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Preface to the Second Edition 

When I submitted proposals to publishers for the first edition of this book, they posed two questions to 
me: (1) What is the future demand for analog books in a digital world? and (2) Is it wise to publish a book 
dealing solely with CMOS? The words "analog" and "CMOS" in the book's title were both in question. 

Fortunately, the book resonated with students, instructors, and engineers. It has been adopted by 
hundreds of universities around the world, translated to five languages, and cited 6,500 times. 

While many fundamentals of analog design have not changed since the first edition was introduced, 
several factors have called for a second: migration of CMOS technologies to finer geometries and lower 
supply voltages, new approaches to analysis and design, and the need for more detailed treatments of 
some topics. This edition provides: 

• Greater emphasis on modern CMOS technology, culminating in a new chapter, Chapter 11, on 
design methodologies and step-by-step op amp design in nanometer processes 

• Extensive study of feedback through the approaches by Bode and Middlebrook 

• A new section on the analysis of stability using Nyquist's approach-as the oft-used Bode method 
falls short in some common systems 

• Study of FinFETs 

• Sidebars highlighting important points in nanometer design 

• A new section on biasing techniques 

• Study of low-voltage bandgap circuits 

• More than 100 new examples 

Some instructors ask why we begin with square-law devices. This is for two reasons: (1) such a path 
serves as an intuitive entry point and provides considerable value in the analysis of amplifiers in terms of 
allowable voltage swings, and (2) despite their very short channel lengths, FinFETs-the devices used 
in 16-nm nodes and below-exhibit nearly square-law characteristics. 

This book is accompanied with a solutions manual and a new set of PowerPoint slides, available at 
www.mhhe.com/razavi. 

Behzad Razavi 
July 2015 
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Preface to the First Edition 

In the past two decades, CMOS technology has rapidly embraced the field of analog integrated circuits, 
providing low-cost, high-performance solutions and rising to dominate the market. While silicon bipolar 
and III-V devices still find niche applications, only CMOS processes have emerged as a viable choice for 
the integration of today's complex mixed-signal systems. With channel lengths projected to scale down 
to 0.05 µm, CMOS technology will continue to serve circuit design for another two decades. 

Analog circuit design itself has evolved with the technology as well. High-voltage, high-power analog 
circuits containing a few tens of transistors and processing small, continuous-time signals have gradually 
been replaced by low-voltage, low-power systems comprising thousands of devices and processing large, 
mostly discrete-time signals. For example, many analog techniques used only ten years ago have been 
abandoned because they do not lend themselves to low-voltage operation. 

This book deals with the analysis and design of analog CMOS integrated circuits, emphasizing fun­
damentals as well as new paradigms that students and practicing engineers need to master in today's 
industry. Since analog design requires both intuition and rigor, each concept is first introduced from an 
intuitive perspective and subsequently treated by careful analysis. The objective is to develop both a solid 
foundation and methods of analyzing circuits by inspection so that the reader learns what approximations 
can be made in which circuits and how much error to expect in each approximation. This approach also 
enables the reader to apply the concepts to bipolar circuits with little additional effort. 

I have taught most of the material in this book both at UCLA and in industry, polishing the order, the 
format, and the content with every offering. As the reader will see throughout the book, I follow four 
"golden rules" in writing (and teaching): (1) I explain why the reader needs to know the concept that is 
to be studied; (2) I put myself in the reader's position and predict the questions that he/she may have 
while reading the material for the first time; (3) With Rule 2 in mind, I pretend to know only as much 
as the (first-time) reader and try to "grow" with him/her, thereby experiencing the same thought process; 
(4) I begin with the "core" concept in a simple (even imprecise) language and gradually add necessary 
modifications to arrive at the final (precise) idea. The last rule is particularly important in teaching circuits 
because it allows the reader to observe the evolution of a topology and hence learn both analysis and 
synthesis. 

