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Two analog integrated circuits (a bandgap reference and an
operational amplifier) designed and embedded in a monolithic chip:
Submitted at June 2020 by Dr. Hamed Aminzadeh and Mohammad
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Preface

The field of analog integrated circuit is embraced by CMOS
technology over the recent years, offering cost-effective and highly
efficient approaches for dominating the microelectronics market.
Despite bipolar and GaAs devices still find fruitful applications in
electronics products, it is only the CMOS technology which offers
viable and reliable solutions for the integration of advanced analog
and mixed-signal microsystems. With the device channel dimension
continuing to scale down to 0.05 pum and below, integrated MOS
devices will continue to facilitate circuit design for the next several
years. Analog circuit design technique has progressed with the CMOS
process as well. High-power, high-voltage analog circuits with few
transistors and capable of processing simple continuous-time analog
signals have been substituted by low-power, low-voltage
microsystems comprising thousands of MOS devices and various
capabilities, including processing of large, discrete-time signals with
high efficiency. As a result, many analog design techniques that were
proved to be effective only a decade ago have been abandoned since
they were not useful for present low-voltage analog circuits.

This book deals with the design and analysis of advanced analog
integrated CMOS circuits, emphasizing on fundamentals and novel
paradigms that the designer should master in today’s electronics
industry. Analog design requires both insight and intuition. Therefore,
each concept in this book is introduced firstly from a basic perspective
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and treated by careful analysis. The objective is to develop by intuition
a solid foundation of analog circuit design and analysis so that the
designer can learn the trade-offs between speed, area, power
consumption, and the final error of each configuration. This approach
enables the designer to apply the concepts of simple analog circuits to
advanced circuits. The material of this book was taught firstly in the
form of the presentation slides, enabling the writer to modify the
format, order, and the contents of each chapter thoroughly. At first, we
recognized what the reader should learn at each chapter, and then
started to convey the most important concepts in simple and clear
language. We gradually add the necessary modifications to arrive at the
most advanced concepts proposed by the author in the literature. This
procedure is particularly useful for learning analog circuits, since it
allows the reader to pursue the evolution of a circuit and to learn both
circuit analysis and synthesis simultaneously.

The context contains five chapters, whose context is selected
carefully to provide the most important materials for self-study and
classroom adoption in a semester. For each chapter at the beginning,
we cover only a minimum of precise analysis, leaving the advanced
concepts of the prior art to the rest of the chapter. First-time readers
may not simply comprehend the advanced circuit design techniques
before they study the principles of basic reference books. Therefore,
an investigation on the primitive concepts is taught before starting to
study the advanced models and configurations.

It is assumed that the reader is familiar with the basic techniques
of circuit design and analysis. The book is therefore a complementary
material for the elementary reference books, with an emphasis on the
new achievements proposed by the author. Chapter 1 discusses briefly
the fundamentals of the EKV model for the MOS devices. The EKV
model finds its roots in the first transistor models, accounting for the
weak, moderate and strong inversion regions together. Unlike the
standard square-law model that fails to quantify the operating region
and the behavior of the nano-scale transistors, the EKV model proves
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to be accurate in relating the region of operation to the bias currents
and bias voltages. The EKV model parameters are not, however,
provided by many fabrication companies, yielding unknown variables
in the design expressions. Chapter 2 introduces a systematic yet
empirical transistor model relying on the gn/lo methodology. The
most important advantage of the gm/lp methodology is that it can be
evaluated through experimental or simulation procedures. This
minimizes the gap between the accurate results of simulation and
those of the analysis, enabling to predict with high accuracy the MOS
transistor characteristics based on pre-computed lookup tables. After
understanding the most important MOS device models in Chapters 1
and 2, Chapters 3 through 5 deal with more advanced topics:
Integrated voltage references and voltage regulators, and integrated
oscillators. These important subjects are very essential for an analog
designer and can be found in the most analog, digital and mixed-signal
microsystems.

