor of differential pair transistors is
usually determined according to the required fsz as

gm1,2 Em
8m1,2221C, fopw — 7 ([ ) - IF, ;. (5.29)
1 Dsar 1,2

However, if the common-mode input range specification has higher priority,
the maximal value of the inversion factor is imposed by the acceptable gate-
source voltage headroom Vg; 5.

The transistor length L; , is chosen to fulfill the condition that the output
conductance of the transistors M1,2 is equal to or smaller than the output
conductance of transistors M3,4, that is

Ly, (5.30)

This allows us to simplify further design steps approximating the Royr,, as
n-8ms6 _ 1  or n-&ms. 6 1
8pss, 6 8Ds3,4 8pss, 6 28ps3,4
The design of the load with folded pair and cascode load transistors usually
demands optimization loops to adjust the transistor design parameters because
of the “stability - output resistance” relations. If the designer decides to set the
Rourup > Rour.down, then the gain is approximated as

n .
Ay~ Emi,2 " 8mz.8 (5.31)
8ps9, 10 8ps7, s

and the cascode load has to be designed in the first place. Otherwise, the gain
is approximated as
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n-
Aoz gm],Z . gm5,6 (532)
8ps3,+  8Dpss, 6

and the load with folded pair has to be designed before the cascode load.

Load with folded pair - If this basic analog structure is designed before the
cascode load, the inversion levels of transistors are set according to the output
range specification

Vbssats, 4= 1F34 (5.33)
Vipssats,s = 1Fs 6

The transistor lengths can be determined with regard to the gain, by either
choosing

_ _ A8mi1,2 " 8ms, 6 _
&pss3,4 — &pss,6 — /—A 20— Ly 4= Lss, (5.34)
0

or setting Ls4 in the range (Lyyy - 2Lyy) to minimize the sum of parasitic
capacitances, and then calculating

~ Emi1,2 N 8ms,6

&ps3 4~ = Ls,. (5.35)

Ay 8pss, 6

If noise or offset reduction is a high design priority, then the minimal
inversion factor of the transistors M3,4 is imposed by the condition

8&m3,4<8mi,2 - (5.36)

On the other hand, if the cascode load is already designed, the inversion
level of transistors MS5,6 is chosen to fulfill the stability requirements, that is

[F5,6<IF7’8, (5.37)
n-8us 62 2T EC) pp - kpy fom

whereas the inversion factor of the transistors M3,4 is calculated as in the
previous case according to the acceptable saturation voltage Vpssass, 4

The transistor lengths Ls4 are usually set in the range (Lygy - 2Lyn) to
minimize the sum of parasitic capacitances, whereas the transistor lengths L3,
are set to ensure
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5.2 Procedural design scenario for a folded-cascode OTA

&ps3, 4 &pss, 6 <&ps7,8 &Ds9, 10+ (5.38)

Cascode load - If this basic analog structure is designed in the first place,
the inversion levels of transistors are determined from the output range
specification

Vissarr,s = 1F 7.5 (5.39)

Vipssato, 10> 1F g, 19

The transistor lengths can be determined with regard to the gain by setting

_ _ 1Em1,2 " By s _
8ps7,8 =~ 8ps9, 10 = /—m i - —L; =Ly (5.40)
0

If noise or offset reduction is a high design priority, then the minimal
inversion factor of the transistors M9,10 is imposed by the condition

8m9,10<8m1,2- (5.41)

If the folded pair and the current bias sources are already designed, the
inversion level of transistors M7,8 is chosen with regard to the stability
conditions, that is

IFs 4> 1F; (5.42)
N 8782 2M(EC)cp kpyr- S

whereas the inversion factor of the transistors M9,10 is calculated according to
the acceptable saturation voltage Vpssu, 10-

The transistor lengths L;g are usually set in the range (Lygy - 2Lygn) to
minimize the sum of parasitic capacitances, whereas the transistor lengths Lg ;9
are set to ensure

&ps3, 4 &pss, 6> &ps7,8 &Dsy, 10+ (5.43)

After the core of the amplifier is designed, the circuit can be simulated with
ideal voltage and current bias sources to confirm the obtained gain and stability
versus the specifications. If it is necessary, all previously described design
steps can be repeated, but now taking into account the simulated parasitic
capacitances and the possible degradation of the output conductances due to
short transistor lengths.
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Folded cascode voltage bias - The required bias voltage is determined as

Viras: = Vossaiz, 4T Vass, s (5.44)

where the gate-source voltage Vs s is calculated from the inversion factor
IF’s 4. The transistors are sized as shown in subsection 4.6.1.

Cascode voltage bias - In the same way as in the previous step, the required
bias voltage is determined as

Veiasi = Vbssaro, 10T Vasr, o (5.45)

where the gate-source voltage V75 is calculated from the inversion factor
IF’; 5. The transistors are sized as shown in subsection 4.6.1.

Differential pair current bias - The inversion factor of the transistor MB1
is calculated from the acceptable saturation voltage Vpg,.5; that is determined
according to the required common-mode input range.

The transistor length is set to achieve the output conductance gpsz; value
that ensures obtaining the required CMRR.

Main current bias - The transistors MN3,5 are matched with the
differential current bias transistor MB1, while the cascode transistors MN4,6
are usually placed at the limit of weak inversion to obtain the minimal
saturation voltage. The transistors MN1,2 represent the voltage bias of cascode
transistors MN4,6, and are designed as shown in subsection 4.6.1.

The transistors MP1,3,5,7 are matched with the transistors M3,4, while the
cascode transistors MP2,4,6,8 are usually placed at the limit of weak inversion
to obtain the minimal saturation voltage. The resistance Rp4s is determined as
_ Verr=Vari (5.46)

RB[AS - Ji >
BIAS

where the gate voltages Vs, and Vi, are calculated according to chosen
inversion levels.

After the complete circuit has been sized at the transistor level, it is
simulated to verify the achieved performances. At this point, fine-tuning is
usually required to improve noise, offset or the rejection ratios. The backward
arrows in Figure 5.11 indicate which blocks need to be redesigned (or their
parameters adjusted) to improve these circuit-level parameters.
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5.3 Procedural design scenario for a fully-differential folded cascode OTA

5.3 Procedural design scenario for a fully-differential folded
cascode OTA

Figure 5.12 depicts a fully-differential variant of the folded cascode
amplifier and its Common-Mode FeedBack (CMFB) amplifier. The CMFB
amplifier is a part of the CMFB loop, indispensable for any fully-differential
structure. It controls the DC level of the voltages at the output terminals, i.e. the
common-mode output voltage of the amplifier Ve ovr= Vour+ + Vour-)/2,
since the differential mode has no control over it.

Voo
L
|"| |<J Vaiass |
MB11
| vo || [Tm10 || mB21 MB23
121 =41, i
w1 "2 | | Veis2 | |
vz || 1D [[ve22 ||| mB24
VlN;_I |_YIN-
I
Voyr Vours 'BIAS, Nl uBIAS, P1 llslAs, P2
C L L| | C
L ws (] we T 5 | |[wes
«! b, Vesi|
IS s
Veurs M3 | M4 MB31
._+_|
.
Vss

Figure 5.12 Fully-differential folded cascode OTA and its CMFB circuit

141



CHAPTER 5: Procedural design scenarios

The proposed topology of the CMFB amplifier is just one possible
realization, and there exist numerous other topologies described in the
literature [3], [4]. It is chosen here for illustration purposes, and also because it
is used in the practical design example in chapter 8. The common-mode output
voltage is sensed thanks to two-differential pairs, MC1,2 and MC3,4, and
compared to the reference voltage Ve rer. The differential pair output
terminals are connected in such a way that the CMFB amplifier output voltage,
denoted here as Viyrp, becomes a function of the difference between the
common-mode output voltage and the reference voltage. The voltage Vs
controls the current sources M3,4 of the main amplifier, and in this way closes
the negative feedback loop that minimizes the difference between the common-
mode output voltage and the reference voltage. If this voltage difference
increases, Vcyrp also increases, and consequently the bias currents /3. As a
result, the voltage drop across the cascode load (M7,8 and M9,10) increases,
the DC level of both output voltages decreases, and thus the common-mode
output voltage.

In this example, all bias currents are matched, that is the bias current of the
differential pair /;, the branch current /, of the main amplifier and the CMFB
bias current Icyrp. In this way, if there exists any cause of mismatch (for
example a temperature gradient), all circuit currents are affected in the same
way. The main current bias, shown in Figure 5.13, provides only the bias
currents required by the corresponding voltage bias structures. However, in
some other design examples these current sources can be also implemented
separately or matched with the main current bias circuit.

Voo
[ MP1 l MP3 I MP5 l <J MP7 - Vgiasps
| | | |
IMP2 | MP4 | MP6 | :IMPB Vamspa
! ! ! ! —llIBIAS, N

RBIAS

I I Jl IBIAS, P1 Jl IBIAS, P2
I

VBIAS, N2

MN2 MN6 j MN8 j
Vss | | |
- | a N

MN1 M5 7] mnz ) Vaias, n1

llsms

=
4
=

[C2 7 1lv 1/¥]
Al T 1 e 147

K
S
s

Figure 5.13 Current biasing circuit of a fully-differential folded cascode OTA
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5.3 Procedural design scenario for a fully-differential folded cascode OTA

5.3.1 Circuit-level design parameters

Circuit-level design parameters of the main amplifier and the CMFB
amplifier are summarized in Table 5.6.

Rejection ratios - The input common-mode signal gain is again
approximated by (5.16), which results in

CMRR = k. 50534 Emel.2.3.4 (5.47)
8pspir &m5, 6

If the CMRR is not the first design priority, the transconductances of the
transistors MC1,2,3,4, and M5,6 and the output conductance of the transistors
M3,4 are usually imposed by the gain and stability conditions. The key design
parameter is again the output conductance gpgs;;.

Concerning the PSRR, the key parameters are again the output
conductances of transistors M3,4 and M9,10.

Table 5.6 Fully-differential folded cascode OTA circuit-level design parameters

static current

. 2l =
consumption

203+ Igras vt Lpras pi H pias, p2 T 2Leprs + 3 pias

differential Ay = &u1.2* Rour Rour = Rour, down | Rour, up
gain, output n-g.,rs ]
. m
resistance Rovrwp = ——— —
8ps7,8  8Dsy, 10
R _ " 8us6 1
OUT,down ~— :
gpss,6  (&psi 2T &ps3, 4)
CMFB loop 7
. _ _ 13
gain Ao cmrs = k- 8nci, 23,4  Roun k =
CMFB
common-
mode input Viv,emmax = Voo=|Vpssas il =|Vast, ol
range of the Vivoesmmv ~ Vs Vpssars, 4+ 1 Vbssarr, 2l = Vst 2l
main
amplifier

output range = —
P g VOUT,MAX = Vop |VDSsat7, 8|_|VDSsat9, 10|

Vour,miv = Vsst Vbssarz, 4 T Vbssars, s
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Table 5.6 (continued) Fully-differential folded cascode OTA circuit-level design

parameters
differential
input range VOUT max = Vpp—
of th? _CMFB Vour,miv ~ = Vest Vescst |VDSsatC], 2,3, 4| - |VGSC], 2,3,4
amplifier
input 2 2
referred vy = 2Vi1,2+2(g”13’9 Vo 4+ 2 gmg,m) Vo, 10
equivalent Em1, Emi,2
noise
input 5 5
referred Voir = 0(8V g, 5)
equivalent 2 g
3,4 9,10 2
offset +( 2 ) (SVG3 4) +( i ) (5V69,1o)
ml, ml, 2
slew-rate I
SR = L
L

5.3.2 Frequency analysis

In the case of a fully-differential structure, the stabilities of two feedback
loops have to be analyzed: the main amplifier feedback loop and the CMFB
loop. The main amplifier will be treated here in the most unfavorable case, that
is in the unity-gain negative configuration.

Main feedback loop - Using the equivalent half-circuit from Figure 5.14,
the dominant and non-dominant pole frequencies of the main feedback loop are
approximated and given in Table 5.7. The gain bandwidth frequency of the
open unity-gain feedback loop is calculated as

Emi, 2
=A,- = s 5.48
chW,OTA 0 fdp,OTA 210=C) oy ( )

and the phase margin

PM = 180°- atan(w) —atan(w). (5.49)
Jap.ora Judp, 014

Accordingly, the stability condition is

fndp,OTA = kPM'fGBW,OTA= (5.50)
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5.3 Procedural design scenario for a fully-differential folded cascode OTA

where kpy, is determined from the phase margin specification.

At this point, it is important to note that the non-dominant pole frequency
strongly depends on the transconductance and the parasitic capacitances of
transistors M5,6. On the other hand, the intrinsic gain of the same transistors
determines the output resistance Royrsows- Therefore, it is convenient to
approximate the output resistance as

Rour =Rour down?® (5.51)

which imposes that

ROUT, up>> ROUT, down* (552)

This simplifies the design procedure since the gain-stability trade-off is found
simply by sizing the transistors M5,6, and there are no additional conditions as
in the case of a single-ended amplifier.

VBIASS
VDD | M10
VBIASZ
M8

Figure 5.14 Equivalent half-circuit used for the frequency analysis of the main
amplifier and the CMFB amplifier feedback loop
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Table 5.7 Approximations for pole frequencies in the transfer function of the
fully-differential folded cascode OTA

dominant pole ]

f —_—
@poT 2R oy (ZC) oyr

(ZC)our = C.tCsps,61 Copr, s

non-dominant

n- gm5, 6
pole frgp,074 Pmpr——

20(EC)pp”

(2C)pp = Cgss.61 Cops,at Capi. 2

CMFB loop - The CMFB loop inherits the dominant and one non-dominant
pole from the main feedback loop since it uses one part of the main amplifier
gain path. However, there is an additional pole at the output node of the CMFB
amplifier, indicated as CMFB in Figure 5.14. According to the approximations
for the pole frequencies given in Table 5.8, it is obvious that this non-dominant
pole is closer to the origin as g,cs < gus,s (because even if [Fcs = IF’s 4, the
drain current Ipg,cs = Icurp 1S smaller than the drain current Ipg,ss = I;) and
(ZC)cmrs > (ZC)pp.

The gain bandwidth frequency of the CMFB loop is given by

k-g
fGBW,CMFB =4, CMFB'fdp = #’» (5.53)
ouT

and the phase margin is

PMcyrp = 180°— atan(w) (5.54)
Jap, curs
feGBw, curs fesw.curs
— atan| —————| — atan| ———|.
Judp1, cmrB Judp2, cmp

Accordingly, the stability condition is

fndp], CMFB — kPM'fGBW, CMFB > (555)

where kpy, is determined from the phase margin specification.
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Table 5.8 Approximations for pole frequencies in the CMFB loop transfer
function

1

dominant pole D
2R oy (EC) our

Fap,cmre=Fap,07a

(ZC)our = C.tCsps,61 Copr, s

Emce

non-dominant 2(ZC)cprp

pole frgp1,cure
EO) cmrs =

= Coscs T 2Cgg3 41 &ms, 4RourCopa

- 8ms, 6

non-dominant 2R(=C)pm s

pole

fndpz,CMFB=fndp,orA
(ZO)pp = Cqss,61 Cops,a T Copi, 2

5.3.3 Circuit partitioning

The fully-differential folded cascode OTA, its CMFB amplifier and main
current bias circuit are divided into basic analog structures in Figure 5.15 and
Figure 5.16 as follows:

+ differential pair,

* load with folded pair = bias mirror M3,4 + folded pair,
e cascode load,

 folded pair voltage bias,

» cascode voltage bias,

» differential pair current bias,

+ CMFB differential pairs,

« CMFB diodes,

* CMFB current bias,

* main current bias.

In the same way as in the single-ended case, to facilitate gain-stability
compromises the folded pair transistors are designed with the current bias
transistors M3,4 as a load structure. The differential pair current bias and the
common-mode feedback current bias are matched with the cascode load
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transistors that behave as a load and a current bias at the same time. Finally, the
current /3 bias transistors M3,4 and the CMFB diode MC6 are also matched,
since they create a simple current mirror.

i i cascode cascode
cu(rjrlgrrft)%iras Voo J/ load voltage!bias
Tl
| [[w1o!

1
1
I
| |
1

differential i [ I
pair il

[ | *\ foldedipair
VCMFBE 3 | | W4 ! voltage%ias
1
loadwith /-8 il
foldedpair \—/l—
SS
CMFB
currentibias
CMFB
differential
_____________________ v pairs

I_lYOUT+
1
'

ICMFB

1 1

U ves s || cvre

I 1

[ Lo PR -FL-0 N cvrs
Ves diodes

Figure 5.15 Fully-differential folded cascode OTA and its CMFB amplifier
partitioned into basic analog structures
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1
T Veiasp4

1
1
:—l I
MP:
| d| VBIAS,P3
| main

. .
current/bias

VBIAS, N2

VBIAS, N1

Figure 5.16 Main current bias of fully-differential folded cascode OTA partitioned
into basic analog structures

5.3.4 Derivation of the specifications

The specifications for the design of basic analog blocks are derived in the
same way as in the previous example. The design parameters of the basic
analog structures are listed in Table 5.9, whereas the circuit-level design
parameter sets that are affected by the design parameters of the corresponding
basic analog structure are indicated in Figure 5.17.

Table 5.9 Table for derivation of the specifications for fully-differential folded

cascode OTA

basic analog circuit-level or other basic basic analog structure
structure analog struct. parameters parameters
differential + gain, *  9m1,29ps1,2,
pair * gain bandwidth, * Omia

* common-mode inputrange, | ¢ Vggyo,

* noise, offset * Gm1, V1,2 0(0VG1,2)
load with « gain, *  Oms,6/9Ds5,6:
folded pair - + stability, * Imse/(2C)en
folded pair * output range * Vpssats.6s
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Table 5.9 (continued) Table for derivation of the specifications for fully-
differential folded cascode OTA

basic analog

circuit-level or other basic

basic analog structure

structure analog struct. parameters parameters

load with * gain, PSRR *  9ps34

folded pair - * output range, * Vbssatz 4

current * noise, offset, *  Om34, Vn3 4, O(VG34),
source » CMFB stability * Cas3s

cascode load

* Roun
* output range,
* noise, mismatch,

9m7,6/9ps7,8: 9s9, 10,
VDSsat7,81 VDSsatQ, 105
*  9me,10, Vng, 10, O(0V59,10)

*+ PSRR *  Jpsy,10

folded pair * IFsg * Veiast

voltage bias

cascode * IF7g *  Veis2

voltage bias

differential * CMRR, *  Opsa11s

pair current * common-mode inputrange | * Vpssai1,

mirror * matched with
cascode load
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5.3 Procedural design scenario for a fully-differential folded cascode OTA
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Figure 5.17 Fully-differential folded OTA circuit-level parameter sets that are
used for the derivation of basic analog structures’ specifications
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5.3.5 Procedural design sequence

The procedural design sequence together with the indications of the
possible optimization loops is shown in Figure 5.18.
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Figure 5.18 Fully-differential folded cascode OTA procedural design sequence

152



5.3 Procedural design scenario for a fully-differential folded cascode OTA

Circuit currents - The main amplifier currents are determined in a similar
way to those in the single-ended case, that is

1,2SR - (£C)pur» (5.56)
1.21,< I,< 21, (5.57)
I =1,+1,. (5.58)

The CMFB bias current /-5 can be set initially in the range (/45 - 2/p145). It
can be adjusted later if a compromise between CMFB gain and stability needs
to be found. This is usually achieved by choosing the appropriate value for the
current ratio &, defined as

k= 13/Icypg (5.59)

since the transistors M3.,4 and the CMFB diode MC6 create a simple current
mirror. The design specification that also must be respected is the total current
consumption. If we assume that all bias currents are equal, it follows that

XI—=51p4s
I;< SVENIS (5.60)

Differential pair - Differential pair transistors are sized in exactly the same
way as in subsection 5.2.5.