This book follows the common notations used for the variables
according to IEEE standard. An analog signal is composed of the sum
of DC and small-signal quantities. An input voltage vy, for example,
is the sum of the DC V;y component and the incremental AC vy,.

In the end, the author would like to acknowledge the contribution
of Mr. Mohammad Jamali for preparing a general draft of the chapters
according to the teaching slides.

Dr. Hamed Aminzadeh,
Payame-Noor University
Summer 2020
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List of Abbreviations

Common symbols and abbreviations are organized below by meaning.

A: Ampere, unit of current

AC: Alternating current

BGR: Bandgap Reference

BJT: Bipolar Junction Transistor

BSIM: Berkeley short-channel, insulated gate, FET model
BW: Bandwidth

CAD: Computer-aided design

CMOS: Complementary metal-oxide semiconductor
CMRR: Common-mode rejection ratio
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CS: Common-source
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EKV: Enz—-Krummenacher-Vittoz MOS model
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FO: Fan-out
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JFET: Junction FET

K: Kelvin, (absolute) unit of temperature
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KVL: Kirchhoff's Voltage Law
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ICA: Imperialist competitive algorithm

LDO: Low-dropout regulator
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MOSFET: Metal-oxide semiconductor field-effect transistor
nMOS: n-type metal-oxide semiconductor

NSGA: non-dominated sorting GA

OTA: Operational transconductance amplifier

Opamp: Operational Amplifier

PCDM: Parallel-compensated-depletion-mode

PM: Phase margin

pMOS: p-type metal-oxide semiconductor

PSD: Power spectral density

PSRR: Power-supply rejection ratio

PTAT: Proportional-to-absolute-temperature

PVT: Process, voltage and temperature

PWM: Pulse-width-modulation

RFID: Radio-frequency identification

RHP: Right half-plane

RMS: Root mean square

SA: Simulated annealing

SCDM: Series-compensated-depletion-mode

Sl: Strong inversion

SPICE: Stanford Program for Integrated Circuit Emulation
SR: Switching regulator; Slew rate

TC: Temperature coefficient

TSMC: Taiwan Semiconductor Manufacturing Company
UGF: Unity-gain frequency

V: Volt, unit of voltage

VCO: Voltage-controlled oscillators

VLSI: Very Large Scale Integration

W: Watt, unit of power

WI: Weak inversion

ZTC: Zero-temperature-coefficient
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Chapter 1

EKV Model for MOS devices

1.1. Introduction

Modern large-scale integrated circuits are comprised inevitably of
several MOS transistors and their interconnections. The first
requirement of circuit design and analysis is the access to a reliable
model for operation of the MOS transistors.

For analysis of the low-speed digital circuits, a very simple
model may be more than sufficient, since every transistor serving in
the logic circuits is operating similar to an on—off switch. As soon as
fast transitions appear in the time domain of the switches activity, the
model should be revised to describe the dynamic behavior of a logic
circuit and to obtain the rise and fall time of the pulses. The same
dynamic behavior happens when the frequency of a digital circuit
approaches to the very high frequencies. More details must be added
with the reduction of the power supply, including the residual current
of the *off” devices which plays an important role in the overall power
consumption of the modern analog and digital circuits. Advanced
electronics market is relied largely on the integrated complementary
MOS (CMOS) circuits with the analog and digital sections operating
together. Design of high-performance CMOS circuits requires an
accurate model of the MOSFETSs.

This chapter explains the basic motivations for developing the
MOS transistor models that can be utilized for the design of CMOS
circuits. It gives a short overview of the EKV transistor model,
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motivated by the design and analysis of CMOS amplifiers based on
the explained model. The EKV model is the result of a large body of
work performed by C. C. Enz, F. Krummenacher, and E. A. Vittoz.
The model not only describes the physics of the MOS transistors, but
also provides the required tools for a circuit designer. The result is a
precise and reliable model, which can predict correctly the voltages
and currents of a four-terminal symmetric MOSFET, has smooth
behavior with no discontinuity in the operating regions, and can
measure the small-signal parameters.