On the other hand, according to the frequency analysis, an important design
condition is Rourup >> Rour.down- TO achieve this, it is usually sufficient to set
Rourup = 10Routdown- This allows us to approximate the gain of the folded
cascode OTA as

n-
Ay~ L2 T Emis (5.61)
8ps3, 4 8Dss, 6

Load with folded pair - The inversion levels of transistors are set
according to the output range specification

Vissats,a = 1F3 4 (5.62)
Vipssars,s = 1Fs5 6
The transistor lengths L;4 can be either set in the range (Lyyy - 2Lyy) to

minimize the sum of parasitic capacitances or calculated from the stability
requirement
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”'gm5,6227c(zc)pp'kPM’fGBW, (5.63)

where kpy, is determined from the phase margin specification. In the latter case,
a good design practice is to overestimate the sum of parasitic capacitances in
the folded point by

I
(2C)pp=3-COX- 2 L3, (5.64)
2-n-KP-IFs ;- Vi

and determine the maximal acceptable L; s using the aforementioned condition
(5.63).

The transistor lengths L;, are determined with regard to the gain
specification from which the output conductance is calculated as

Sossg = [Pl Buse (5.65)
0 8Dpss, 6

If noise or offset reduction is a high design priority, then the minimal
inversion factor of the transistors M3.4 is imposed by the condition

8m3,4<8m1,2- (5.66)

Cascode load - The inversion levels of transistors are determined from the
output range specification

Vpssat7,8 = 1F7 s (5.67)

Vpssato, 10> 1Fg 19

The transistor lengths can be determined with regard to the output
resistance, by setting

_ _ n-8mr7,8 _
8ps7,8 = gDS9, 10 — 10- R 4 _)L7,8 - L9, 10- (568)
OUT,down

Again, if noise or offset reduction is a high design priority, then the minimal
inversion factor of the transistors M9,10 is imposed by the condition

89,10 <8m1,2- (5.69)
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5.3 Procedural design scenario for a fully-differential folded cascode OTA

After the core of the main amplifier is designed, the circuit can be simulated
with ideal voltage and current bias sources, and an ideal (or behavioral) CMFB
model to confirm the obtained gain and stability versus the given
specifications. The previous design steps can be repeated, but now taking into
consideration the real (not estimated or overestimated values) of parasitic
capacitances and the possible degradation of the output conductances due to
short transistor lengths.

Folded cascode voltage bias - The required bias voltage is determined as

Virasi = Vossaiz, 4T Vass, s (5.70)

where the gate-source voltage Vgss s is calculated from the inversion factor
IF’s 4. The transistors are sized as shown in subsection 4.6.1.

Cascode voltage bias - The transistors M21 and M22 are matched with the
transistors M9,10 and M7,8, respectively. This means that the transistor lengths
are the same, while the transistors’ widths are set according to the ratio of drain
currents 1»/Ig4s.

The required cascode bias voltage is determined as

Viras: = Vpssaro, 10t Vs, s (5.71)

where the gate-source voltage Vs, is calculated from the inversion factor
IF; 5. The transistors M23 and M24 are then sized as shown in subsection 4.6.1.

Differential pair current bias - In this example, the transistor MB11 is
simply matched with the transistors M9,10.

However, if the common-mode input range or CMRR specification cannot
be achieved in this way, the differential pair current bias needs to be redesigned
separately. In this case, the inversion factor of transistor MB11 is calculated
from the acceptable saturation voltage Vps,.5;:; that is determined according to
the required common-mode input range. The transistor length is set to achieve
the output conductance gpgsp;; that ensures obtaining the required CMRR.

CMFB differential pair - The best approach is to set the inversion factor
of the CMFB differential pair transistors to a value determined according to the
required CMFB loop gain, namely

. S Ay cvrs
mCl,2,3,4=
k- Royr, o4 (5.72)
Emci1,2,3,4 _ [ 8m
- . U __ = IF¢; 554
CMFB Dsar C1,2,3,4
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However, if the output range of the OTA (that is the differential input range of
the CMFB amplifier) has higher priority, the maximal value of the inversion
factor is imposed by the acceptable gate-source voltage headroom Ve 2.3.4-

CMPFB diodes - The transistors MC5,6 are matched with the transistors
M3.4 that have been sized previously.

If the specified phase margin is not achieved, the first step is to adjust the
current ratio k£ (and eventually the transconductance of the CMFB differential
pair) and find the “CMFB gain-stability” compromise. If this is not the case,
then the transistors M3,4 have to be redesigned to minimize the sum of
parasitic capacitances and move the non-dominant pole to the higher
frequencies. This optimization path is indicated in Figure 5.18.

CMFB current bias - In this example, the transistors MB12,13 are
matched with the transistors M9,10.

However, if the output range of the OTA (that is the differential input range
of the CMFB amplifier) has higher priority, then this current bias needs to be
redesigned separately. In this case, the inversion factor of the transistors
MB12,13 is calculated from the acceptable saturation voltage Vpsurpi2.13-

Main current bias - Since there are no special design requirements, both
cascode current mirrors are designed to minimize the saturation voltages, and
thus the required voltage headroom. The resistance Rp 45 is determined as in the
single-ended case as
Vops=Vor (5.73)

2

Rppus = 7
BIAS

where the gate voltages Vs, and Vg, are calculated according to chosen
inversion levels.

After the complete circuit has been sized at the transistor level, it is
simulated to verify the achieved performances. At this point, fine-tuning is
usually required to improve noise, offset or rejection ratios. The backward
arrows in Figure 5.18 indicate which blocks need to be redesigned (or their
parameters adjusted) to improve these circuit-level parameters.

5.4 Procedural design scenario for a Miller operational
amplifier

The Miller operational amplifier is a classical, widely used analog cell.
Figure 5.19 depicts a variant with the p-channel input differential pair and all
bias current sources matched. Since it is a two-stage amplifier, the
compensation capacitance C¢ is usually mandatory for stability.
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5.4 Procedural design scenario for a Miller operational amplifier

IMP1

MP2

RBIAS

lIBIAS

Figure 5.19 Miller operational amplifier

5.4.1 Circuit-level design parameters

Similarly to the two previous examples, the circuit-level design parameters
are calculated, and then summarized in Table 5.10.

Rejection ratios - The gain of the input common-mode signal is
approximated by

_ ]/gDS3,4.

- 8ms R 5 (5.74)
17gpsp11 7o

C

which gives

CMRR=1L.EmL2 (5.75)
8psB11

if it is assumed that g, , = gpg; 4. As discussed previously, the key design
parameter is the output conductance of the current bias source MB11.

Concerning the PSRR, for the transistors M3,4, and MBI11,12 it is
considered that they have a small-signal perturbation source not only in the
source, but also in the gate terminal. The resulting gain contributions are
approximately the same, but with opposite sign, and thus ideally canceled. On
the other hand, due to transistor M5, the noise in the negative supply is
amplified to the output by a factor of g,,; - Ryy7,, Which gives
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Table 5.10 Miller operational amplifier circuit-level design parameters

static current S =1+ 1+ 15
consumption
gain, output Ay =4y ;-4
resistance ]
Ay 1 = &mi, 2 Rourr Rour) = —————
’ " 8psi, 2t 8ps3, 4
1

Ao,z = &us Rour> Rour> = e to ..
8pss T 8psai2

common-mode

. Vin, em max = VDD_|VDSsatB]1|_|VGSI,2|
input range

Viv.csmv = Vst Vassa T |Vpssarr, 21— Vst

output range = _
P g VOUT,MAX = Voo |VDSmtBIZ|

Vour,miv = Vss T Vbssars

input referred

2
equivalent , , g N2 Vj5+(g£:85”) ViBu
m3,
noise v, = 2Vn1,2+2( ) Vs gt 5
ml, A(),]
input referred g 5
equivalent Voo = (87, )2+( ’”3’9 14 )2
offset off ah? 8m1, Ghe
slew-rate I, I
SR = min —I-, =
Cc €
A,
PSRR = ———— = 4, ;. (5.76)
&ms Rour

5.4.2 Frequency analysis

The Miller amplifier structure has three poles: in the gate of transistors
M3.4, in the output node of the first stage and in the output node of the second
stage. The two poles in the output nodes of the first and the second stage are
split thanks to the compensation capacitance, but at the cost of the additional
positive zero. The approximations are listed in Table 5.11 without entering into
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5.4 Procedural design scenario for a Miller operational amplifier

calculation details, since this topic is extensively treated in subsection 7.2.1.
The only important point to note is that the approximations are valid only if the
compensation and the load capacitances are much larger than the parasitic
capacitances of the transistors.

As in the previous examples, the gain bandwidth frequency is approximated
as

Em
Jesw = Ao 17 Jap = 2né ) (5.77)
c

and the phase margin is calculated as

PM = 180°— atan(fd””) Z atan( ”dpy) atan( /- ) (5.78)

GB GB GBW

i=

Usually C¢ < Cy, and then obviously we have f. > f,4,;. As a result, the
positive zero does not need to be canceled (for example by using the nulling
resistance [1]) since the negative phase shift does not degrade the phase margin
in this case.

Table 5.11 Approximations for pole and zero frequencies in the Miller operational
amplifier open unity-gain transfer function (valid only if Cc and C, are much larger
than the parasitic capacitances of the transistors)

1
2nRoyr; - Ay, 2Cc

dominant pole fy,

non-dominant

pole f, Ems
" 2nC,
positive zero f, Ems
’ 2nC,.
dominant Em3, 4
non-dominan REO

pOIe fndp2
(2C)63.4 = Cip3, 47T &ms, 4RouriCopy
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On the other hand, since the transistors M5 and M3,4 usually need to be
matched, that is /F;,= IF;, to avoid electrical mismatch at the output of the
first stage, and since the bias current of the second stage is several times lager
than the differential pair tail current (that is [, = ml;), we can write

Ems 4 _ Ems

11/2 - 1_2 —8ms = Zm’gnz3,4‘ (579)

Hence, taking into account the assumption that the load capacitance is much
larger than the parasitic capacitances, it follows that

Ems 2m - 8Em3, 4 8Em3, 4
<L > = . 580
fndp] ZTECL ZTECL 2TC(ZC)G3,4 ndp2 ( )

The stability condition is thus defined with regard to f,4,; as

f;1p1>kPM'fGBW7 (581)

where kp,, is determined from the phase margin specification. Further, it can be
rewritten in the following way

Ens/ 1> 812/l

2nC, > Frm 2nC (5.82)

This gives the relation between the inversion factors of the “transconductance”
transistors, the compensation capacitance and the load capacitance and can be
used if it is required to trade off these design parameters for the stability.

5.4.3 Circuit partitioning

The Miller operational amplifier is partitioned into basic analog structures
in Figure 5.20. It consists of the following building blocks:

» differential pair,

e active load,

+ differential pair current bias,

e common source,

e common source load/current bias,

* main (current/voltage) bias.

In this example all current bias transistors are matched, and they create a simple
current mirror with the transistors MP1,2.
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current
bias . Vop

VOUT

I~

AN
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source

Figure 5.20 Miller operational amplifier partitioned into basic analog structures
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_|

.
VSS
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Figure 5.21 Miller operational amplifier circuit-level parameter sets that are used
for the derivation of the basic analog structures’ specifications

161



CHAPTER 5: Procedural design scenarios

5.4.4 Derivation of the specifications

The partitioned amplifier is redrawn in Figure 5.21 with the appropriate
circuit-level design parameter sets indicated. The basic analog structures
specifications are derived in Table 5.12.

The additional design conditions are:

e the transistors M3,4 and M5 are matched to avoid electrical offset at the
output of the first stage,

* the current bias transistors M11, M12 are matched with the transistor MP1,

*  gpsi.228pss. 4» to simplify the gain of the first stage as g,,;/gpg;»

*  gpss 2 &pspi2» to simplify the gain of the second stage as g,,5/gpss-

Table 5.12 Table for derivation of the specifications of the Miller operational

amplifier

basic analog circuit-level or other basic basic analog structure
structure analog struct. parameters parameters
differential + gain, PSRR *  9m1,29ps1,2,
pair * gain bandwidth, * Om12,

* common-mode inputrange, | + Vgs1o,

* noise, offset *  Om1, Vn1,2 O(VG1.2)
load « stability, * Gm3#/(2C)c34,

«  noise, offset, * Om34 Va3, O(0VG34),

* (output range) » since lF34=1IF5
common + gain, *  gms/9oss,
source « stability, * Oms

* output range, * Vbssats

* (noise) » the contribution can

be neglected

current bias « CMIR, *  Vpssa11,

* CMRR, *  Opbssi1,

+ outputrange *  Vpssaii2
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5.4 Procedural design scenario for a Miller operational amplifier

5.4.5 Procedural design sequence

The procedural design steps and the possible optimization loops are
illustrated in Figure 5.22.

Circuit currents (and compensation capacitance initial value) - The
circuit currents are chosen to respect the total current consumption
specification on one hand, and the speed or slew-rate requirements on the other
hand. If the bias current of the first stage is calculated with regard to the
specified slew-rate, then the initial value of the compensation capacitance also
has to be specified in this step.

Since there is no general rule of how to chose the compensation capacitance
value, we propose here to start with a value that is in the range of 1pF to 5pF
or with half of the value that corresponds to the maximal allowed capacitance
surface in the circuit layout. The final value, required to fulfill the stability
condition, is determined later when the second stage is designed. This will
however require repetition of some or all of the design steps, since some of the
circuit-level design parameters can be affected.

*SR

o5 |— circuit <« theinitial

currents Cc value
more [ L—
currents i

of . .
cBwW | _ differential N

*CMIR pair \

I W%
) g

load v

¢ gain, \
« stability, — < e
* output swing y

2

[}

common ®
source =
2]
[
@

!

adjust
Ce

v ;
*CMIR, current

« CMRR, ) —> bias o /
¢ output swing = y
X
Py

SIMULATIONS /

Figure 5.22 Miller operational amplifier procedural design sequence
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The bias current of the second stage is generally chosen to be 8 to 12 times
larger than the bias current of the first stage so that the required gain and
stability are achieved.

Differential pair - The inversion factor of differential pair transistors is
usually determined according to the required fgzy as

gm],Z _ Em
8m1,2220Cc fopw — 117 = (IDT;)IJ% IF, 5, (5-83)

where the initial value of the compensation capacitance is used. Later, when the
final value is chosen, this calculation has to be repeated.

On the other hand, if the common-mode input range specification has higher
priority, the maximal value of the inversion factor is imposed by the acceptable
gate-source voltage headroom Vg; 5.

The transistor lengths L; , are determined with regard to the specified gain
of the first stage, since the output resistance of the first stage is approximated
by 1/gps; > as discussed previously.

Load - As the transistors M3,4 and M5 have the same inversion factor, the
initial value can be determined from the output range specification

Vibssas, 4 = Vssars ™ 1F3.45- (5.34)

However, if noise or offset reduction is a high design priority, then the
minimal inversion factor of the transistors M3,4 can be imposed by the
condition

gm3,4<gml,2‘ (585)

Common source - Since the inversion factor is set in the previous step, the
transconductance of the second stage is determined by the bias current /,.
Therefore, the minimal acceptable transconductance is calculated from the
stability condition as

s> kpy - fopw 27C,, (5.86)

in order to determine the minimal acceptable bias current as

12>gm5~nV,~G+ /§+IF5). (5.87)
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5.4 Procedural design scenario for a Miller operational amplifier

The transistor length L; is calculated from the specified gain of the second
stage, since the output resistance of the second stage is simplified to 1/gpss.
Since the transistor lengths L;, are equal to L;, the additional condition to be
fulfilled is that the output conductance of the transistors M1,2 is equal to or
larger than the output conductance of transistors M3,4, that is

U

a, P
L5:L3’42U—N'L1,2. (588)

Compensation capacitance - After the gain stages have been designed, the
compensation capacitance value can be adjusted, using the condition defined
previously

gm5/12 > . gml,Z/m[] N (gm/IDsat)5 > k}';M(gm/IDsat)l,z
nCc, MM 2ncC. 2nC, 2m  2nC.

(5.89)

Obviously, if the capacitance value is changed, this may require adjustment of
the bias current of the second stage or of the inversion level of the transistors
M1,2 or the transistor M5. Therefore, a good design practice is to combine this
step with the simulations of the amplifier biased with the ideal current sources.
It is important to note that it is not sufficient to increase the compensation
capacitance value to achieve stability, since there is a kind of saturation level
as shown in Figure 5.23. Hence, it is mandatory to find the compromise
between the design parameters in equation (5.89).

4 PM[]
gm5/gm1=50

80 gm5/9m1=10
gm5/gm1=5

60+

40+

20+

01 C./C,

-10 L L L L yo

0 0.2 0.4 0.6 0.8 1

Figure 5.23 Phase margin of the open unity-gain loop as a function of the
compensation capacitance for different ratios of transconductances of the first
and the second gain stages
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Current bias - The inversion level of transistors MB11, MB12 (and MP1)
is determined according to the output range of the amplifier, i.e. the acceptable
saturation voltage Vpsp. However, if the common-mode input range
specification is not achieved in this way, the inversion level is calculated from
the acceptable saturation voltage Vpgsousi;-

The transistor lengths are determined respecting the additional design
condition, i.e. that the output conductance of transistor MB12 is smaller than
the output conductance of transistor M5

Ua N
Lgir 122 U '"’"P' “Ls. (5.90)
a,

At the same time, if CMRR is given as a design specification, the transistor
length has to be set to achieve the output conductance gpsz;; that ensures
meeting the required CMRR.

Since the transistor MP1 is matched with the transistors MB11,12, the
transistor MP2 is sized to keep it at the limit of the saturation region. The
resistance Rp s 1s determined as
Vers=Vopi (5.91)

b

Rprys = 7
BIAS

where the gate voltages Vg; and Vg, are calculated according to the chosen
inversion levels of MP1 and MP2.

After the complete circuit has been sized at transistor level, it is simulated
to verify the achieved performances. At this point, fine-tuning is usually
required to improve noise, offset or rejection ratios. The backward arrows in
Figure 5.22 indicate which blocks need to be redesigned (or their parameters
adjusted) to improve these circuit-level parameters.

5.5 Conclusion

The procedural design scenarios presented in this chapter are illustrations of
the design procedure that can be applied to any analog cell. It is based on the
structured design approach and consists in: circuit partitioning, derivation of
the specifications for each basic analog structure, and step-by-step design
sequence in transconductance - load - bias structure order.

The important advantage of the presented design procedure is that it can be
easily implemented in a CAD tool that can be used for analog design assistance
in interaction with a simulator. In this way, it becomes possible to encapsulate
the basic analog design rules without limiting the user’s interaction and
decision making at the important design points.
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CHAPTER 6

PAD tool

The Procedural Analog Design tool called PAD, is a chart-based
design tool that allows step-by-step design of analog cells. Its
interactive interface enables instantaneous visualization of design
trade-offs. At each step, the user modifies interactively one subset
of design parameters and observes the effects on other circuit
parameters. At the end, an optimized design is ready for simulation
(verification and fine-tuning). The present version of PAD covers the
design of basic analog structures and the procedural design of
several single-stage and two-stage amplifier topologies.

6.1 Introduction

Many CAD tools and environments have been proposed to facilitate the
design task and increase the circuit quality. At the system-level, the design flow
for mixed-mode circuits uses different methodologies to design and layout
analog and digital parts (Figure 6.1).

For digital circuitry, the design procedure can be strongly automated. It
consists of: circuit specification, behavioral modeling, circuit synthesis, layout
generation, layout extraction and postlayout simulation. This design flow is
capable of automating digital functionalities from behavioral modeling to
physical implementation without any transistor-level manipulation, therefore
facilitating cell retargeting and technology migration.

However, for analog functions, CAD tools available on the market today do
not provide analog cell synthesis from the behavioral description. The problem
of topology selection and circuit synthesis leads, in a classical analog design
approach, directly to transistor-level sizing. This makes the analog design
procedure very complicated and results in attempts at analog design
automation primarily based on numerical computation. This automation
without user optimization can be very restrictive, and moreover, retargeting
and reuse of circuit topologies becomes practically impossible.
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system behavioral
modeling
and simulation

digital l analog

r —>{ specifications derivation |
synthesis from the

behavioral description

| topology selection |

|

layout generation, extraction
and postlayout simulation layout generation, extraction
and postlayout simulation

assembling

Figure 6.1 Top down mixed-mode system design flow

6.1.1 Overview of analog CAD tools

By the end of 1980s and in the early 1990s, a huge amount of academic
research was accomplished in the domain of analog design automation and
analog CAD tools development [1]-[3]. The principal goal was to try to replace
the analog designer in some or all analog design tasks. As a result, several
analog design environments based on top-down hierarchical design flow
covering the full design path from topology selection, via transistor sizing and
design optimization to layout generation, were proposed. The most important
representatives, described in [4]-[10], are:

+ ACACIA (OASYS, ANAGRAM), Carnegi-Mellon University, 1989,

* OPASYN, University of California, Berkeley, 1990,

+ ADAM (IDAC, ILAC, SYNAP), CSEM, 1990,

* ASAIC (HECTOR, OPTIMAN, AUTOLAC, ISAAC, DONALD), UKL,

1990 and its successor AMGIE, UKL, 2001,

* CHIPAIDE, Imperial College, University of London, 1990.

Even though all these tools use different design strategies, the problem of
transistor sizing and design optimization is usually solved as a mathematical
problem using either knowledge-based or optimization-based methods. The
main drawback is that the design procedure is strongly automated with very
limited possibility of user intervention or insight into design decisions.
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Therefore, in the case when a solution is not found, the designer must return to
the simulation tools and try to find the answer usually by the “trial and error”.

By the end of the 1990s, the GPCAD tool [11] which uses convex
optimization techniques and geometrical programming for transistor sizing
was proposed at Stanford University. Although, these methods can solve large
problems, with thousand of variables and constraints, the circuit design is again
treated as a strictly mathematical problem, and again it is possible to find
solutions in a limited number of cases only.

Recent scientific research, however, shows a tendency towards
visualization of the design parameter interdependences [12] and design tools
that allow the user to find answers to design problems [13]. In addition, several
design and optimization methods based on either graphical MOS models [14]
or g,/Ip methodology derived from the EKV MOS model [15], [16] have been
proposed. In this way, the emphasis is rather given to assistance in the analog
design procedure than to its complete automation. The main goal is to develop
methods and tools that enable the exploration of design limits imposed by the
technology, that minimize the computational efforts, and that provide an
insight into relations between design parameters and circuit performances, as
well as an understanding of analog devices behavior.

6.1.2 Procedural Analog Design (PAD) tool

In this book, we present the concept of structured analog design followed
by procedural design flow that can be used for the design of a large number of
analog cells. The use of structured design provides a systematic vision of
analog amplifier design within the framework of a complex system. On the one
hand, an amplifier is partitioned into simple analog building blocks that affect
only few circuit-level parameters and require less design effort. On the other
hand, the resulting behavioral model allows to extract the circuit-level
requirements more precisely, and to confirm the basic block specifications that
have to be respected, such as transconductance, output current, or output
resistance.

Nevertheless, the realization of such a design procedure is not possible
without a suitable transistor-level design methodology, which simplifies the
task of transistor sizing and enables to find the design optimum. The concept
of the inversion factor and the definitions of the transistor parameters as a
function of it, derived from the EKV modeling approach, provide a missing
link and make it possible to successfully accomplish the design procedure from
system-level specifications to transistor-level implementation.

The proposed design concept is implemented as a chart-based Procedural
Analog Design tool, called PAD [17]-[18], dedicated to structured transistor-
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level design of analog circuits. It allows step-by-step design of analog cells by
using guidelines for each analog topology. Furthermore, its interactive
interface provides instantaneous visualization of design trade-offs.

The two main purposes of the PAD tool are to reduce expert analog
designers’ development time and help to hand on analog knowledge to system
level designers. The procedural design can be combined with the behavioral
simulations (Figure 6.2) in order to find the optimal solution. Finally, the
implemented basic analog structures library also facilitates migration of analog
blocks from one technology to another.
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Figure 6.2 Analog design flow based on the structured design approach and the
use of the PAD tool
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6.2 PAD structure

The PAD tool introduces a new interactive knowledge-based design
methodology for sizing of analog cells. It assists the user by presenting the
necessary theoretical knowledge and tips from an experienced designer. Its
interactive graphical interface provides visual feedback and the possibility of
exploring parameter relations in order to find good trade-offs. The tool
structure is illustrated in Figure 6.3.

A transistor-level calculator, based on the complete set of equations of the
EKV MOS model [19], is capable of exploring complex relations and displays
the results in charts, with which the user can interact. The EKV model is chosen
because it is strongly based on device physics and dedicated to the design of
analog circuits. It links the equations for weak and strong inversions in a
continuous way, has a small number of parameters and a very good accuracy.
Moreover, it is possible to find solutions for different input parameter sets
without using complex numerical methods. A large number of transistor
parameters, which are important for analog design, can be extracted from the
model, such as: inversion factor, saturation voltage, Spice-like threshold
voltage, Early voltage, small-signal parameters, parasitic capacitances, g,/Ipsa
ratio, transconductance efficiency factor. Finally, the transistor-level design
methodology proposed in chapter 2 is also based on the EKV modeling
concept.

the library of basic analog structrures

transistor-level O

= ] ] 3T

ST

procedural design scenarios

Figure 6.3 PAD structure
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The library of basic analog structures relies on a transistor-level calculator
and includes the most common basic blocks for the design of analog circuits.
For each basic analog structure, the user-friendly graphical interface has the
same appearance. All important design parameters are calculated and
displayed. Furthermore, the guidelines and the basic design rules are presented
to the user in a separate explanation window. The designer can analyze the
parameter dependences of each basic structure, acquiring in this way an
intuitive understanding of the structure behavior.

The procedural design flow of complex analog structures is based on the
partitioning of each complex structure into basic analog structures. It covers the
systematic design of different operational amplifier topologies, as well as the
design of OTA followed by a common source/drain stage for power
management applications. The design sequence for each analog topology is
implemented in the form of a design scenario. The designer can navigate from
one point to another through the scenario in order to modify the design at the
transistor level and reach the optimum cell performance.

6.2.1 Chart-based graphical interface

The charts enable the transcription of mathematical relations into
appropriate interactive graphical representations. The designer can change
different parameters and observe simultaneously the behavior of the other
parameters, since all dependences and characteristics of an analog structure are
presented at one glance. As a result, the design trade-offs are easily found and
the circuits can be optimized efficiently.

An example of an NMOS transistor design chart is shown in Figure 6.4. The
DC operating point voltages and drain current, as well as transistor design
variables are shown on the left-hand side of the window. The transistor design
parameters and their appropriate graphical representations are organized in
tabs on the right-hand side of the design window.

6.3 Basic analog structures library

The analog structures library, embedded in PAD, includes the following
basic analog structures:
 differential pair,
+ cascoded differential pair,
» folded cascode differential pair,
* common source,
e common drain,
e cascode,
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* simple current mirror,

» and cascode current mirror.

This tool also allows the analysis of a single transistor (NMOS, PMOS) and a
diode-connected transistor as a basic analog structure.

For each structure a set of general parameters (such as: small-signal model
parameters, DC biasing values, parasitic capacitances, equivalent noise, speed)
is displayed. Some specific parameters are also shown (such as: maximum DC
offset for differential pair, current mismatch for current mirror, input
capacitance, output resistance, sum of parasitic capacitances in some specific
nodes). This enables analysis of the basic structure behavior in the environment
of a given circuit, and observation of the parameters that are important for the
design trade-offs.
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Figure 6.4 Example of PAD’s graphical interface: NMOS transistor design chart
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The snapshots of design charts for sizing of some basic analog structures are
shown in Figure 6.5. The methodology that can be used for sizing, as well as
for optimization and resizing of these blocks is presented in chapter 4. The
basic analog structures library can be used for the design of a wide range of
analog cells. When an analog cell is partitioned into basic blocks, as explained
in chapter 4, the circuit can be designed using the design charts for sizing of

each basic block, and using the simulator to confirm the circuit-level
performances.
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Figure 6.5 Design charts for basic analog structures

176



6.4 Procedural design scenarios

6.4 Procedural design scenarios

The current PAD tool version enables systematic design of single-stage

amplifiers, such as:

+ simple OTA,

» folded cascode OTA,

» and two-stage amplifier structures, such as:

» Miller operational amplifier,

* OTA followed by common source (for power management applications),
and

* OTA followed by common drain (for power management applications).

The procedural analog design flow consists of: circuit partitioning into basic
analog structures, chart-based sizing of basic analog structures and circuit level
design. The proposed design sequence guides the user through the design
revealing the parameter dependences and the role of every basic analog
structure in the circuit. During and after the design of every basic analog
structure, the circuit performance parameters can be checked. The final circuit-
level summary provides a complete documentation of the electrical behavior of
the designed cell. At the end, an optimized design is ready for simulation. The
procedural analog design steps, together with examples of user interface
snapshots, are illustrated in the following subsections on the example of the
folded cascode OTA and the example of the Miller operational amplifier
topology.

The design initialization consists of the EKV model parameters, initial
design requirements, supply voltages, bias currents and compensation and/or
load capacitance input. On the basis of input parameters, the circuit currents
and the input pair transconductance are proposed. The minimum or maximum
values of some parameters are also determined. However, there are no imposed
values, and the design of every analog structure depends on user decisions.

At the circuit level, the design sequence and the partitioning into basic
analog blocks are predefined. The design scenario guides the user presenting,
at each step, the necessary theoretical guidelines and tips from an experienced
designer in a separate window. The basic analog structures are sized one after
another in a specific order, and all dependent circuit parameters are calculated
or approximated in order to find trade-offs. The user has a great degree of
freedom, which enables exploration of the design space and the limits of the
basic structure’s parameters. Furthermore, the user can move backward/
forward through the scenario to reconsider the taken decisions or to check the
proposed guidelines and the design rules. In addition, the dependence analysis
of parameters at the circuit level is implemented as a separate design step. It
also includes the frequency analysis, the equivalent noise and input offset
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calculations. As a penultimate step, all circuit parameters are calculated and
presented in a circuit performance summary. Finally, several simulation runs
can be performed for the verification and fine-tuning of the design parameters.

6.4.1 Example of the procedural design for a folded cascode OTA

The procedural design flow is based on analysis presented in chapter 5,
section 5.2. The user interface snapshots are illustrated in Figure 6.6 and Figure
6.7. For the folded cascode OTA complex analog structure, the PAD design
sequence is as follows: initialization, circuit partitioning, determination of the
circuit currents, sizing of the basic analog structures, frequency analysis,
circuit summary, noise and offset analysis, and simulation runs for fine-tuning.
For each block the designer can modify the set of independent parameters and
observe the impact of his decisions on circuit parameters. The most important
point is to determine the circuit currents according to the imposed slew-rate
value, as well as the transconductances for every transistor according to circuit
performances. During the sizing of each block, the circuit performance
parameters can be checked. After all building blocks have been designed,
circuit-level behavior is summarized and an interface to a simulator is
proposed. The simulation runs are needed here only for verification and fine-
tuning. This design procedure can be repeated several times in interaction with
the simulator if necessary. Not only is the number of simulation runs reduced
to a minimum, but transistor sizing and (at the same time) circuit optimization
are also achieved.

6.4.2 Example of the procedural design for a Miller operational amplifier

The procedural design flow is based on analysis presented in chapter 5,
section 5.4. The user interface snapshots are illustrated in Figure 6.8 and Figure
6.9. For the Miller operational amplifier complex analog structure, the PAD
design sequence is as follows: initialization, circuit partitioning, determination
of first stage tail current, sizing of the basic analog structures of the first stage,
frequency analysis, circuit summary, noise and offset analysis of the first stage,
determination of second stage current, sizing of the second stage, frequency
analysis, circuit summary, and noise analysis of the amplifier, simulation runs
for fine tuning. The value of the compensation capacitance is initialized at the
beginning of the design procedure, and has to be adjusted after the second stage
has been designed. The circuit currents are determined according to the
imposed slew-rate value, and the stability condition, i.e the required phase
margin. In the same way as in the previous example, during and after the sizing
of each block, the circuit performance parameters can be checked and after all
building blocks have been designed, an interface to a simulator is proposed.
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performance evaluation after the sizing of basic analog structures
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performance analysis after the first stage design

the second stage sizing

Figure 6.8 Miller operational amplifier design flow implemented in PAD (part 1)
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performance evaluation
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6.5 BSIM and EKV model library file input

As described previously, the transistor level calculator implemented in
PAD is based on the EKV MOS model. This implies that PAD requires the
EKYV model parameters (or the EKV model library file) as input. On the other
hand, because the BSIM family of models have been widely used for the design
of analog circuits during the past few years and BSIM version 3.3 has become
an industrial standard for submicron technologies, there are some foundries
that do not provide EKV model library files. Nevertheless, the EKV model is
indispensable for transistor-level design of analog cells implemented in PAD.
In order to make it possible to use the PAD tool with both BSIM and EKV input
library files, a BSIM2EKV converter [20], [21] has been developed as a
separate module (Figure 6.10). It is described in detail in chapter 3 and it
generates the EKV model library file version 2.6 from the BSIM model library
file version 3.3.
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6.6 Conclusion

This chapter presented a new chart-based tool based on structured design
methodology. It makes it possible to encapsulate design knowledge and
experience into a CAD tool and to hand them on to other designers. The
proposed procedural design enables transistor sizing and circuit optimization at
the same time. Simulation runs are required only for verification and fine-
tuning and therefore reduced to a minimum.

The PAD tool enables design and re-design of a wide range of circuits. The
present version covers the most commonly used analog topologies. For the
design of other (more specific or more complicated) circuit topologies, the
basic analog structures library can be used for sizing separate blocks. The
simulator is then used interactively with PAD after the sizing of each block. In
this way, a great improvement in the quality of the analog design can be
achieved.

6.7 Download

PAD tool is developed in the frame of the Ph.D. project that was performed
at Electronics Labs, EPFL, Lausanne, Switzerland. The trial version of the
PAD tool and supporting documentation can be downloaded from the
Electronics Labs web site: http://analog.epfl.ch.
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CHAPTER 7

Topology variants

In this chapter, we discuss the topology variants at the basic analog
structures level. In the case when certain design requirements
cannot be achieved because of technology limits or the design
trade-offs cannot be found, a possible solution may be to replace
the basic analog structure that affects the design parameter in
question by its “more advanced” version. The concept is illustrated
here on the example of a fully-differential folded cascode OTA.

7.1 Basic concept

When an analog cell is partitioned into its building blocks and the design
specifications are derived for all basic analog structures, it may occur that a
certain design requirement cannot be achieved because of technology limits or
that the necessary design trade-offs cannot be found. In this case, a possible
solution is to replace the basic analog structure that affects the design
parameter in question by one of its topology variants.

The topology variant represents the basic analog structure modified in such
a way to make it possible to achieve the required design parameter without any
sizing effort (thanks to this topology modification). Moreover, the design
parameters of other basic analog structures are not affected. In this way, the
designer does not have to deal with the parameter technology bounds and the
design trade-offs can be relaxed.

7.1.1 Design example: fully-differential folded cascode OTA and its
CMFB amplifier

The concept of topology variants will be illustrated here on the example of
a fully-differential folded cascode OTA, since it is used in the practical design
example presented in chapter 8. The main amplifier and its CMFB amplifier,
partitioned into basic analog structures, are depicted in Figure 7.1 and Figure
7.2, respectively. For each basic analog structure, possible topology variants
are indicated in the same figures.
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gain boosting

linearized diff pair

stage

complementary diff pair

split sources

Figure 7.1 Fully-differential folded cascode OTA: the main amplifier and possible

topology variants
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cascoded sources

linearized diff pair

Figure 7.2 Fully-differential folded cascode OTA: the CMFB amplifier and
possible topology variants

The design problems that can be resolved are the following:

* large differential-mode input range - using a linearized differential pair
at the input of the main amplifier,

* large common-mode input range - using a complementary differential
pair at the input of the main amplifier,

* large differential output swing - using linearized differential pairs at the
input of the CMFB amplifier,

* improved rejection of the differential signal in the common mode
signal - cascoding the current bias sources in the CMFB amplifier,

* high gain - adding a gain stage as either the second gain stage or the gain-
boosting amplifier.

The proposed topology variants and their important characteristics are

analyzed in detail in the following sections. The design guidelines are

presented together with the possible design drawbacks in each case.
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7.2 Gain enhancement - two stages

Figure 7.3a depicts the behavioral model of a single-stage amplifier
(gniRour:) followed by a second gain stage (g,.2Rour2). The overall gain is a
product of the gain of the first stage and the gain of the second stage

A=A, 'AzzngOUT/ “EmaRours- (7.1)

Thus, the high gain specification is easily achieved, particularly if the first
stage is implemented as a folded cascode structure.

Nevertheless, stability becomes an issue when such an amplifier is used
with negative feedback. If only the dominant pole of each amplifier is taken
into consideration, then, since the time constants RoyrCour and Rour:Cours
are often of the same order of magnitude, there are two poles in the transfer
function (Figure 7.3b)
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Figure 7.3 Two-stage fully-differential amplifier: a) behavioral model b) poles in
the s-plane
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(7.2)

that are near to each other and close to the origin. Each pole contributes a phase
shift of -90°, and consequently, an amplifier with negative feedback may easily
be unstable. In fact, the stability depends on the negative feedback factor [ that
should be much smaller than one in this case. However, this is not possible,
since the negative feedback network is determined by system topology and it
is not permitted to change B for the purpose of stability.

7.2.1 Miller compensation

Stability can be achieved by splitting the two dominant poles in the transfer
function. The equivalent circuit, shown in Figure 7.4a, contains an additional
capacitance connected between the input and the output of the second stage and
is known as the Miller compensation capacitance. The poles are split due to the
Miller effect, but there is an additional zero in the right-half plane (see Figure
7.4b) also introducing a -90° phase shift.

The transfer function is expressed as

Vour _ Ay-(I=5Cc/g,5) (7.4)
Vin D(s)

where the DC gain A4, is given by (7.1) and the denominator is

D(s)= (7.5)

1 +j((CC +CourDRour1 +(Cet CRours + 8n2CcRouriRours)

+5(CcCour + Cp)+ CouriCr)RouriRour-

The dominant and non-dominant pole frequencies are estimated using the
assumption that f,, > f;,, as proposed in [1]. Table 7.1 gives the
approximations in two different cases:

* > Ce>>Coyrp Couras
* Cc2Cr2Courp Coura-

The second case is more realistic for an amplifier designed in the frame of

a system using modern submicron CMOS technologies. The load capacitance

represents the input parasitic capacitance of the next block, and therefore, it is
of the same order of magnitude as the output capacitances of the first and the
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Figure 7.4 Two-stage fully-differential amplifier with Miller compensation: a)
equivalent circuit b) poles and zero in the s-plane

second gain stages. Because of this, stability may again become an issue, as is
shown further on.