1.2. Different Operating Regimes for MOS Devices

It is critical to understand the different regions of operation of a
MOSFET as a prerequisite to design and analyze CMOS circuit. In
this section, we apply the most important concepts of the MOS
devices to quantify the operation of an nMOS implemented in a p-
substrate [1]. The concepts of this section can be applied to describe
the operation of the pMOS devices in a similar manner. Fig. 1.1
illustrates the possible operating regimes for a typical n-channel metal
oxide semiconductor (nMQOS). From the perspective of the gate—
source voltage (Ves), the operation of a MOSFET can be characterized

@
VGS VDS
Cut-off Saturation Triode

«——

| : : : > VGs
(b) 0 Vi VTH Vps + Vru

Weak Moderate Strong
inversion inversion inversion

Fig. 1.1. The different operating regimes for an nMQOS transistor.
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by three operating regions [2, 3]:

1. Weak inversion (WI) for Vgg — Vi < 50 mV,

2. Moderate inversion (Ml) for 50 mV < Vgg — V4 < 150 mV,

3. Strong Inversion (SI) for Vgs — Vi > 150 mV,
where Vry is the threshold voltage.

From the perspective of the drain—-source voltage, the possible
operating regions are:

1. Triode: Vps < Vps sats

2. Saturation: Vps > Vps sat »
where Vs g4 IS the saturation voltage and is equal to the overdrive
voltage (Voy) of the square-law model [3]. The overdrive voltage is:

Vov = Vs — V. (1.1)

Calculation of DC biasing point is a first step towards circuit
design and analysis. Common challenges are determining the drain
current and the proper network that can fix the device operating point
before performing small-signal analysis. In the case of a long-channel
nMOS, the square-law model for the three widely-used regions of
operation are [2-4]:

(W Ves = Vn Vbs
<T> 10 exp <N—VT 1 exp V_T WI

1 w
51, Cox (f) (Ves — Vin)?(1 + AWpg) SI Saturation  (1.2)

~
o
I
A

2

w 1, _
LllnCox 7 )|Ves = Vrr)Vos — 5 Vbs SI Triode

where, W and L are the gate width and length, respectively, I, is the
technology-dependent “technology current”, u is the carrier mobility,
A is the channel length modulation coefficient, and N is the sub-
threshold slope factor. The thermal voltage (V) is defined as

kT
VT =

-~ %y, (1.3)
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where, g is the charge of electron, k is the Boltzmann constant, and T
is the absolute temperature. Fig. 1.2 determines the regions of
operation of a MOSFET, revealing that the common square-law model
fails to describe the MOS operating regimes and, most importantly, its
operation at moderate inversion.

bt _. | Vbs=Vbs sat
- Triode Y Vs>V

Saturation
T Visa>Vass

Vs3> Ves:
@
Vas2 > Vas
——————Ves1® Vi
VDS
Ins
Moderate
Inversion
(b) Weak Strong
Inversion Inversion
Vru Vas

Fig. 1.2. Possible operating regions of a MOSFET from the
perspectives of gate-source and drain-source voltages.

1.2.1. The traditional (Square-law) MOS Transistor Model for
Different Regions

For our analysis of a MOS device operating at strong inversion, we
initially assume that the transistor switches off abruptly as Vg drops
below V14 [3]. In reality, for Vgs~V1y, a “weak” inversion layer
appears below the gate terminal and causes conduction from the drain
terminal to the source (Fig. 1.3). Even for Vs < Ve, Ip is still finite,
exhibiting an exponential dependence on Vgg that is known as
“subthreshold conduction”. Such dependence can be formulated as:
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VGS _VTH

o—| % < 50mV

O %D

Substrate

Fig. 1.3. Sub-threshold conduction of a MOSFET.

w Ves — VTH) [ ( VDS)]
In=(—]1I — |1 - - 1.4
D ( L ) 0 &XP ( NVy exp\~y)) 44

where, N > 1 is the sub-threshold slope factor that is expressed by:

N=1+ @. (1.5)

In (1.5), Cox is the gate capacitance per unit area and Cjs is the
equivalent capacitance of the substrate. Referring to (1.4), the drain
current grows exponentially with Vgs and —Vpg. Therefore, the
current becomes independent of Vpg for Vps > 4Vt (=100 mV),
leading to the simpler drain current relationship shown below:

I ~ Isexp (M)

NV
where, Is = (W/L)I, is known as the ‘specific current’. If a MOS
device can still conduct for Vgg < V1y, then how can we define the
threshold voltage appeared in the above expressions? A few
definitions have been proposed for the threshold voltage to date, one
of which is to extrapolate the weak and strong inversion
characteristics on a logarithmic vertical scale, and to define their
intercept point as V.

The exponential dependence of I, upon Vg suggests the usage
of subthreshold MOS devices for achieving higher transconductances
similar to the bipolar devices. However, since subthreshold
conduction appears for large devices biased by low drain current, the
speed of the subthreshold devices is mostly compromised in the weak

(1.6)
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inversion. Increasing the gate-source voltage to higher than the
threshold voltage drives the transistor into strong inversion, where the
following expression exists for operation at strong-inversion
saturation by ignoring the channel length modulation:

1 w 1 A
Ip = EHnCox <T> (Ves = Vn)? = E.Uncox <f> Vov’. (1.7)

Table 1.1 shows the traditional algebraic expressions used to
model the different operating regions of a MOSFET. The small-signal
transconductance (g, ) is defined as the change in the drain current
divided by the change in the gate-source voltage (g, = dIp/0Vgs)
[5]. This parameter is presented in Table 1.1 for different regions.

The designer should analyze each region separately, using the
specific equation proposed for the corresponding region. The main
weakness of the model is that no voltage/current expression can
describe the device operation in moderate inversion regime.

Table 1.1 Traditional (Square-Law) Model for Different Regions

Operating

Region Current Transconductance
w Vs — 1
w1y = () (25522)
Inversion T _ob I
(Triode or v Im = Vs - NVy
Saturation) [1 — exp (— E)]
Vr
1 w ~
Strong Iy = = unCox (—) m
Inversion 2 L 2 C (W) <1
i Unlox |\ 7 D
(Saturation) (Vos = Vin)*(1 + Ay Vps) " L
_ W
Strong Ip = HnCox (T) Im ~
Inversion
Tri 1 UnCox (—) Vbs
(Triode) [(Ves — Vru)Vos — EVDZS] L
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1.2.2. Transit Frequency

A very common way to characterize the high-frequency behavior of a
MOSFET is to look at the frequency at which the small-signal current
gain of a common-source amplifier falls to unity. The measurement of
the current gain is presented in Fig. 1.4(a), which can be found by
dividing the small-signal drain current (iy) to the gate current (ig). The
transit frequency (f;) is defined as the frequency where ig/i; = 1. It
is a key parameter for characterizing the bandwidth of the most analog
circuits.

Consider the small-signal equivalent circuit of the schematic of
Fig. 1.4(a) in Fig. 1.4(b), where the drain and source terminals are tied
together and shorted to ground. The small-signal gate-source voltage
(vgs) can be related to the gate current as:

ig(s)

s(Cgs + Cep)’ (1.8)

Vgs(s) =

where, Cgs and Cgp are the gate-source and gate-drain capacitors,
respectively. Since ig(s) = g,,vgs(s), we conclude that:

9 - iq(s) - 9 '
S(Cgs + Cep)  ig(s) s(Cgs+ Cop)

Under the steady-state conditions, we set s = jw, and f can be
measured as (1.10):

o g I 1 )

(b)
Fig. 1.4. (a) Main circuit and (b) the small-signal equivalent circuit for
evaluating the transit frequency.

ig(s) = ig(s) (1.9)