1 1
_ 1 8mi

2t Rouri&€,Rour:Co
2n Ce

The gain bandwidth frequency is calculated as a product of the DC gain and
the dominant pole frequency (i.e. bandwidth)
Jesw = @miRours* &maRour2) -

(7.6)
the stability condition is

In the first case, when C;>>C<<Cyr), Coprss it is obvious that f, , << f, and
fndp 2kpy fopw

(7.7
where kp), is determined by the phase margin specification. The non-equality
is re-written as

Em2 Emi
oMl o2l
c,~ ™ c.’
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7.2 Gain enhancement - two stages

Table 7.1 The approximations for zero and pole frequencies of a two-stage
amplifier with Miller compensation

Cr>> Ce>> Coyrg, 2 Cc2C2Cour, 2
1 Em2 1 8&m2
zero 2n Cc 2r C.
f,
dominant pole ! ! ! !
i L1 R S
fop 2n RoyriA;Cq 21 RoyriA;Ce
dominant 1L 8m2 ! &2
non-dominan Py
pole fq, ! n C; 2n Cpt Couri + Cour

revealing that there are two independent variables: g,,, and Cc. In other words,
the stability is improved (to a certain extent, as shown in Figure 5.23), if either
the transconductance of the second stage or the compensation capacitance size
is augmented. Unfortunately, this is true only when C; and C are large
compared to the parasitic capacitances, which is rarely the case with modern
submicron technologies.

On the other hand, when C¢2C;2Coyr; Cours, the positive zero is closer
to the origin than the non-dominant pole, f.<f,,,, and the stability condition is

S-2kpy fopws (7.9)

where kp), is again determined by the phase margin specification. Hence, it
follows that

8Em2 Emi
—_— L ——
&2k (7.10)

and clearly there is only one independent variable: g,,. Now, when the
transconductance of the second stage is increased, the output capacitance of the
second stage also increases, and the non-dominant pole moves closer to the
gain bandwidth frequency. Therefore, it may be a very tedious task to achieve
the required stability, and if so, probably at the cost of the current consumption.
Moreover, the compensation capacitance is no more an independent variable,
and if it is increased, the only consequence is the gain bandwidth degradation,
which imposes re-design of the gain stages.
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7.2.2 Cascode Miller compensation

When the first stage is implemented as a telescopic or folded cascode OTA,
the Miller compensation capacitance can be connected between the output of
the second stage and the cascode or the folded point of the OTA as shown in
Figure 7.5. For this kind of topology, also discussed in [2], there are no stability
problems in the case when the load, the parasitic and the compensation
capacitances are of the same order of magnitude.

However, a closer look at the Bode plot of the transfer function of such an
amplifier reveals the presence of two complex conjugate poles (Figure 7.6),
besides the dominant pole and the positive zero. The frequencies of these poles
and zeros are not easily approximated from the exact expression of the transfer
function. For this purpose, a simplified half-circuit as depicted in Figure 7.7a
and an “intuitive” approach are used.

The positive zero appears if there is a return path of the signal from the
output to the input of the amplifier usually through a compensation or a
feedback capacitance. The Miller compensation capacitance is connected
between the output and the folded point, and thus, does not introduce a positive
zero in this case. However, the parasitic gate-drain capacitance of transistors
M13,14 in the second stage behaves exactly in the described way. Hence,

z:i' Smis ia (7.11)
2n Copis, g
Voo
Ve
- |_YB|AS4 i1 I M9 IVBIAS3I M10 I W12
C [ C
Vouts c c Vv
ouT | |_ VBIASZ _l OuT

2
g Lpvs L

Figure 7.5 Two-stage fully-differential amplifier: folded cascode OTA followed by
a common-source stage with a cascode Miller compensation
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AOAIH(i27tf)I
2Arg(H(2rf)) w‘\\f’
-90°
-180°
-270°

Figure 7.6 Transfer function module and phase of a two-stage amplifier with
cascode Miller compensation in the case of over-damped (plain line) and under-
damped (dotted line) complex conjugate poles

This zero is usually far away from the origin as g,;;3:4 is high (being the
transconductance of the second gain stage) and Cgpss;4 1s small in the
saturation region (that is the working condition of the transistors M13,14).

If now the transistors M5,6 and M13,14 are considered as an “equivalent”
gain stage, then the Miller compensation capacitor is connected between its
input (the folded point) and its output (the amplifier output). Consequently, the
dominant pole is determined by the equivalent capacitance and the equivalent
resistance seen in the folded point.

The dominant pole is approximated as

f 1. n-8ms,s
@21 (ZC)ppt &s. 6Rouri€mis. 14RouT2Co (7.12)
1 1

S 2m Rouri-A4:Cc

since the sum of parasitic capacitances in the folded point can be neglected
when compared to the compensation capacitance multiplied by the equivalent

gain 8ms,6Rouri* &mi3, 14RouT2-
The gain bandwidth frequency is thus

1 1

2n ROUTIgmlj’ 14ROUT2CC
_ L 8w (7.13)
2n C.’

Jow = (ng,zROUTJ “8mi3, 1Rour2) -
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Figure 7.7 Two-stage fully-differential amplifier with cascode Miller
compensation: a) equivalent half-circuit, b) zero and poles in the s-plane

The two non-dominant complex conjugate poles are recognized by a peak
in the module of the transfer function and a phase shift of -180° (Figure 7.6). If
the imaginary part is equal to zero, then the non-dominant poles become real
and split (Figure 7.7b).

The first non-dominant pole appears at a frequency for which the
impedance of the parasitic capacitance Cgp;; ;4 becomes close to zero, that is
the output of the first stage is almost shorted to the output of the second stage.
Since the transistors M 13,14 act in this case as diode-connected, the equivalent
resistance in this node is equal to (1/g,,;3 1) | Rour; = 1/€13. 14- Therefore,

1 Emi3, 14
~ 2 . 7.14
Supar 2n Courit Cet Cour €y (719

In the same way, the second non-dominant pole appears at a frequency for
which the impedance of the compensation capacitance becomes close to zero,
that is the output of the second stage is almost shorted to the folded-point. It
follows that
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7.2 Gain enhancement - two stages

1 n-8ms,6
fnpd2~2n. Cco(CoyratCp)
ECO)pp+ ——r———
CetCount €y

To achieve stability, the non-dominant poles have to be placed at a kpy,
times higher frequency than the fspy, where kpy, is defined by the specified
phase margin. However, it must be pointed out that the rough approximations
of non-dominant complex-conjugate poles from (7.14) and (7.15) only give the
limit of their real parts (see Figure 7.7b). Therefore, the compensation
capacitance value is not an independent free variable, and it is imposed by the
gain bandwidth specification. The stability condition is ensured by simply
1especting g5 14> &ms.2-

In addition, there is one more important condition that must be taken into
account. The complex conjugate poles produce the exponentially shaped
attenuated oscillation in the time-domain response. When the settling time is a
critical design requirement, it is necessary to diminish the amplitude of this
oscillation. Figure 7.8 illustrates the consequences of complex conjugate poles
in transient behavior in the case of over-damped and under-damped poles. A
key design parameter is the ratio g,,;3 1/2u5.6 that has to be decreased, either by
the decrease of g,,;3 ;4 or by the increase of g,,5 5 (Where the latter one is less
critical for stability). When the oscillations are under-damped, it can also be
observed in the transfer function module as depicted by the dotted line in
Figure 7.6.

The cascode Miller compensation is often realized in a symmetrical way
(Figure 7.9). The advantage is that, for the same behavior in the frequency
domain, the sum of compensation capacitances, and thus their surface in the

(7.15)

0.8 (-
06 /
04f 1

021

20 40 60 80 100
time [us]

Figure 7.8 Transient response in the case of over-damped (gray line) and under-
damped poles (black line) compared to the case without complex conjugate poles
(dotted line)
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Figure 7.9 Two-stage fully-differential amplifier: folded cascode OTA followed by
a common source stage with a symmetrical Miller compensation

circuit layout, is smaller than in the case when only one capacitance is used on
each side (that is C¢ > C¢)).

7.3 Gain enhancement - gain boosting

Gain boosting, also analyzed in [3], [4], is possible only in the case of a
cascode or folded cascode structure. The additional gain stage is added
between the gate and the drain of the cascode (folded-cascode) transistor. As a
result, the total gain corresponds to the equivalent gain of three intrinsic stages.
Figure 7.10 shows the most common way to realize a fully-differential folded
cascode OTA with gain boosting.

The gain-boosting amplifier is again a fully-differential folded cascode
amplifier, that requires its own CMFB amplifier and a biasing circuitry that
provides the common-mode reference voltages at each side. Not only does the
circuit complexity become really important, but there are also additional
stability requirements. Besides the main feedback loop, there are three CMFB
loops that must be checked for stability. The design of such a structure is
described in [3].

A less complex circuit is proposed in Figure 7.11. The gain-boosting
amplifier is a simple common-source stage, described in chapter 4, added to
each cascode structure. There is no need for either the additional CMFB loop
or the reference voltages. The only additional design requirement is the
extremely careful matching of the common-source structures connected to the
left and the right half of the amplifier.
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7.3 Gain enhancement - gain boosting

Figure 7.10 Fully-differential folded cascode OTA with gain boosting

The DC gain of the amplifier is

Emi1,2 8ms.6 8mbDI,2
AO:gm1,2'(A0,GBR0UT,0TA): mLs  2mel 28 . (7.16)
8ds1,2 8dss,6 8dsDl,2

Each gain-boosting stage creates a gain loop that minimizes the DC voltage
variation in the source of the cascode transistor. The output resistance is,
therefore, multiplied by the gain of this loop, thatis / + 4, sz =4, 5. Here 4y g
is approximated by the gain of the common-source stage on the lower side,
SINCE Roy7, down << Rour, ., (S€€ subsection 5.3.2 and subsection 5.3.5).

The amplifier transfer function is a product of the transfer function of the
OTA and the transfer function of the gain-boosting amplifier. The module and
phase are depicted in Figure 7.12. The dominant pole corresponds to the
dominant pole of the gain-boosting amplifier. Because of two possible gain
paths, a positive zero appears at the gain bandwidth frequency of the gain-
boosting amplifier and creates a zero-pole doublet with the dominant pole of
the OTA. The gain bandwidth frequency of such a structure corresponds to the
gain bandwidth frequency of the OTA, and thus, the overall stability depends
on the non-dominant pole frequency of the OTA.
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Figure 7.11 Fully-differential folded cascode amplifier with a common-source
stage as a gain-boosting amplifier

The presence of a doublet in the transfer function, observed as a bump in
the phase characteristics, has important consequences on the time-domain
response. Figure 7.13 analyzes the open-loop step response, normalized with
DC gain, in three possible situations:

* 1o doublet in the transfer function is present, only a dominant and a non-
dominant pole (dotted line),
* adoublet is present and the zero frequency is lower than the pole frequency

(plain black line),

* a doublet is present, but the pole frequency is lower than the zero
frequency (plain grey line).

It is obvious that the zero introduces a fast settling component, whereas the
pole introduces a slow settling component. Accordingly, the situation where a
zero is followed by a pole is more favorable. This imposes an important design
condition

Jesw, 8 <Jap, 014> (7.17)

and also means that the slow settling component influence must be minimized.
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Figure 7.12 Transfer function module and phase of an amplifier with gain
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Figure 7.13 Transient response without doublet in the transfer function (dotted
line) compared with the transient response when a zero-pole (black line) or a pole-
zero (gray line) doublet is present in the transfer function

It is important to notice that f,, sp<<fGzw g 1S @ poor design choice,
because in this case the transient response is determined by the dominant pole
of the gain-boosting amplifier. It introduces a large time constant that becomes
dominant compared to the other contributions, and this seriously degrades the
response delay of the amplifier. The distance between the gain bandwidth and
the dominant pole frequency is imposed by the DC gain value, and thus a
simple gain stage, such as a common-source stage, with a modest 4, g5 is an
advantage in terms of time-domain response.
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The equivalent half-circuit from Figure 7.14a is used to determine the
equivalent resistances and the equivalent capacitances in nodes on signal paths.
The approximated frequencies of the dominant pole f;,, the non-dominant pole
Jaap and the doublet pole £, (i.e. dominant pole of the OTA) are given by

1 1 1 1
= L. = . , 7.18
Jap 2 (R 1/g45p1,2) (EC)gg 21 Rgp- (EC)gp (7.18)
1 1
= L. , 7.19
T 21 Rour,ora” Cour,ora ( )
_ i_n'gmj,ﬁ
foap = o ——(ZC)FP, (7.20)

The sum of the parasitic capacitances in the output node of the gain-
boosting amplifier (XC)gp is increased by the equivalent capacitance seen in
the gate of transistor M5, moving the dominant pole slightly forward to the
origin. On the other hand, the equivalent capacitance seen in the gate of
transistor MD1 contributes to the sum of the parasitic capacitances in the
folded point.

jo

va

s -1 1_|
(XC)ep RourCour Rea(2C)es

b)

Figure 7.14 Fully-differential folded cascode OTA with common-source gain-
boosting stage: a) equivalent half-circuit, b) zero and poles in the s-plane
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The latter influence is more critical, since it affects the non-dominant pole
position, and thus the overall stability. This finally imposes a requirement to
minimize the sizes of the gain-boosting transistors and ensure f,;, <kpyfGpws
where kpy, is determined by the specified phase margin, and the gain bandwidth
frequency is, according to the previous analysis,

1 Emi, 2
f = —. =7 (7.21)
“Br om Cour,or4

Finally, the frequency of the zero is obtained when two possible gain paths,
i.e. with and without a gain-boosting loop, are superposed in the following
way:

ng,ZROUT n gm1,2RoUT'gm1)1,2RGB
(Itjw/o,)+jo/®,,,) (I +jo/®,)(I+jo/®,,,)] +jo/0,,)

ndp ndp

1 .
1+ ——+j0/g,p R0
ngIRGB PITGE dp

= R . R ...
Ent.28our" Enb1.2%68” (T3 0076 ) (1 + )0/ @, ) (1 0/ 00y
4 I+jo/o,
It jo/e) (1 jo/0,,) (1 Tjo/o,,)
(7.22)
Here, the g,,5; ;R is sufficiently large to consider 7+ ! =]. Thus, it
follows that &mp1,28Gp
1 ngI,ZRG
.= &up1, Ry 1y = . (7.23)

2t Rour,ora” Cour,ora

Another point that must be taken into account, when the gain-boosting stage
is added, is the limitation of the differential output swing. As mentioned
previously, the DC voltage in the source of a cascode transistor is fixed by the
gain-boosting amplifier. In the case of common-source stage, this voltage
headroom cannot be lower than one threshold voltage of the NMOS or the
PMOS transistor, unless the transistor is placed in “very” weak inversion.
However, weak inversion is not favorable because of the large parasitic
capacitances that can degrade stability. The swing on each amplifier side is thus

Vour+, -miv = VIOy+ Vbssats, s (7.24)
Vours, -max=VITOp~+ Vpssarz,s

and may be a serious limitation when a rail-to-rail output is required.
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7.4 Input common-mode range enhancement -
complementary differential pair

A large input common-mode range is a typical design requirement for a
voltage follower stage. When the differential amplifier, either single ended or
fully differential, operates in a unity-gain configuration, the output signal is
brought back directly to one of the input terminals, as illustrated in Figure 7.15.
Thanks to the negative feedback, the difference between the signals at the
amplifier input is minimized. In this way the most faithful copy of the signal
coming from the previous stage is provided at the output, and at the same time,
this previous stage is isolated from the rest of the system.

The described behavior implies that the voltage-follower amplifier must
have a sufficiently large input common-mode range. Even though the
differential input signal is small, the input common-mode varies with the
amplitude of the signal from the previous stage since both input signals
increase or decrease at the same time. The input common-mode range is
defined (repeated from subsection 4.4.5) as a common-mode voltage range
where the working conditions of the differential pair at the input:

* both transistors operate in saturation, Vps > Vpggat

* the current provided by the bias current mirror is constant,

are respected. Consequently, the gain of the amplifier is constant or within the
specified range, and the error between its output and input signal is efficiently
minimized.

IAV»O N Vour=Vin
VN
a)
VIle\/ S r\/lVOUT Vin
YN .

Figure 7.15 Input and output waveforms in the case of: a) single-ended and b)
fully-differential voltage follower i
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Figure 7.16 shows a fully-differential folded cascode OTA with a PMOS
differential pair at the input. When the two input signals increase or decrease,
the desired amplifier behavior is ensured while the transconductance is
constant, i.e both differential pair transistors are in saturation and have the
same inversion factor. On one hand, if the source voltage of the differential
pair, imposed by the input common-mode voltage, starts to reduce the voltage
headroom of the bias transistor MB1, then the differential pair tail current and
the equivalent transconductance start to decrease. On the other hand, when the
input common-mode voltage decreases, there is a moment when the transistors
MP1,2 constituting the differential pair enter the linear region, and then they no
longer behave as a differential pair. Therefore, the maximal input common
mode voltage that ensures the saturation voltage headroom of the bias mirror
and the desired inversion factor of the transistors of the differential pair is

VIN, CM,MAX — VDD_‘VDSsatBI‘ _|VGS1,2| ’ (725)

while the minimal input common mode voltage determined to ensure that the
transistors operate in saturation is

Viv.emmny = Vst Vossas, 47| Vpssarr, 2= Vasi, 2l » (7.26)

and it is approximately equal to that of the negative supply rail. Hence, the
amplifier can follow the input signal without degradation only when its
amplitude is smaller than (VIN, CM, MAX ~ VCM)~

M5 M6
™ s}
bty H
VDSsat <M3 CMIFB M4
: A
.
VSS

Figure 7.16 Fully-differential folded cascode OTA with a PMOS input pair
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An opposite type of situation occurs when the NMOS differential pair is at
the input, as depicted in Figure 7.17. The maximal and minimal input common-
mode voltages are, in this case, given by

Vin,cv,max = Voo _| Vbssars, 4| —Vossarr, 2T Vasi, 2 (7.27)

Vin,on, v = Vsst Vossasi T Vasi, 2

The limitation is now on the lower side, as on the upper side the signal can
reach the positive supply rail voltage. In fact, if the common-mode signal is
lower than Vjy cu anv the equivalent transconductance decreases, and the gain
of the amplifier becomes too small to follow the input signal without error.

To overcome the input common-mode limitation, a logical solution is to
realize a circuit having NMOS and PMOS input pairs connected in parallel, and
perform in this way the addition of the equivalent transconductances. Now,
when the common-mode voltage is low and the NMOS input pair starts to
change the operating region, the PMOS input pair continues to operate
correctly, and vice versa. Although the total transconductance changes, it is
never lower than the one-pair equivalent transconductance. This means that the
gain of the amplifier is sufficiently high to minimize the error and follow the
signal coming from the previous stage. The equivalent transconductances of an
amplifier with an NMOS input stage, a PMOS input stage, and an NMOS and
a PMOS input stage in parallel are compared in Figure 7.18.

The amplifier with an NMOS pair and a PMOS input pair, i.e.
complementary input pairs, is displayed in Figure 7.19. For the input common-
mode signal in the range

VDD
-

VBIASS

o

g tl 1=t

|VBIAS2 |
|VBIAS1 |
|VCMFB |

T
VSS

<

OuUT+

>

=

Lv=z [_v=

Figure 7.17 Fully-differential folded cascode OTA with an NMOS input pair
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A gm,eq

gm,eq,NMOS + gm,eq,PMOS

gm,eq,NMOS gm,eq,PMOS

> Vy

VSS VREF, CcM DD

Figure 7.18 Equivalent transconductance of an amplifier having NMOS (dotted
gray line), PMOS (full gray line) and complementary (full black line) input pairs

Vsst Vossaz2 T Vasn < Vin,cu< Voo—|Vpssail = |Vasel (7.28)

the equivalent transconductance is equal to the sum of the transconductances
of the two differential pairs, and its maximal value iS g, cqnm0s + GmeqPros
(=2g,). On the other hand, in the rail-to-rail input common-mode voltage range,
its minimal value i g, g NvOS = G eq,Pri0s (= Em)-
There are two important consequences of such behavior:
* the gain of the amplifier changes from 2g,,Rourto g,.Rour
* the gain bandwidth frequency changes from 2g,,/(27C,) to g,/(27C;),
if it is assumed that the output resistance does not change when the signal
swings from negative to positive supply rail. However, the output resistance
can not be always considered constant and in some applications this may be an
important drawback.

The fact that the gain is not constant is not critical if the unity gain error

_ 1

©7 ‘1_1+1/A’ 729

that is the error between the amplifier output signal and the signal to follow,
is within the specifications when calculated for the lower gain value, i.e.
gnRour Concerning the stability, it must be ensured for the “maximal” gain
bandwidth 2g,/(27#C;) in order to avoid degradation of the phase margin. If
this is respected, the complementary input pair makes it possible to achieve
the rail-to-rail input common-mode range without degradation of other circuit

209



CHAPTER 7: Topology variants

jl_\'/BIAS4 Ly Veiass <!
MB1 M9 M10
v
V
MN1 MN2 - I—B'ﬁ\il e
Vine ' | Vin.  Vour Vours
Vaiast
MP1 MP2 M5 I—‘—| M6
* >
by
|_‘ Vewrs —I
vez |[3, M3 M4
BIASS [ i

-
VSS

Figure 7.19 Fully-differential folded cascode OTA with NMOS and PMOS input
pairs

parameters. However, there exist techniques to achieve a constant g, behavior,
when it is required, and they are presented in [2].

7.5 Differential input range enhancement - linearized
differential pair

When a negative feedback network is connected between the input and the
output of the amplifier, the differential signal at its input is small due to this
negative feedback. On the contrary, the signal driven to the input of a CMFB
amplifier is the output signal of the main amplifier, and hence, has a large
swing. The common-mode variations can also be present (and are minimized
by a CMFB loop), but in the discussion that follows the DC common-mode
level is considered constant. Figure 7.20 depicts the typical situation of a
differential pair at the CMFB amplifier input.

The important design parameter here is the differential input range. It
represents a voltage range where the equivalent transconductance is constant
or within a specified error range, and the working conditions of the differential
pair are respected. A useful parameter for estimating the differential input
range is the saturation voltage of the differential pair, defined in chapter 4 as its
design parameter. It depends on the inversion factor, and increases when the
transistor operating region is moved toward strong inversion. Nevertheless,
sometimes even in strong inversion the required differential input range is not
achieved, or the inversion factor is imposed by another specification of higher
priority, such as gain. In this case a design trade-off has to be found, since weak
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Figure 7.20 Differential pair with a large differential signal swing at the input

inversion ensures maximal gain, whereas strong inversion ensures maximal
differential input range.

The efficient solution is a topology variant consisting in a differential pair
linearization proposed in [5] and shown in Figure 7.21. The transistors MR1
and MR2, connected in the source of the differential pair, act as an equivalent
resistance. When the input voltages change, these transistors first operate in the
linear region and then, for large input differences, in the saturation region. The
current flowing through MR 1 and MR2 is proportional to the difference of the
currents flowing through M1 and M2

In,—1 I
Iny+1n = 012 D2 _ OU;‘,DM' (7.30)

While transistors MR1, MR2 are in the linear region, the equivalent resistance
changes with the differential voltage at the input. The voltage headroom
between the sources of transistors M1 and M2 is

IO
Vsi=Vsy = Ry =522 (7.31)

and the source voltages Vs; and Vi, are a function of the differential voltage at
the input and the differential current at the output.

In the case of the classical differential pair, when the voltage difference at
the input is small, the voltage in the source of the differential pair is constant.
When this small differential voltage at the input increases, the inversion factor
of one transistor increases, and the inversion factor of the other transistor
decreases by the same amount. The equivalent transconductance

- d(lp~Ipy) _ ,  dUF,~IF))

(7.32)

dVIN, DM s dVIN, DM
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Figure 7.21 The linearization of the differential pair

is constant. However, for a large input difference, the transistor that conducts
more current imposes the voltage in the source, and the slope d(IF;-IF;)/
dVinpu is no longer constant.

If the linearization transistors are present, there is a kind of negative
feedback. When the input differential voltage increases, the differential current
at the output increases. On the other hand, the equivalent resistance diminishes,
and the source voltages Vs, and Vs, change slightly. Consequently, the slope
d(IF;-1F3)/dVy py stays constant as long as the transistors MR1 and MR2 are
in the linear region and behave as the equivalent resistances. When they start
to operate in saturation, the equivalent resistance becomes independent of the
differential voltage at the input, and the equivalent transconductance is not
constant.

Figure 7.22 shows the equivalent transconductance of a linearized
differential pair operating in moderate inversion for different sizes of the
transistors MR1,2 compared to the equivalent transconductance of the same
differential pair without linearization. The scaling factor m is usually in the
range 1-10, and the linearization transistors are sized as

@, - am

RI1,2,3,4 1,2,3,4

that is with regard to the sizes of the differential pair transistors. The larger the
value of m, the larger the differential input range. However, the optimal value
of the scaling factor m is chosen for a variation of the equivalent
transconductance that is within the specifications. (In the example from Figure
7.22, an optimal value would be m = 3.)
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7.5 Differential input range enhancement - linearized differential pair

without A
linearization

Figure 7.23 CMFB amplifier with linearized differential pairs

An example of a CMFB amplifier with linearized differential pairs is shown
in Figure 7.23. The linearization can be applied to a differential pair operating
in weak, moderate or strong inversion and always results in an improvement of
the differential input range. However, an optimal scaling factor must be found
in each case. In addition, there is also the following implementation
requirement: all transistors (differential pair transistors and linearization
transistors) must have the bulk connected to the same voltage, i.e the positive
supply voltage in the case of PMOS transistors and the negative supply voltage
in the case of NMOS transistors.
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7.6 Rejection of the differential signal in a common-mode
signal - cascoded current bias sources

The input stage of a CMFB amplifier consisting of two differential pairs is
displayed in Figure 7.24. Each differential pair sees the common-mode
reference voltage on one side and one output signal of the main amplifier on
the other side, as illustrated in the same figure. Consequently, the input
common-mode signal of each differential pair is

V +V
Ve v, curs+,- = REF’CM2 e (7.34)

Since the main amplifier output signals have a large swing, the input
common-mode signals Veyv.curp+. follow these variations. The source
voltages Vs; and V,, determined by a common-mode level, also change. Since
the amplifier output signals are opposite in phase, the input common-mode
signals, as well as the source voltages Vs; and Vs, change in the opposite way.
Because of these voltage variations, the bias current of one differential pair
increases, while the bias current of the other differential pair decreases, in the
case when the bias mirrors are realized as simple current mirrors (Figure 7.24).
Therefore, the differential signal is “copied” into the bias currents which now
change instead of being constant.

These bias currents are partitioned and summed by two differential pairs
and determine the CMFB amplifier output voltage, which controls the
common-mode level at the output of the main amplifier

v, +V
Vem,our = 25— (7.35)

Figure 7.24 Two differential pairs at the CMFB ampilifier input and typical input
waveforms
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Thus, the common-mode regulation loop is closed with the following result:
the output common-mode signal is proportional to the differential output
signal, and it becomes an AC instead of DC signal.

The solution is to cut the perturbation propagation chain at the most critical
point by cascoding the bias current mirrors. Now, the variations of voltages Vs,
and Vs, do not affect the bias currents and, as long as these currents stay
constant, the differential signal is not copied into the common-mode output
signal of the main amplifier. The modified topology is depicted in Figure 7.25.

VDD
-

A
VBIAS I I

VBIAS’ I

I
VOUT;_l |j i| |VREF'CM | |_Yow+

Figure 7.25 CMFB input stage with cascoded current bias sources

I <JMBB3 I MB34
I I

] MB23 I MB24

VB|A35| <J MB31 |
I I

]MBZ1 I

Veiass |

1
MR2E
Vour. (¢ 3R
¢ [l MC1 MCc2
|:| MC5 M@CMFB

VSS

Figure 7.26 Complete schematic of the CMFB amplifier with a linearized
differential pair and cascoded current sources
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The complete schematic of the CMFB amplifier including the linearized
differential pair for the differential input range enhancement and the cascoded
bias sources for the rejection of the differential signal in the common-mode
signal is shown in Figure 7.26.

7.7 CMFB stability improvement - split bias sources

As discussed in chapter 5, the CMFB loop transfer function inherits the
dominant and non-dominant poles of the main amplifier because it uses one
part of its gain path. Moreover, there exists an additional non-dominant pole
due to the equivalent resistance and the equivalent capacitance seen in the
output node of the CMFB amplifier. The module of the main feedback loop
transfer function and the module of the open CMFB loop transfer function for
the basic fully-differential folded cascode OTA topology are shown in Figure
7.27. The pole approximations are repeated from chapter 5 in Table 7.2.

The sum of the capacitances denoted as (XC)cyrp represents the equivalent
capacitance seen in the output node of the CMFB amplifier and includes the
capacitance seen in the gate of the transistor MC6 and in the gates of the
transistors M3 and M4. Since the transistor MC6 is often at the limit of strong
inversion, and the transistor M5 is at the limit of weak inversion, it follows that
s > gmcs- Consequently, the second non-dominant pole in the CMFB loop is
usually closer to the origin than the non-dominant pole of the OTA, as depicted
in Figure 7.27. Now, if the gain of the CMFB loop is high, a stability problem
may occur.

Table 7.2 Approximations of the poles in the transfer function of the main
feedback loop and the CMFB loop for the basic fully-differential folded cascode

OTA topology
main amplifier (OTA) CMFB loop

: L _ 1 L. _ 1L
;iomlnantpole 21 Rypr G, 21 Ryyr-C,
nd,0TA

dominant ool 1 8uwss 1 8wss
non- gmlnan pole 2% (2O)pp 2 0
fnd,OTA = fndz, CMFB
non-dominant pole L. _Sncs
) P 21 (20)cyrs
nd1, CMFB
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4 [HG2nh)]

AO,OTA

>

f

fdp,OTA fndp,OTA

= fdp,CMFB N fndp2,CMFB

Figure 7.27 Transfer function module of the main amplifier (gray line) and the
CMFB loop with (black line) and without (black dotted line) topology modification

The gain of the CMFB loop is approximated as

8mel,2,3,4 kg6
Ao,CMFB: - ) = 'gm5,6'R0UT :k'gz1zc1,2,3,4R0UT (7.36)
Emee gm5,6

where £ is the ratio of the bias currents, that is

I3 = Ipsass,.s = Kpsarcs = Kemrs. (7.37)

The ratio of the transconductances is the same as the ratio of the currents, that
is g,34=k-g,., since the transistors MC6 and M3,4 have the same bias
voltage, and thus have the same inversion level.

One way to improve the stability of the CMFB loop is to reduce the loop
gain. This can be done by moving transistor MC6 to operate in strong
inversion, thus decreasing the transconductance g,.s. Nevertheless, the
consequences are the following: the differential input range is improved, but
the rejection ratios (CMRR, PSRR) are reduced.

The other possibility is to diminish the sum of the parasitic capacitances
(ZC)curp and to move the second non-dominant pole to higher frequencies. In
this case, the transistor MC6, and hence the transistors M3 and M4, must be re-
designed to have smaller sizes. As a result, the output resistance and the
differential output swing are degraded, and, in most cases, this is not
acceptable.
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M1

VIN:_I

Figure 7.28 Fully-differential folded cascode OTA with split bias sources and its
CMFB circuit

The topology modification can be the best “CMFB loop gain versus
parasitic capacitances” compromise. It consists in decreasing the current bias
ratio by splitting the bias current source controlled by the CMFB control
voltage Vcyrp into two sources (Figure 7.28). The first source is controlled by
a fixed bias voltage V450 and provides a large current /;°, while the second
source is biased by Vs controlling the common-mode voltage at the OTA
output and provides the minimal required current k’Icyrp. Since now
I; = I;" + kI -y, the transistors M3 and M4 are, in fact, split in two, and there
is no need to re-design any transistor. The reduction of the bias current ratio
reduces the gain and moves the additional non-dominant pole to higher
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7.8 Conclusion

frequencies at the same time, as illustrated in Figure 7.27. The sum of the
parasitic capacitances (XC)cyrp 1S minimized since only the gates of the
transistors M3’” and M4’ are connected to the CMFB amplifier output. On the
other hand, the gain of the OTA is unchanged, as well as its non-dominant pole.

An important drawback of the proposed topology variation is the slower
time response of the OTA, as there is less current to control the common-mode
voltage at the output. If this is a critical design requirement, then the minimal
bias current ratio £’ has to be chosen with regard to the response delay
specification.

7.8 Conclusion

This chapter presents the concept of topology variants in the example of a
fully-differential folded cascode OTA and its CMFB amplifier. In each case,
the design parameter that has been improved due to the topology modification
is identified, and the design guidelines, as well as the design drawbacks, are
presented. However, the presented approach can be used as a solution of design
problems in the case of any other analog amplifier.
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CHAPTER 8

Practical example: the design of analog
amplifiers in the Delta-Sigma modulator
system

In this chapter, three analog amplifiers that are parts of a hybrid
multi-bit Delta-Sigma modulator are designed starting from the
system-level specifications. It is demonstrated how to take into
account the environment of an amplifier in the system, determine an
appropriate design testbench, use the design flow described in the
previous chapters, and evaluate the results. In each case, the fully
differential folded cascode OTA is chosen as the most suitable
topology to fulfill high gain and high gain bandwidth design
requirements. However, topology variants were necessary in order
to achieve the additional design requirements, whereas the
procedural design scenario was the same for all three amplifiers.

8.1 Delta-Sigma modulator system

The design flow from system description to transistor level is illustrated
here using as example three fully differential amplifiers. The amplifiers are
designed as a part of a low-pass second-order hybrid multi-bit Delta-Sigma
modulator depicted in Figure 8.1. The design of such a Delta-Sigma modulator
has been described at the system level by S. Pesenti [1]. The approach used to
design its analog parts represents a practical demonstration of the structured
analog design approach discussed in the previous chapters.

The main strategy for the design of the aforementioned second-order multi-
bit Delta-Sigma modulator is to lower total power consumption. Therefore, the
system is realized as a hybrid structure. The first integrator is designed as a
continuous-time stage that reduces significantly power consumption compared
to the usual switched-capacitor implementation. The second integrator is
realized as a switched-capacitor stage, where the transition from continuous to
discrete-time domain is realized by a full-clock-cycle-sampling scheme.
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FIRST INTEGRATOR  UNITY SECOND INTEGRATOR
(continuous time) GAIN (discrete time)
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capacitor DSP H-
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Figure 8.1 Low-pass second-order hybrid multi-bit Delta-Sigma modulator
topology

@)

The sampling stage has two sets of capacitors that alternately charge and
discharge providing in this way twice as much time for the signal to settle. This
obviously lowers the current sourcing/sinking capability requirement of the
first stage.

With the use of the signal prediction algorithm proposed by S. Pesenti in
[1], the number of comparators is reduced from 32 to 10. Not only the total
power consumption and quantizer complexity are reduced, but also the
equivalent capacitive load of the second integrator is decreased, and
consequently its current sourcing/sinking capability requirement.

The use of a multi-bit technique [2] increases the number of internal levels
and reduces the voltage steps. The main benefits are reduced jitter sensitivity
of'the first stage and reduced sampling frequency. Moreover, the specifications
for the design of analog circuitry are relaxed in terms of response delay.

System-level specifications - Table 8.1 gives an overview of the most
important system-level specifications.

System metric - The parameter used to evaluate the performance of such a
system is the signal to noise-and-distortion ratio (SNDR). The target value, in
this practical example, is 83 dB where the following contributions are taken
into account:

* Delta-Sigma modulator quantization noise,
+ first integrator thermal noise,
» second integrator switch capacitor noise, and
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8.1 Delta-Sigma modulator system

Table 8.1 System specifications for the Delta-Sigma modulator design

CMOS technology 0.18 um
Voltage supply 1.8V
Current consumption <3.5mA
Differential input amplitude 0.5V
Signal bandwidth 0.5 MHz
Sampling frequency 32 MHz
Internal quantizer level number 11
Emulated quantizer level number 32

+ all non-linearity contributions.

However, for simulation purposes the target SNDR value is 93 dB, calculated

with regard to the quantization noise and the non-linearity contributions only.
Passive elements in the system - According to the system-level

specifications the passive elements are determined in [1] as follows:

« first integrator capacitance: C; = 10.8 pF and resistance: R; = 6 KQ,

» sampling capacitance: Cs = 1.05 pF,

» second integrator capacitance: Cr = 0.2 pF,

» and switch-capacitor DAC element capacitance: Cp = 25 fF.

8.1.1 Design flow

The three different analog amplifiers implement the following analog
functions of the Delta-Sigma modulator:
* continuous-time integrator,

» discrete-time integrator, and
» voltage follower.

According to the system schematic in (Figure 8.1) each amplifier is a fully-
differential structure. The unity-gain buffer as a voltage follower minimizes the
difference between the differential signal at the output and the differential
signal at the input, and thus, in the fully-differential case is realized as a
difference differential amplifier [3].

Extraction of the specifications - The specification sets are derived from
the system specifications in Table 8.1 and from the time-domain simulations.
Figure 8.2 shows the behavioral model of the amplifiers in both the first and
the second integrators. The fully-differential difference amplifier is modeled as
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CHAPTER 8: The design of analog amplifiers in the Delta-Sigma modulator system

in Figure 8.3. The CMFB circuit, necessary for fully-differential structures, is
modeled as ideal and added at the output of each model.

Since the main design concern is the current consumption, the current
sourcing/sinking capability at the output becomes an important design
parameter and is determined carefully. The use of the g,-cell facilitates this
task and makes it possible to extract the required value accurately.

If all other blocks in the system are modeled as ideal, then the extracted
specifications are too optimistic. The simulation results, when this information
is used as a design starting point, are not satisfactory. The reason for the
degradation is that some interaction problems are impossible to predict if the
amplifier is surrounded by blocks with ideal behavior. Therefore, the
specifications for the design of each amplifier are derived correctly only after
all surrounding blocks are designed at the transistor level. This also implies a
certain system-level design sequence that must be respected. The final
specifications are presented together with the testbench circuits in section 8.2.

System-level design sequence - The design sequence for the Delta-Sigma
modulator analyzed in this example is: current-steering DAC, sampling stage,
unity-gain buffer, first integrator, switch-capacitor DAC, quantizer, and second
integrator.

Derivation of the testbench - To determine a design testbench it is
mandatory to:
* identify the negative feedback network,
» estimate the equivalent load at the output,
* identify the characteristics of differential and common-mode signals at the
mput.

Rours T Cour |:+\'— Rout l—COUT
/!
+ - —- +
VINl g./! | [CMFB] lVOUT VlNl L [CMFB] lVOUT
.4 2 s
/!
Rour _-LCOUT I:)— ouT I_COUT

Figure 8.2 Behavioral model of  Fjgyre 8.3 Behavioral model of

the fully-differential the fully-differential difference
transconductance amplifier amplifier
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8.1 Delta-Sigma modulator system

At this point, the analysis types and simulation sets are also defined. Further
discussion on this follows in section 8.2.

Amplifier design - Topology selection and topology variants at the level of
basic analog structures are discussed in section 8.3. The procedural design flow
and optimization steps are discussed separately for each amplifier in sections
8.4, 8.5, 8.6, respectively.

8.1.2 Verification of the performance

The performance of each block designed at the transistor level is confirmed
by time-domain system simulation. The SNDR value is computed from the
simulation results for at least 20 periods and then compared to the target value
0f 93 dB. The acceptable variation of this value due to simulator precision and
calculation tolerance is fixed at +2 dB. In addition, the interactions between
two or more successive blocks designed at the transistor level are checked. The
most important simulation chains are:
 first integrator and unity gain buffer,

+ complete first stage: current steering DAC, first integrator and unity-gain
buffer,

* unity-gain buffer and sampling circuit,

» second integrator and quantizer,

» sampling circuit, second integrator and switch-capacitor DAC.

Simulation results - In spite of satisfactory SNDR values when each
amplifier is tested alone, the simulations of several blocks at the transistor level
always require design iterations. The main issues are discussed hereafter.

The problem in the interaction between the first integrator and the unity-
gain buffer is the presence of a differential signal in the common-mode signal
at the output of first integrator. This non-ideality gravely perturbs the buffer
stage if the amplitude of the common-mode variation is too high or the CMRR
of the buffer stage is too low. Therefore, two additional specifications have to
be extracted:

* maximal acceptable variation of the common-mode signal at the output of
the integrator stage,
» and minimal acceptable CMRR of the buffer stage.

To resolve this issue, the topology of the common-mode feedback circuit,
which is the main contributor, is modified as presented in section 8.3. On the
other hand, the current bias circuit of the input pair of the buffer stage is re-
designed. The parameters of both circuits are fine-tuned in several iterations.

The main difficulty in the interaction of the amplifier in the second
integrator with its environment is to determine precisely the maximum current
needed at the output. The use of a behavioral model allows us to re-extract the
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correct specification for the output current only if the quantizer, sampling
circuit and switch-capacitor DAC are completed at the transistor level. The
amplifier re-design, however, requires some optimization steps, which are
analyzed in section 8.4.

The simulation results for the analog chain consisting of the first integrator,
unity-gain buffer, current steering DAC, sampling stage, and the second
integrator (all with the final transistor sizes) are presented in Table 8.2. The
system is simulated in two cases: with schematics at the transistor level and
with schematics extracted from the layout. The calculated SNDR values are
within the acceptable range.

Figure 8.4 displays the compete layout of the Delta-Sigma modulator
realized in 0.18 um CMOS technology.

Table 8.2 Simulation results for the analog chain in the Delta-Sigma modulator

analog chain SNDR [dB]
schematic at the transistor level 91.1
schematic extracted from the layout 90.4

Figure 8.4 Delta-Sigma modulator layout (size: 1 mm x 0.75 mm)
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8.2 Derivation of the testbench

A Delta-Sigma modulator is a complex system consisting of analog, mixed-
mode and digital blocks. Besides the system specifications, the non-idealities
of each block determine the required behavior of neighboring blocks.
Accordingly, the testbench derivation for each block is mandatory.

The design of an analog amplifier is possible only in the frame of its
testbench. After the initial transistor sizes have been calculated, all required
simulations in the AC and DC domains are performed using the testbench
circuits. This also holds for all optimization or fine-tuning steps. Time-domain
system simulation is only a final verification step.

The design testbench is correctly defined if all surrounding blocks are
implemented at the transistor level. Hence, the system-level design sequence
has to be respected absolutely. The testbench derivation for the amplifiers in
the Delta-Sigma modulator follows the order of the design sequence.

8.2.1 Fully-differential difference amplifier

The unity-gain buffer acts as a kind of isolation stage between the
continuous-time integrator and the sampling stage which converts the signal to
the discrete-time domain. Thus, the design requirements for the amplifier in the
first integrator are relaxed in terms of response delay and current sourcing/
sinking capability. The continuous-time signal is copied to the output of the
buffer stage that must provide sufficient output current to charge/discharge the
sampling capacitor within a certain delay.

The sampling stage is realized with two capacitance pairs as depicted in
Figure 8.5. When control voltages ¥, and y», are high, the first pair of
capacitances Cs; is connected to the buffer output and the integration result
from the first stage is sampled. At the same time, when the control voltages &
and &, are high, and the second pair of the capacitances Cy;, which are charged
previously, is connected to the second integrator input. In the next half of the
clock cycle, the capacitances switch roles. As a result, the capacitive charge at
the buffer output is either the sampling capacitance Cs; or the sampling
capacitance Cg,, except for a very short lapse of time when the sampling
switches change state. The design testbech is, thus, as simple as in Figure 8.6,
with an additional design condition: the stability must be ensured with and
without a load capacitor.

The main design requirement is linearity; the differential output signal must
track the differential input signal in a defined + 0.5V signal range within an
error fixed at 0.1%. The output current and the gain are determined from the
behavioral simulation, whereas the unity-gain bandwidth is chosen to be at
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CHAPTER 8: The design of analog amplifiers in the Delta-Sigma modulator system

least two times greater than the sampling frequency fs. All specifications are

listed in Table 8.3. The indicated minimal input common-mode rejection ratio

is determined after the first integrator stage has been designed.
The simulation set is the following:

* AC analysis (closed-loop transfer function, open-loop stability, CMFB
loop stability, CMRR in signal range),

* DC analysis (equivalent transconductance, gain error, differential output
swing),

+ and transient analysis in the system (SNDR).
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Figure 8.5 a) Unity-gain buffer followed by the sampling stage and b) time
diagram of the control voltages of sampling switches
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Table 8.3 Specification list for the fully-differential difference amplifier

current consumption >/ <450 pA
sourcing/sinking capability at the output loyr > 100 pA
gain Ap>70dB
unity- gain bandwidth frequency feew > 70 MHz
open loop stability (with/without load) PM > 70°
CMFB loop stability PM > 70°
CMRR > 40 dB
DC gain error €<0.1%
differential output swing AVoyr> 0.5V

_—I,— Cs(=Cs;=Csgy)

] > o
_—LI C4(=Cg4=Cgy,)

Figure 8.6 Design testbench for the difference differential amplifier

8.2.2 Fully-differential amplifier in the first integrator

The first stage integrates the difference between the input signal (converted
to current through resistance R;) and the signal coming from the modulator
feedback loop (sum of the currents sourced/sunk by the current steering DAC
elements). The design testbench is drawn in Figure 8.7. The influence of the
current-steering DAC is neglected, because it behaves as a current source/sink.
The load capacitance Cjy, purrer represents the total parasitic capacitance at the
buffer input and is equal to 0.1 pF.

The design specifications, summarized in Table 8.4, are mainly calculated
from the system-level specifications. The highest frequency, for which the
integration function has to be ensured, is chosen to be at least two times greater
than the sampling frequency fs. The acceptable variation of the output
common-mode signal is determined only when the interaction with the buffer
stage is tested.
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Table 8.4 Specification listfor the design of the fully-differential amplifier
in the first integrator

integrator frequency fi=2.6 MHz
integration end frequency fi ena > 70 MHz
current consumption ¥/ <200 pA
gain Ap>70dB
main feedback loop stability PM>T70°
CMFB feedback loop stability PM>T70°
differential output swing AVour> 0.5V
output common-mode variation AVour cm > £5mV

CIN, BUFFER

VOUT

CIN, BUFFER

Figure 8.7 Design testbench for the fully-differential amplifier in the first
integrator

The design verification consists of:

* AC analysis (closed-loop transfer function, stability of the main feedback
loop, stability of the CMFB loop),

» DC analysis (differential output swing),

* and transient analysis in the system (output common-mode variation,
SNDR).

8.2.3 Fully-differential amplifier in the second integrator

Figure 8.8 displays the second integrator with the detailed schematic of the
switch-capacitor DAC and the quantizer consisting of 10 comparators. The
second stage integrates the difference between the feedforward signal (charge
of Cy) and the signal coming from the second feedback loop of the modulator
(sum of the charges of the DAC-element capacitances Cp). The integration is
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Figure 8.8 a) Second integrator, switched-capacitor DAC and quantizer and b)
time diagram of the control voltages of DAC switches

performed only once per clock cycle, when both @; and @;, control voltages
are high. The design testbench approximates the negative feedback capacitive
network during the integration as shown in Figure 8.9. The amplifier load
capacitance is the sum of the input parasitic capacitances of the comparators
constituting the quantizer, and its value is equal to 10 x 7 fF = 70 {F.
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Table 8.5 Specification list for the fully-differential amplifier in the second

integrator
current consumption 3/<1.2mA
sourcing/sinking capability at the output lour > 190 pA
response delay tb<5ns
equivalent input transconductance g,=2mS
Royr in the output range > 3.2 MQ
main feedback loop stability PM > 70°
CMFB loop stability PM > 70°
differential output swing AVoyur> 05V
38xC, Ce
—

10XCyy, comp
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Cs 10xCy\, comp
L
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Figure 8.9 Design testbench for the fully-differential amplifier in the second
integrator

Table 8.5 gives an overview of the specifications. The main design
requirement is a fast time-domain response, since the output signal settling
time must be shorter than the integration cycle. This, in fact, imposes a high
output current sourcing/sinking capability.

The minimal required current at the output, as well as the equivalent
transconductance and the output resistance are extracted from the behavioral
simulations. Due to large circuit currents, the output resistance becomes critical
because of its non-linear behavior. The more accurate modeling of this
behavior permitted us to extract the minimum required value in the output
range. The design analysis includes:

* AC analysis (open-loop stability, CMFB loop stability),
* DC analysis (differential output swing, output resistance variation),
* and transient analysis in the system (SNDR).
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8.3 Topology selection

Careful examination of the specification sets for the three amplifiers shows
that there are four identical design requirements:
* gain (4y> 70 dB),
* gain bandwidth frequency (fgzw > 70 MHz, or even higher in the case of
the second integrator),
* main feedback loop stability (PM > 70°),
+ and CMFB loop stability (PM > 70°).
The most suitable candidate to achieve this gain-gain bandwidth-stability
design requirement is the fully-differential folded-cascode OTA depicted in
Figure 8.10. Its most important property, analyzed in chapter 5, is that it is a
single-stage amplifier providing a gain equivalent to two stages and, since there
is no compensation capacitance, a frequency behavior of a single stage.
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Figure 8.10 Fully-differential folded cascode OTA with its CMFB circuit
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The design of each amplifier is, therefore, based on a folded cascode OTA

design recipe with additional requirements, such as:

+ differential output swing and rejection of the differential signal in the
common-mode signal at the output for the first integrator,

* input common-mode range, differential output swing, input common-mode
rejection ratio and linearity for the unity-gain buffer,

+ differential output swing and high current sourcing/sinking capability for
the second integrator.

Each set of specifications obviously needs different design trade-offs. Thus, in

the subsections that follow we will first analyze the technology limits, and then

determine the necessary topology variants.

8.3.1 Analysis of technology limits

For the given 0.18 um CMOS technology, EKV model parameters are used
for hand-calculations, while the final circuit design is confirmed by simulations
with the BSIM model. The EKV model parameters needed for this analysis are
listed in Table 8.6. The parameters are extracted, using the BSIM2EKV
converter, described in chapter 3, from the BSIM model provided with the
technology design kit. The minimum drawn transistor width is W,y = 0.5 um,
and the minimum drawn transistor length is L,y = 0.4 um. These values are
used for the hand-calculations, the simulations and the layout. Then, during the
fabrication process all sizes are shrunk by a factor of two.

Table 8.6 EKV model parameters needed for hand-calculations for the given
0.18 um CMOS technology

VTOy 037V
VTOp -0.36V
KPy 490 LV/A?
KPp 82 LV/A2
cox 8 mF/m?
n 1.22
U.n 2 V/um
U.p 4 V/um
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Table 8.7 Folded cascode OTA gain, non-dominant pole frequency and phase
margin approximation needed to explore the technology limits

_&mi2 &ms.s

ain Ay=
g2 07" 8as1,2 &ass, s
R _ i gm5,6 ~L_ gm5,6
non-dominant pole Jnap o =57 30
Z(CP)FP GS5,6
. _ eno Jod Jupd
phase margin PM = 180° — atan —atan

GBW GBW

To explore the technology limits, the circuit parameters of interest, such as
gain, non-dominant pole frequency and phase margin are simplified as in Table
8.7. The goal is to determine the maximum gain when the stability condition is
fulfilled. It is considered that the non-dominant pole of the amplifier is the pole
closest to the origin of all the non-dominant poles in the feedback loop and that
the negative feedback factor is equal to one (which is the worst-case situation).

The stability condition, PM >70° + 10°, gives the minimal non-dominant
pole frequency with regard to the specified gain bandwidth frequency as

JoapZ 0 Jpw- 8.1

The security margin of 10° is added because of important differences between
the BSIM and EKV capacitance models [4].

To ensure maximal gain, the transistors M1,2 and M5,6 are placed at the
limit of weak inversion, that is /F; , = IF; 4 = IF = 0.1. Given the fact that
both sets of transistors contribute to the sum of the parasitic capacitances in the
folded point and weak inversion is the most unfavorable region concerning the
size of the intrinsic capacitances, we will assume that L, , = L; s = L.

The gate-source capacitance of the transistors M5,6, used for the non-
dominant pole frequency estimation, is written as a function of the inversion
factor as

IDsa 5,6 2
Cgss,6 =COXW; 4L - cgg5,5= COX = 5L Coss, s (3.2)
2.n-KP, IF- U

with the intrinsic capacitance cggss s approximated by
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2 (x+1) - (x,—1/2)
Cgss,6 ~ 3¢ L L PR (8.3)
(x,+1/2)

o

This expression is derived from the definition in (2.50), when the transistor M5
operates in saturation, as shown in chapter 2.

Substituting the gate-source capacitance expressed in (8.2) and (8.3) in the
stability condition (8.1), the maximal transistor length is easily calculated and
is given by

< IF-KP, - Uy ~ 0.7 um. (8.4)
‘ (x,+1) - (x—~1/2)
2-m-COX-6-fopy- 2
(x,+1/2)

IF=0.1

The gain of the folded cascode OTA is approximated here as a two-stage
intrinsic gain. Since

LR . . B I, .
( 7 ) = in weak inversion, and g, = AT it follows that
Dsa T a
A z( gm],Z ) . IDsatl,Z . ( gm5,6 ) . [Dsat5,6 (85)
Ipsarr, 2’ 8&psi,2 Mpsas,6”  &pss6

I )2 2
= U, Up- L.
(n-UT aN aP

Hence, the maximal gain is 72 dB. Nevertheless, when the circuit is
simulated with the BSIM model, this value is reduced by at least 10 dB, as
shown in subsection 3.5.2 (the given conversion example is for the BSIM
model library file used in this design example). There are two main reasons for
this degradation: a lower g, value and a lower g,/Ip,, value, as a result of
different approaches to model the transistor behavior in weak inversion. This
is discussed in section 3.5, and thus must be taken into account when the EKV
model is used for hand-calculations. Consequently, the stability and the gain,
required in this practical example, cannot be satisfied at the same time.

To achieve the specified gain, the circuit needs an additional gain stage. It
is usually implemented as a common-source stage following the folded
cascode OTA. The circuit becomes a two-stage amplifier, and thus the
compensation capacitance is mandatory for stability. The other possibility is a
gain-boosting technique, described in [5]. This makes it possible to keep a
single-stage-amplifier frequency behavior and achieve the three-stage-
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amplifier gain. Both solutions are discussed in section 7.2 and section 7.3 as
topology variants.

8.3.2 Topology variants to fulfill the additional design requirements

CMFB loop stability - If the main amplifier has a high gain, then the
CMFB loop also has a high gain as it uses one part of the amplifier gain path.
This improves the rejection ratios (CMRR, PSRR) of the fully-differential
amplifier, but on the other hand degrades the stability of the CMFB loop.

An elegant solution to this problem is a modification of the gain path in the
main amplifier by splitting the current bias source driven by the CMFB control
voltage into two different sources: the first one with a large current and a fixed
control voltage and the second one with a small current and controlled by the
CMFB amplifier. The gain of the main amplifier does not change, while the
phase margin of the CMFB loop transfer function increases. The described
topology is presented in section 7.7.

Large differential output swing - The folded cascode OTA can have a
large swing at the output, if all bias voltages are correctly determined. The
limitation comes from the differential pair at the input of the CMFB amplifier.
However, the differential input range of the CMFB amplifier is improved when
this differential pair is linearized. This topology variant is discussed in section
7.5.

Rejection of the differential signal in the common-mode signal at the
output - The main contributor to the presence of the differential signal in the
output common-mode signal is again the CMFB amplifier. In fact, each
differential pair at the input of the CMFB amplifier senses a difference between
the common-mode reference voltage Vzer cir and the output signal from one
side of the main amplifier. Consequently, two differential pairs have different
input common-mode levels and the CMRR of the CMFB amplifier must be
improved. This can be achieved by cascoding its current bias sources, as shown
in section 7.6.

Large input common-mode range - The basic analog structure that mainly
determines the input common-mode range is the differential pair at the folded
cascode OTA input. Section 7.4 shows how to overcome this problem. The
standard differential pair is replaced by a complementary differential pair,
including one NMOS differential pair and one PMOS differential pair
connected in parallel.

Table 8.8 summarizes the topology variants for the fully-differential folded
cascode OTA and its CMFB amplifier used in this practical design example.
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Table 8.8 Overview of topologies required to fulfill the additional design
requirements

design requirement topology variant
high gain second gain stage
high gain gain boosting

input common-mode range complementary differental pair

differential output swing linearized differential pair
(differential input range) at the CMFB input
rejection of the differential cascoded current bias sources

signal in the common-mode | in the CMFB amplifier
output signal

CMFB loop stability split sources in the amplifier gain path

8.4 Design of the fully-differential high-gain amplifier

The design of the amplifier in the second integrator is discussed in this
section. Although it is designed at the end of the system-level design sequence,
its design procedure is presented here before the other two amplifiers. This is
important because this design flow is the simplest one, primarily focused on
gain enhancement and stability, and represents the basis for the other two
procedural design flows.

According to the specification list from Table 8.5 (see subsection 8.2.3) the
amplifier in the second integrator has to provide a high output current, i.e a fast
time-domain response, and a high gain. All feedback loops must be stable as
well. Therefore, it is realized as a single-stage amplifier as previously decided,
using a folded cascode OTA (see Figure 8.10) and a gain-boosting stage added
for gain enhancement (section 7.3).

On the other hand, to ensure the differential output swing, the input pairs of
the CMFB amplifier are linearized and their bias mirrors are cascoded (section
7.5, section 7.6). Due to large circuit currents, the bias current ratio /3//cyrp is
high, and thus the main amplifier is implemented with split sources to ensure
stability of the CMFB loop (section 7.7). The folded cascode OTA and its
CMFB amplifier with all necessary topology modifications are shown in
Figures 8.11 and 8.12.
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Figure 8.11 Fully-differential folded cascode OTA with gain-boosting and split
current bias sources
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Figure 8.12 Linearized CMFB amplifier with cascoded current bias sources
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8.4.1 Equivalent output load

The amplifier feedback during the integration is approximated in Figure 8.9.
Although the capacitance of each DAC element can be charged positively or
negatively and connected to a positive or negative input terminal of the
amplifier (according to [1]), it can be considered that half of the capacitances
are always connected on each side. The closed loop gain changes with each
integration cycle. To simplify the design procedure, it is assumed that in the
worst case situation the amplifier has to provide an output current sufficient to
charge/discharge all load, feedback and parasitic capacitances. Thus, the
equivalent load is determined for the open-loop situation, depicted in Figure
8.13. The feedback and load (from the quantizer stage) capacitances give

Cr-(Ce+38-C

o= 10 Copconp S

~0.26 pF. (8.6)

The capacitances C, our and C, v are the parasitic capacitances seen at the
output and the input of the amplifier, and are unknown at this design point.
However, it is sufficient to guess that the total load capacitance is two times
larger, thatis C; ,,, = 2- C; = 0.6 pF.

Since the capacitive feedback changes all the time, it is difficult to specify
what is the required closed-loop behavior. Nevertheless, using the values
extracted from the behavioral simulations in the system environment for the
equivalent transconductance and the output resistance, the following
parameters can be derived for the open loop case:

* gain 4, = g, Royr> 76 dB,
* gain bandwidth frequency f;gz = = - =—— = 600 MHz.

The closed loop stability has to be confirmed within the system time-domain
simulation, whereas the amplifier has to be designed to ensure PM > 70°.

N % 10xCiy, comp Cr % Cs ; 38xCp

> I
f Il
VINl > Vout
4-7 : I
10XCy cowp Cr Cs == 38xC,

I
Il

Figure 8.13 Open main feedback loop
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8.4 Design of the fully-differential high-gain amplifier

8.4.2 Procedural design sequence

Circuit currents - The maximal large signal current provided at each
output of the folded cascode OTA is proportional to the differential pair tail
current, that is Ioyr.. = I;. From the specification for current sourcing/sinking
capability at the output, when the security margins are added, the circuit
currents are chosen as

1, = 190 u4,
I, =16-1, =310 u4, (8.7)
I, =1+, =1+ kI ump = 500 pud.

The bias transistors M3 = M3°+M3”’ and M4 = M4°+M4°’ are first designed
as there is no source splitting. The current ratio £’ is determined in the last
design step with regard to the specification for the response-delay.

The current consumption of the main amplifier is 1 mA without biasing
circuitry. Consequently, it is mandatory to minimize all other circuit currents:
the current /x5 is set to 10 WA, the current budget for the four gain-boosting
amplifiers is set to 10 LA, and the budget for all voltage and current bias
circuits to 100 QL A.

Differential pair - The inversion factor of transistors M1,2 is determined
from the specified equivalent transconductance and previously chosen circuit
current

Em 2mS
—_— = =105 — IF, ,=6.3. 8.8
(]Dsa) 1,2 ]90“’4 b ( )

Folded cascode pair - Transistors M5,6 are initially set in moderate
inversion to achieve the maximal possible gain with

(ﬁ) ~198. (8.9)
IDsa 5,6

To minimize the sum of the parasitic capacitances in the folded point, the
transistor lengths of contributing transistors are set to L;, = Lss= 1.5Ly;y and
L3,4 = 2Ly

The g,/Ips. ratio of transistors M5,6 is then adjusted to respect the stability
condition

_ _8mss fesw
Jnap = ZTE(ZC)FP> an (20 1.65 GHz. (8.10)
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This finally gives ( g’") =12 > IF; ;~44.
Ipsad 5,6 '

Current sources - Transistors M3,4 providing currents /; and transistors
M7,8 and M9,10 providing currents /, are sized to ensure the required
differential output range, plus AV = 50 mV of security margin on each side.
Therefore, the available voltage headroom on each side is

. (I.8—(AVJ2r 05+AV) _ g6y, 8.11)

Since the minimal and maximal output voltages are
Vv = Vss V= Ves * Vissars, 4 T AV + Vpssars 6 T AV, (8.12)
Viax = Voo =V = Vop|Vissars, 10=AV=|Vbssarz, | =AY,

it follows that

Vissats, 4+ Vossars.s = |Vpssarz, sl ¥1Vpssaro, 10 = 0.5 V. (8.13)

The saturation voltage of transistors M5,6 is calculated from the inversion
factor as

Vissas.s = U (2JIF5 g+ 4)=0.2 V. (8.14)

Hence, the saturation voltage of transistors M3,4 is Vg3 , = 0.3 V, which
gives an inversion factor /F;, = 14.

The transistors M7,8 and M9,10 are designed in the same way. The
saturation voltages are chosen to be Vg ;¢ =0.2 Vand Vg ., =03V,
resulting in /F;3=4.4 and [Fy ;)= 14. The transistor lengths of M7,8 and
M9,10 are set to ensure that R, > Ry, and therefore L; = Lo ;0= 2.5Lygy.

Gain-boosting stages - The output resistance of the folded cascode OTA
with the transistors sized to ensure stability and output swing is R, ;= 64 KQ,
which is inferior to the required 3.2 MQ. Thus, the required gain of the gain-
boosting stages GB1 and GB2 is easily calculated and is equal to 34 dB. Since
the gain-boosting amplifiers impose the DC voltages in the sources of
transistors M3,4 and M7,8, the acceptable voltage headroom that preserves the
specified differential output range is estimated to be one treshold voltage -
approximately 0.4V. This imposes the inversion factor of the input transistors
in each common-source stage to be [F=0.5. Finally, as the current
consumption is an important design parameter, the gain-boosting stages are
designed with a minimal current budget of 10 wA for all four amplifiers
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8.4 Design of the fully-differential high-gain amplifier

(without biasing circuits). For stability reasons, in order to minimize the
contribution to the sum of the parasitic capacitances in the folded point, the
maximal lengths of all transistors are set to 2L,y.

When the GB1 and GB2 are implemented as common-source stages (as
depicted in Figure 7.11), the resulting output resistances are R,y = 2.8 M,
Ryp = 44MQ and R, ;= 1.7 MQ. Obviously, the auxiliary amplifier GB1,
when designed with the conditions derived above, does not provide sufficient
gain. As a result, it is re-designed and implemented
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Figure 8.14 Gain-boosting amplifiers: a) cascode amplifier GB1, b) common-
source amplifier GB2
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as a cascode stage (Figure 8.14). The output resistances are now
Rpowy = 6TMQ, R,;p = 44 MQ and R, 7= 4 MQ.

CMFB amplifier - The cascoded current bias sources and the input
differential pairs in the CMFB amplifier are designed to be the same for the
three amplifiers in the first and second stages of the Delta-Sigma modulator
using the following strategy: to ensure the differential input range (i.e. the
main amplifier output swing) and to provide the maximal gain. As a result,
the transistors of the differential pair are placed at the limit of weak
inversion with g,/Ip..,= 17.8, ensuring in this way the maximum equivalent
transconductance. The sizes of the linearization transistors are set to be
three times smaller than those of the corresponding differential pair
transistors, because an optimal scaling factor that ensures a £0.5 V swing
is found to be m = 3. The diode-connected transistors MC5,6 are simply
matched with previously sized current sources M3,4, since they represent a
simple current mirror.

Split sources - The transistors M3, M4 are split in two in order to achieve
stability of the CMFB loop. The minimal current controlled by the CMFB
amplifier is determined from the system-level simulations since the response
delay of the amplifier is the main design requirement, and can be confirmed
only within the system simulations. The current ratio &’ (see Figure 8.11) is
changed in the range 1 to 10, where the maximal value gives the lowest
acceptable phase margin of approximately 50°. The time-domain simulation
within the system is repeated for each k£ ’. Finally, k* = 8 is chosen as the best

0.5

0.33

0.167

VOUT [V]

-0.167

-0.33

-0.5
1.8 1.85u 1.9u 1.95u 2u
time [s]

Figure 8.15 Differential output signal of the second integrator in the time-domain
system simulation
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8.4 Design of the fully-differential high-gain amplifier

compromise, resulting in SNDR = 93.1 dB, PM = 60° and an acceptable time-
domain response (depicted in Figure 8.15), even though the phase margin is
10° below the specification. Thus, the currents are set in the following way:
I+ K I oprp =420 LA + 80 LA.
Transistor sizes - Complete schematics with final dimensions are
presented in Figures 8.16, 8.17, 8.18 and 8.19. The transistor sizes are real sizes

(shrunk by a factor of 2). The circuit currents are also indicated.
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Figure 8.16 Complete schematic with final dimensions: main amplifier
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Figure 8.17 Complete schematic with final dimensions: gain-boosting amplifiers
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Figure 8.18 Complete schematic with final dimensions: CMFB amplifier
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Figure 8.19 Complete schematic with final dimensions: biasing circuit
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8.4.3 Simulation results

AC analysis - The transfer function of the CMFB loop is simulated using
the testbench in Figure 8.20. The loop is opened at the CMFB amplifier input.
The DC feedback is ensured by an RC network where (2zRC)-/ = 1 uHz. The
open CMFB loop transfer function is given by

+
H(j2nf) = ~Q4Lt_—0UL., (8.15)
IN, CM

and its module and phase are shown in Figure 8.21 (the amplifier symbol
represents the main amplifier connected with the CMFB amplifier).

The PM is lower than the specified 70°, but this is the maximal value that
ensures an acceptable time-domain response, as discussed previously. On the
other hand, the DC gain is only 23 dB and results in low rejection ratios.
However, no degradation in SNDR values is noticed when the interactions with
other circuit blocks are tested. The transfer function of the main amplifier is
shown in Figure 8.22.

DC analysis - Since the capacitive feedback represents an open circuit in
the DC domain, the simulations are performed with a resistive feedback. The
feedback resistances are chosen in the following way: R;,R,>R,yr , as well
as Ry/R; = 10 to provide a closed loop gain. It is estimated that the highest gain
in the case of capacitive feedback, when all feedback capacitances are
connected as in Figure 8.9, is equal to 10.

The differential output swing is determined for a gain error of 1%, and is
shown in Figure 8.23 in two different cases: with and without linearization of
the differential pair at the input of the CMFB amplifier. Obviously, the CMFB
circuit without linearization severely degrades the swing of the differential
output signal of the main amplifier.
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Figure 8.20 Open CMFB loop
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Figure 8.23 Differential output swing with and without linearization of the
differential pair at the input of CMFB amplifier

In addition, the bias current mirror of the differential pair (as depicted in
Figure 8.11) at the main amplifier input works at the limit of the linear region,
because the available voltage headroom is only 0.2 V due to large circuit
currents. The worst, typical, and best case simulations revealed the
performance degradation. When the source voltage of the differential pair
changes in the worst, typical, and best cases by approximately £50 mV, the
differential pair bias current changes by £20 UA. Therefore, the bias mirror is
re-designed as in Figure 8.24. Now, the two transistors MB11,12 do operate in
the linear region, but the current is mirrored correctly, thanks to transistor
MB13 that is sized as

that is with regard to the differential pair transistors. This made it possible to
create approximately the same drain voltage for transistor MB12 as is the drain
voltage of transistor MB11 imposed by the differential pair source voltage in
the worst, typical or best case. The bias current mirror operating in the linear
region does not degrade the amplifier performance, since the voltage headroom
imposed by the source of the differential pair does not change significantly. In
fact, the differential signal amplitude at its input is small, and thus a large
differential input range is not required. At the same time, the negative feedback
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lIBIAS, DP l2|1

M1 M2

S

Figure 8.24 Modified bias circuit of the input differential pair (current mirror
operating in the linear region)

Table 8.9 Time-domain system simulation results for the second integrator

interaction chain SNDR [dB]
second integrator alone 93.9
sampling stage + second integrator 93.1
second integrator + quantizer 93.3
sampling stage + second integrator + 90.8
switched-capacitor DAC

network keeps its input common-mode level constant and there is no need for
a large common-mode input range.

Time-domain system simulations - The interaction with neighboring
blocks at the transistor level is tested. The simulation results are summarized
in Table 8.9.

8.5 Design of the fully-differential difference amplifier

The amplifier in the unity-gain buffer stage is a fully-differential voltage
follower, as depicted in Figure 8.6. It is realized as a difference amplifier with
two differential pairs at the input. One input of each differential pair is
connected to one output terminal creating in this way a negative feedback that
minimizes the difference between input and output signals.
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Figure 8.26 Linearized CMFB amplifier with cascoded current bias sources

The main design requirement is linearity. In other words, the output must
follow the input signal in a specified +0.5 V differential signal range with an
error of 0.1%. This implies a gain of at least 60 dB, when calculated from
(7.29). However, according to the specifications extracted from time-domain
simulations (Table 8.3), the required gain is 70 dB. Hence, the gain-boosting
stages (section 7.3) are mandatory to achieve this value. Furthermore, the
requirement to “follow” the input voltage in a specified signal range means
+0.5 V of input common-mode range and £ 0.5 V of differential output swing.
Therefore, each differential pair is implemented as a complementary
differential pair (section 7.4), and the input pairs of the CMFB amplifier are
linearized and their current bias sources are cascoded (section 7.5, section 7.6).
Finally, to improve the rejection of common-mode variations in the differential
input signal, the current bias sources of input pairs in the main amplifier are
also cascoded. The circuit schematic with all topology modifications is
presented in Figures 8.25 and 8.26.

8.5.1 Procedural design sequence

Circuit currents - The required output sourcing/sinking capability
according to the simulation with the behavioral model is /pyr+. = 100 HA. The
maximal current that can be provided at each output is determined in the most
unfavorable case: when the input signal has a large amplitude and is in
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opposition to the output signal. In this case, V. increases, and V;y. decreases,
while Voyrs. decreases, and Vyyr. increases. Consequently, NMOS transistors
MN1,3 and PMOS transistors MP2,4 conduct all available bias current,
denoted as 2/; in Figure 8.25. Since the bias sources M3,4, and M9,10 impose
the current /3, then the current that flows through transistor M7 is I3-21,-21;, and
through M5 is /;. Similarly, the current that flows through the transistor M8 is
I;, and through M5 is I3-21;-21;. Hence, the current sourced/sunk at each output
is [lpyrs| = 41,. Accordingly, the circuit currents are chosen as follows

I, = 25 ud, (8.17)
I,=22-1, = 55 ud,
I; = 2-1,+1, = kloppg = 105 pA.

The current consumption of the main amplifier without biasing circuitry is
I;+21;+21; =310 pA. The other circuit currents are set similarly as in the case
of the amplifier in the second integrator: /¢y is fixed at 10 WA, the budget for
all gain-boosting stages at 10 LA, and the budget for all voltage and current
bias circuitry at 80 LLA.

Estimation of the equivalent output load - The load capacitance is the
sampling capacitance Cs, as discussed in subsection 8.2.1. However, the
parasitic capacitances at the main amplifier output, as well as the input parasitic
capacitances of the CMFB amplifier, which are also connected to the output,
must be taken into account. As a result, the load capacitance is (over)estimated
as

C,=CstC,ourtCp v cmrp=15-Cs. (8.18)

Circuit symmetry - The design of the fully-differential difference
amplifier consists in the design of two complementary folded cascode
amplifiers connected in parallel. If one amplifier is designed, then the other one
can be derived by simply replacing the NMOS by PMOS transistors and vice
versa, and setting the sizes as

7Ly _ KPp. (8.19)

(W/L), KPy

A key point here is to provide identical behavior when input terminal voltages

decrease and increase. Therefore, the additional sizing conditions must be

fulfilled to ensure circuit behavioral symmetry:

« The NMOS and PMOS differential pairs have the same equivalent
transconductance, denoted in the text that follows as g,,;.
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8.5 Design of the fully-differential difference amplifier

* The folded cascode pair M5,6 of NMOS differential pairs, and the folded
cascode pair M7,8 of PMOS differential pairs have the same
transconductance.

* The sum of parasitic capacitances in each folded point is the same.

» The equivalent resistances seen at the output: Rpowy and Ryp are the same.
This is fulfilled when

Bms6 _ Emrs

and  gpg v+ &pso 10 = &ps,p T E€pss, 4> (8.20)
&pss, 6  8Dps7,8

where gpg v and gps p are the output conductances of the NMOS and PMOS

differential pairs.

* The transistors M3,4 and M9,10 representing the current sources have the
same saturation voltage, i.e. the same inversion factor.

Input differential pairs - The equivalent transconductance of the amplifier
from Figure 8.25 is equal to the sum of the equivalent transconductances of the
NMOS and PMOS differential pairs, as seen in section 7.4,
Gmeq = megNmos + Gmeqprios = 28mi- To ensure the specified gain bandwidth
frequency, the minimal transconductance of each transistor is estimated as

2r-C,

m, e 'f
(&nD)yy = gz, 1 = 2 <%~ 660 S, (8.21)

and thus (g,/Ipse); > 13.2 and IF;>3.5. However, these are just the limit
values. Since a gain of 70 dB is required in the whole signal range, the
equivalent transconductance must be constant in this range. Therefore, the final
value of the inversion factor of the differential pair transistors has to be chosen
with respect to the required input common-mode voltage range of £0.5 V.

The common-mode voltage range is affected by the voltage headroom
requirement of the current bias transistors Vpspiaswn, Vpspiasp and the gate-
source voltage headroom of the differential pairs Vgsy, Vosp. It can be
expressed as

Vst Vs prasnt Vas v <Vrer, o —|AVin ems (8.22)

Veer, e ™ 1AV v e S Vpp = Vs, ras, ol = Vs, pl-

According to the design specification, it follows that

VDS, BIAS,NJr VGS,N = |VDS, BIAS, P| + |VGS, P| = 0.65V. (823)

The important point here is that the current bias sources are implemented as
cascode current mirrors. This ensures the working condition of each
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differential pair (the cascode transistor protects the mirroring transistor from
the variations of the source voltage of the differential pair), and improves the
rejection of common-mode variations of the signal driven to the amplifier input
from the previous stage. Taking this into account we finally obtain (without
adding the security margins)

Vos = Vasw = [Ves.pl < 0.3V, and (8.24)

Vs, 1as = Vps pras,y = |VDS,BIAS,P| < 035V. (8.25)

The inversion factor of differential pair transistors is thus

I = 0| 1+ - |AV’N’2C:L|[_ Vo= Vs B“Sﬂ = 04 (826
T

which gives (g,,/Ip,.,); =25. Nevertheless, in the simulations with the BSIM
model, the maximum achieved transconductance with the given bias current
and the calculated inversion factor is g,,; = 500 uS, and thus (g,,/1p,,,), = 20.
Even though the transconductance value is smaller than the minimal estimated
value in (8.21), it results in gain bandwidth and phase margin simulated values
within the required specifications, since the output capacitance is
overestimated in (8.18). On the other hand, the simulated voltage headroom for
the bias current mirror is approximately 0.3 V, which imposes the limit of weak
inversion as the operating region.

Folded cascode pairs - The transistors M5,6 and M7,8 are sized with
respect to the stability condition. The unity-gain loop stability is guaranteed if
the amplifier non-dominant pole is at

1 gm5 6,7,8 f'GBW('va)
= . 207,05 B ~
T = 3 e > SO = 440 MHz, (8.27)

where the gain bandwidth frequency is given here for a more critical situation,
that is when the sampling capacitances switch roles and the output load is only
the sum of the circuit parasitic capacitances. This gives (g,,/Ipsa)s5 ¢ 7.5~ 17,
and IF; s, 3= 1.7. The lengths of differential pair and folded cascode pair
transistors are set to L,y in order to minimize the sum of parasitic capacitances
in the folded point.

Current sources - As in the case of the amplifier in the second integrator,
the voltage headroom on each amplifier side is determined by the specified
differential output swing, and according to (8.11) it equals to 0.6 V. The
minimal and maximal output voltages are then
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8.5 Design of the fully-differential difference amplifier

Viy = VestV = Vgt Vpssa,3,4+ AV Vpgsars, 6 T AV, (8.28)

Viax = Vpp—V = VDD*|VDssat9,10|*AV*| Vpssarz, 8|*AV-

Using the inversion factor value determined in the previous step, we obtain
Vissas.s.7.8 =017V, and thus Vg2 4 = |Vpsears, 10 £0.3 V. However, since
the transistors M9,10 must be matched with the transistors of the current bias
of the PMOS differential pair which have a limited voltage headroom, their
saturation voltage is chosen to be Vg3 4 = |Vpssars, 10 = 0.2 V. This finally
gives (g,/Ipsad)s 4 = (&n/Ipsar)y, 19~ 14.8. The lengths of transistors M3,4 and
M9,10 are chosen as a compromise between stability and the required output
resistance and set to 2.5L,.
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Figure 8.27 Gain-boosting amplifiers: a) common-source amplifier GB1, b)
common-source amplifier GB2
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Gain-boosting stages - The output resistance of the amplifier without gain
enhancement is Ryy7 = Rpowy | Ryp= 155 KQ. The resulting amplifier gain
is 43.7 dB, and thus the gain-boosting stages have to provide a gain of at least
30 dB. GBI and GB2 are implemented as common-source amplifiers and
depicted in Figure 8.27. The inversion factor of input transistors in each
common-source stage is set to /F' = (.5, to keep the DC voltages in the drains
of transistors M3,4 and M7,8 in the order of one threshold voltage. As in the
previous case, the current budget for all four amplifiers is 10 WA and the
maximal transistor lengths are set to 2Ly, so as not to degrade the stability.
After all transistors have been sized, the resulting amplifier output resistance is
Ryyr =6.3 MQ, and the amplifier gain of 76 dB is achieved.

CMFB amplifier - The cascoded current bias sources and the input
differential pairs in the CMFB amplifier are designed as in section 8.4. The
diode-connected transistors MC5,6 are matched with the previously sized
current sources M3,4, since they represent a simple current mirror. No stability
problems in the CMFB loop occurred with the obtained CMFB loop gain of
45.8 dB.

Current bias mirrors of input differential pairs - In this step, the current
bias mirrors of input differential pairs are designed with respect to the
conditions derived in the previous steps, and re-designed with the additional
requirement to improve the CMRR. As previously decided, the bias mirrors are
implemented as cascode current mirrors. The PMOS part consists of transistors
MB14,16 and cascode transistors MB15,17 biasing PMOS differential pairs.
The NMOS part consists of transistors MB24,26 and cascode transistors
MB25,27 biasing NMOS differential pairs. The initial transistor sizes are
determined in the following way:

* For circuit symmetry and good matching of the circuit currents, the
transistors MB14,16 are matched with the current sources M9,10, while
MB24,26 are biased in the same way as M3,4. The transistor lengths are
therefore set to 2.5L ;.

+ Taking into account that the available voltage headroom for bias sources,
determined from the input common-mode range specification, is 0.3 V and
that the calculated saturation voltage of the mirror transistors is 0.2 V, the
cascode transistors are placed at the limit of weak inversion in order to
have Vpge: = 0.1 V.

* The lengths of cascode transistors are set to Ly, in order to minimize the
sum of parasitic capacitances seen in the sources of the differential pairs,
since this degrades the time-domain response.

The input common-mode rejection ratio of a fully-differential amplifier is

defined in chapter 5 as
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8.5 Design of the fully-differential difference amplifier

CMRR = /% ) (8.29)
C

Acyrp 18 the gain of the CMFB loop, while 4 is the gain of the input common-
mode signal to each amplifier output, and is given by

dp = tours o L oo (8.30)
VIN, cMm Rpras

where Royris the amplifier output resistance, and Rp4s is the output resistance
of the bias mirror.

The amplified input common-mode signal contributions that appear in the
common-mode output signal (voyr: + voyr.)/2 are minimized by the negative
CMFB loop. The higher the gain of the common-mode loop, the better is the
rejection of this unwanted component in the common-mode output signal.
Nevertheless, the gain of the CMFB loop in this example is not an independent
variable. It is determined as the maximal possible gain that can be achieved
without degrading the differential output swing and respecting the stability of
the feedback loop. Hence, the only way to improve the CMRR is to decrease
the gain of the input common-mode signal. The independent variable is Rp,4s,
since Rpyr is determined by the main amplifier gain and gain bandwidth
specifications. Therefore, it follows that its required value is

CMRR
RgrasZRoyr- Aenrs

~32 MQ. (8.31)

However, the resulting output resistance of the current bias mirrors, obtained
respecting the design conditions above, is approximately 0.5 MQ. Obviously,
this is far from the required value. Nevertheless, it represents the maximum
possible value that can be achieved with the given technology and with all
cascode current mirror transistors operating in saturation.

One possible solution is to augment Rp;s by pushing the transistors
MBI14,16 and MB24,26 into the linear region. This is done by placing
MBI15,17 and MB25,27 in moderate inversion and thus lowering the drain
voltage of transistors MB14,16 and MB24,26. It is estimated that the operation
in the linear region is not critical, since the drain voltage of mirror transistors
is set by the cascode transistors and does not change as long as the cascode
transistors operate in the saturation region. Since the current mirroring is
degraded in this way, the sizes of transistors MB14,16 and MB24,26 have to
be adjusted to provide the required bias current values.
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The resistance seen in the source of cascode transistors MB15,17 and
MB25,27 now becomes larger than 1/gps, and depends on the source voltage of
the cascode transistors (i.e. the drain voltage of transistors MB14,16 and
MB24,26). 1t is thus determined by the inversion factor of these transistors,
which has to be tuned in several iterations to find the optimal value. Finally, the

value /F = 1.4 is chosen.

Transistor sizes - Complete schematics with final dimensions are
presented in Figures 8.28, 8.29, 8.30 and 8.31. The transistor sizes are real
sizes. The circuit currents are also indicated.
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Figure 8.28 Complete schematic with final dimensions: gain-boosting amplifiers
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Figure 8.30 Complete schematic with final dimensions: CMFB amplifier
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Figure 8.31 Complete schematic with final dimensions: biasing circuit
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8.5 Design of the fully-differential difference amplifier

8.5.2 Simulation results

AC simulation - The open loop transfer function is determined using the
testbench from Figure 8.32. The DC feedback is ensured by an RC network
where (27RC)-' = 1 wHz. The transfer function module and phase are shown in
Figure 8.33 in two cases: with and without sampling capacitance at the output.
The phase margin PM = 52° when the sampling capacitance is not connected
is acceptable, because this situation occurs within a very short lapse of time.
Furthermore, no degradation is observed in the time-domain system
simulations.
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Figure 8.32 Open main feedback loop
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Figure 8.33 Open main feedback loop transfer function module and phase (with
and without load capacitance)
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The transfer function of the CMFB loop is simulated using the testbench in
Figure 8.34 (the amplifier symbol represents the main amplifier connected with
the CMFB amplifier). The loop is opened at the CMFB amplifier input. The DC
feedback is ensured by the RC network where (27zRC)-/ = 1 wHz. The open
CMFB loop transfer function is given by

+
H(j2nf) = Lour: ~ Your. (8.32)
VIN, cm
and its module and phase are shown in Figure 8.35 in two cases: with and
without sampling capacitance at the output.
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Figure 8.34 Open CMFB loop
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Figure 8.35 Open CMFB loop transfer function module and phase (with and
without load capacitance)
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Figure 8.36 CMRR in the differential input range
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Figure 8.37 Circuit used to determine the equivalent transconductance

Figure 8.36 displays the CMRR in the differential input signal range. For
large signal amplitudes the rejection ratio is of the order of 20 dB, and
obviously the CMRR is not improved in this case. The problem is solved by
imposing an acceptable common-mode variation of £5 mV at the output of the
first integrator. When the amplifier of the first integrator is re-designed
respecting this condition, and the interaction of the two stages is tested, the
obtained SNDR is within the specified range and is equal to 94.1dB.

DC analysis - The equivalent transconductance is simulated for the input
signal range using the circuit depicted in Figure 8.37. The small-signal
difference, representing the difference between the input and output signals in
unity-gain configuration, is set to 24V =1uV. The equivalent transcon-
ductance of the difference amplifier is determined as /pyr+ /AV. It is shown in
Figure 8.38 for typical, worst and best cases.

Due to constant equivalent transconductance in the input signal range, the
amplifier gain is also constant in the input signal range and the resulting unity-
gain error is within specified values as displayed in Figure 8.39.
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Figure 8.38 Equivalent transconductance in typical, worst and best cases
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Figure 8.39 Unity-gain error in input signal range in typical, worst and best cases

Table 8.10 Time-domain system simulation results for the unity-gain buffer

interaction chain SNDR [dB]
unity-gain buffer alone 92.3
unity-gain buffer + sampling stage 92.9

Time-domain system simulations - The simulation results, when the
interaction with neighboring blocks is checked, are summarized in Table 8.10.
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8.6 Design of the fully-differential two-stage amplifier

8.6 Design of the fully-differential two-stage amplifier

The amplifier in the first integrator is implemented as a two-stage amplifier
to provide the required DC gain. A folded cascode OTA in the first stage is
followed by a common-source output stage that ensures a high differential
output swing. Since the capacitive load at the output is small, i.e. of the order
of 0.1 pF, the stability of the main feedback loop is achieved using Miller
cascode compensation (section 7.2). The CMFB amplifier has, as in the case of
the two other amplifiers, linearized input differential pairs and cascoded
current bias sources (section 7.5, section 7.6). To ensure the stability of the
CMFB loop, the folded cascode OTA is realized with split sources (section
7.7). The described circuit topology is derived from the specifications given in
Table 8.4 and is shown in Figures 8.40 and 8.41.

8.6.1 Equivalent output load

The capacitive load at the output of the first integrator is the input parasitic
capacitance of the unity-gain buffer stage as shown in subsection 8.2.2 (Figure
8.7). The required integrator frequency f; = 2.6 MHz is realized with a negative
feedback network consisting of resistance R;=6 K and capacitance
C;=10.8 pF.
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Figure 8.40 Linearized CMFB amplifier with cascoded current sources
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Figure 8.42 Open main feedback loop

The equivalent output load is determined, as in the case of the second
integrator, from the analysis of the open main feedback loop depicted in Figure
8.42. The open loop transfer function is a product of the main amplifier transfer
function H;(j2x f), approximated here as

v A
H,(j2nf) = “2UT = £ (8.33)
Vin O) EEOIRY
1+j—]|1+]
(i)
and the feedback transfer function H,(j27f), given by
Hy(j2omsf) = Lour - JORG, _ _JORG (8.34)

vour 1+JOR(C;+C, ) 1+j0R,C,
since the integrator capacitance is larger than the input parasitic capacitance,
Cr>C, py-

Figure 8.43 shows the open loop transfer function module. Obviously, the
gain bandwidth frequency of the open loop is the same as the gain bandwidth
frequency of the amplifier. Each pole in the main amplifier transfer function
introduces a - 90° phase shift, and the zero in the feedback transfer function
introduces a phase shift of + 90° as far as the integrator frequency, where it is
canceled by the pole. Therefore, the stability condition is written as

fndp,AMPZk'fGBW' (8.35)

In other words, the main feedback loop stability depends on the frequency
response of the main amplifier, and is not affected by the negative feedback
network. As a result, it follows that for the stability analysis the input parasitic
capacitance of the unity-gain buffer stage represents the output load.
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Figure 8.43 Open main feedback loop transfer function module

8.6.2 Additional design requirements for the continuous-time integrator

The transfer function module of an ideal integrator decreases with a slope
of - 20 dB/dec, whereas the phase shift is - 90°. Figure 8.44 illustrates the
closed loop transfer function module in the case of the real integrator, which is
realized using an amplifier with finite gain and finite gain bandwidth, given by

(I-jo/®, yrEg)

dap, INTEG) (L —J O/ 4, 1nTEG)

H(jo) = Ay (8.36)

The transfer function is calculated using the behavioral model of the amplifier
consisting of an input g,-cell, an equivalent output resistance Royr and an
equivalent output load capacitance C;, and an negative feedback network with
the integrator frequency f; = 1/(27R,C)). The DC gain of the amplifier in this
case is 4yp = g,Rour. The zero and pole frequencies are summarized in Table
8.11.

The integrator function is realized in the frequency range where the
frequency response corresponds to the ideal integrator, i.e. the module
decreases with - 20 dB/dec and the phase shift is - 90°, as stated previously.
Therefore, the real integrator starts to integrate at

f[NTEG,START =10 'fdp, INTEG (8.37)
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8.6 Design of the fully-differential two-stage amplifier

and if the non-dominant poles of the amplifier do not appear at frequencies
lower than the zero frequency it finishes at

1
fINTEG,END = 70 'fz,INTEG' (8.38)

As a result, when the amplifier in the continuous-time integrator is designed,
its gain and gain bandwidth are imposed by the frequency range of the
integrator function.

The minimal DC gain of the amplifier is easily calculated as

10 -
Ay2 Ji . (8.39)
JiNtEG, sTaRT
In the case of a single-stage amplifier, the gain bandwidth frequency is
determined as fgzy = g i/(27C;), where g,; = g, of the input g,-cell in the
behavioral model. Therefore,

10C; - finteG, END
81 210-27C;- finre, END = fGBWZC—L" (8.40)

If C; > Cy, then feaw > f-.v1EG, and the amplifier stability condition guarantees
that the non-dominant poles of the amplifier do not appear at frequencies lower
than the zero frequency.

4 [H(j2rf)]

fintes : f f
Iz INTEG

fdp, INTEG ! fndp, INTEG

integration function

Figure 8.44 Closed loop transfer function module in the case of the real integrator
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Table 8.11 Zero and pole frequencies in the closed transfer function of the real

integrator

dominant pole ] f
£ —_ =L
dp,INTEG ZTCRIC[ngOUT A()
zero fz,lNTEG Em

2nC,
non-dominant Em
pole fqp inrec 2nC,

In the case of a two-stage amplifier, the g, of the input g,-cell in the
behavioral model can be interpreted as a product of the gain of the first stage
A; and the equivalent transconductance of the second stage g,,,, that is

Em = A] “8m2- (841)

Since the stability of the two-stage amplifier is achieved using the
compensation capacitance Cg, the gain bandwidth frequency becomes
fosw = gui/(27Cc) and is lower than the frequencies of the zero and the non-
dominant pole of the integrator. Hence, the non-dominant pole of the amplifier
introduces an additional phase shift and determines the end of the integration

Ja
fINTEG, END — —d;;ﬂe . (8.42)

If the amplifier is designed with the stability condition f,,, 41p2 10 foaw »
then the minimal gain bandwidth frequency is given by

fGBsz}NTEG, END - (843)

8.6.3 Procedural design sequence

Circuit currents - Since there is no output current sourcing/sinking
capability requirement for this continuous-time integrator, the circuit currents
are chosen to fit the total current consumption budget. Similarly to the
previously designed amplifiers the /cym3 = 10 LA, whereas the current budget
for the voltage and current biasing circuitry is 60 LA. The main amplifier
currents are chosen as
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8.6 Design of the fully-differential two-stage amplifier

I, = 20 pd, (8.44)
1,221, = 25 ud,

I, = I,+1, = 35 ud,

I, = 22 pd.

Compensation capacitance - The maximal acceptable value of the
compensation capacitance is 1 pF, determined according to the practical
implementation requirements and the acceptable surface in the layout that can
be occupied by the four compensation capacitors. However, the initial value is
chosen with regard to the output load capacitance as

Co=5-C, = 0.5pF. (8.45)

This value is adjusted to 0.42 pF in the optimization design step where the
transconductances of transistors M5,6 and M13,14 are changed in order to
fulfill the stability conditions and to ensure under-damped complex-conjugate
poles.

Differential pair - To ensure the integrator stop frequency, the gain
bandwidth frequency has to be greater than 70 MHz. Therefore, the equivalent
transconductance of the differential pair is g, ; ,>440 uS. From here it is
easily calculated that (g,,/1j,,,), ,=22. The transistor lengths are in this case
set to LM]N- ,

Folded pair and current sources - The transistor lengths of the folded pair
transistors M5,6, as well as of the current source transistors M3,4 and M7,8,
and M9,10 are set to 5L,y to achieve the maximal possible output resistance.
In the initial design step, all transistors are placed at the limit of moderate
inversion. The transconductance of transistors M5,6 is adjusted in the stability
optimization step. The resulting output resistance of the first stage is
Rour; = 1 MQ, and thus a gain of 48 dB is achieved with this stage.

Output stage - The common-source stage is designed to provide low output
impedance, and therefore the lengths of transistors M13, M 14 are set to L.
The resulting output impedance is Rpyr, = 330 KQ. The required gain of the
second stage is approximately 25 dB, which implies g5 ,,250 1S and
(&w/Ipsar) ;3,142 2.5. Nevertheless, the inversion factor is chosen taking into
account the specification for the differential output swing of the amplifier, and
thus the transistors M13,14 are placed in moderate inversion. The resulting
(&n/Ipsar) 13, 14= 14.5 also ensures that the DC voltage imposed on the output
terminals of the first stage is in the range Vipp ¢y 0.2 V.
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Optimization step: stability of the open main feedback loop - The
stability of the two-stage amplifier with Miller compensation is discussed in
section 7.2. The calculations from the previous steps give g3 74 < gu1.2, and to
improve the stability the equivalent transconductance of the differential pair
has to be lowered. When (g,/Ipss)12 is set to 18, and the value of the
compensation capacitor to 0.42 pF, PM = 80° is obtained. On the other hand,
to decrease the damping factor, g,,5 ¢ is increased. After several iterations (g,/
Ipsar)s.s 1s set to 14. The resulting open loop transfer function is presented in
subsection 8.6.4.

CMFB amplifier - The cascoded current bias sources and the input
differential pairs are the same as in the case of the two other amplifiers. The
transistors MCS5,6 are matched with M3,4.

Split sources - The only way to improve the stability of the CMFB loop is
to reduce its gain, k- g, ;- Royr; - 45, by decreasing the current ratio k. For
this continuous-time integrator, it is confirmed by time-domain simulations
that the minimal value of £ = 1 already gives a satisfactory result.

Transistor sizes - Complete schematics with final dimensions are
presented in Figures 8.45, 8.46 and 8.47. The transistor sizes are real sizes. The
circuit currents are also indicated.
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Figure 8.45 Complete schematic with final dimensions: CMFB amplifier
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Figure 8.47 Complete schematic with final dimensions: biasing circuit
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Figure 8.48 Open main feedback loop transfer function module and phase

8.6.4 Simulation results

AC analysis - The transfer function module and phase of the open main
feedback loop are shown in Figure 8.48.

276



8.6 Design of the fully-differential two-stage amplifier

CI ;l;CIN, buffer
|_—=VOUT-
Ic
R
VRer, cm
@ VIN, cMm
Vrer, cm
1%
CI == OUT+
—_|_:CIN, buffer
Figure 8.49 Open CMFB loop
100
= A =/63.9/dB
RN T A
c L 4
[ ~| fesw 5 73 MHZz
0 T~ L
™ I \\
N PM 271.6° M
-100 T
\\\
=)
9)
hel
D200
(0]
<
Q
-300
-4
001 10 100 1K 10K 100K M 10M 100M 1G

frequency [Hz]

Figure 8.50 Open CMFB loop transfer function module and phase

The open CMFB loop is simulated using the circuit in Figure 8.49 (the
amplifier symbol represents the main amplifier connected with the CMFB
amplifier). The resulting module and phase are shown in Figure 8.50.

DC analysis - The differential output swing is checked by adding a
resistance in parallel with the integrator capacitance and setting the closed loop
gain in this way to 100. The result is displayed in Figure 8.51. Since the
differential pairs at the input of the CMFB amplifier are linearized, the
differential output swing is superior than the specified signal range. In addition,
the variations of the common-mode output level are reduced to £3 mV.
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Figure 8.51 Differential output swing of the two-stage amplifier with a linearized
CMFB amplifier
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Figure 8.52 Output common-mode variation in three different cases

Time-domain system simulations - Figure 8.52 illustrates the
improvement in the rejection of the differential signal in the common-mode
output signal by replacing the differential pairs at the input of the CMFB
amplifier by linearized differential pairs and cascoding their current bias
sources. This enables to overcome the problems of interaction with the unity-
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Table 8.12 Time-domain system simulation results for the first integrator

interaction chain SNDR [dB]
first integrator alone 93.8
first integrator + unity-gain buffer 941
first integrator + unity-gain buffer + 94.3
current-steering DAC

gain buffer stage. The SNDR values extracted from time-domain simulations
are given in Table 8.12.

8.7 Conclusion

Three different amplifiers that are parts of a Delta-Sigma modulator system
are designed in this chapter using the structured design approach and a fully-
differential folded cascode procedural design scenario proposed earlier in this
thesis. The specifications for each topology are derived from the system-level
requirements using the behavioral models and time-domain simulations. The
amplifiers are designed using the extracted EKV model parameters, whereas
the final design sizes are confirmed using simulations with the BSIM model
parameters. The performances, confirmed from the time-domain simulations
with system blocks implemented at the transistor level, are within the specified
range.
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