The text comprises 16 chapters whose contents and order are carefully chosen to provide a natural 
flow for both self-study and classroom adoption in quarter or semester systems. Unlike some other books 
on analog design, we cover only a bare minimum of MOS device physics at the beginning, leaving more 
advanced properties and fabrication details for later chapters. To an expert, the elementary device physics 
treatment my appear oversimplified, but my experience suggests that (a) first-time readers simply do 
not absorb the high-order device effects and fabrication technology before they study circuits because 
they do not see the relevance; (b) if properly presented, even the simple treatment proves adequate for a 
substantial coverage of basic circuits; ( c) readers learn advanced device phenomena and processing steps 
much more readily after they have been exposed to a significant amount of circuit analysis and design. 

Chapter 1 provides the reader with motivation for learning the material in this book. Chapter 2 describes 
basic physics and operation of MOS devices. 

Chapters 3 through 5 deal with single-stage and differential amplifiers and current mirrors, respectively, 
developing efficient analytical tools for quantifying the behavior of basic circuits by inspection. 

Chapters 6 and 7 introduce two imperfections of circuits, namely, frequency response and noise. Noise 
is treated at an early stage so that it "sinks in" as the reader accounts for its effects in subsequent circuit 
developments. 

Chapters 8 through 10 describe feedback, operational amplifiers, and stability in feedback sys­
tems, respectively. With the useful properties of feedback analyzed, the reader is motivated to design 
high-performance, stable op amps and understand the trade-offs between speed, precision, and power 
dissipation. 

V 
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Chapters 11 through 13 deal with more advanced topics: bandgap references, elementary switched­
capacitor circuits, and the effect of nonlinearity and mismatch. These three subjects are included here 
because they prove essential in most analog and mixed-signal systems today. 

Chapter 14 is concerned with high-order MOS device effects and models, emphasizing the circuit 
design implications. If preferred, the chapter can directly follow Chapter 2 as well. Chapter 15 describes 
CMOS fabrication technology with a brief overview of layout design rules. 

Chapter 16 presents the layout and packaging of analog and mixed-signal circuits. Many practical issues 
that directly impact the performance of the circuit are described and various techniques are introduced. 

The reader is assumed to have a basic knowledge of electronic circuits and devices, e.g., pn junctions, 
the concept of small-signal operation, equivalent circuits, and simple biasing. For a senior-level elective 
course, Chapters 1 through 8 can be covered in a quarter and Chapters 1 through 10 in a semester. For a 
first-year graduate course, Chapters 1 through 11 plus one of Chapters 12, 13, or 14 can be taught in one 
quarter, and almost the entire book in one semester. 

The problem sets at the end of each chapter are designed to extend the reader's understanding of the 
material and complement it with additional practical considerations. A solutions manual will be available 
for instructors. 

Acknowledgments for the Second Edition 

Behzad Razavi 
July 2000 

The second edition was enthusiastically and meticulously reviewed by a large number of individuals in 
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Saheed Adeolu Tijani (University of Pavia) 
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Emily Allstot (University of Washington) 
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In addition, my colleague Jason Woo explained to me many subtleties of nanometer devices and their 
physics. I wish to thank all. 

The production of the book has been in the hands of Heather Ervolino and Vincent Bradshaw of 
McGraw-Hill, who tirelessly attended to every detail over a six-month period. I would like to thank both. 

Finally, I wish to thank my wife, Angelina, for her continual help with typing and organizing the 
chapters. 

Acknowledgments for the First Edition 

Writing a book begins with a great deal of excitement. However, after two years of relentless writing, 
drawing, and revising, when the book exceeds 700 pages and it is almost impossible to make the equations 
and subscripts and superscripts in the last chapter consisent with those in the first, the author begins to 
feel streaks of insanity, realizing that the book will never finish without the support of many other 
people. 

This book has benefited from the contributions of many individuals. A number of UCLA students read 
the first draft and the preview edition sentence by sentence. In particular, Alireza Zolfaghari, Ellie Cijvat, 
and Hamid Rafati meticulously read the book and found several hundred errors (some quite subtle). 
Also, Emad Hegazi, Dawei Guo, Alireza Razzaghi, Jafar Savoj, and Jing Tian made helpful suggestions 
regarding many chapters. I thank all. 

Many experts in academia and industry read various parts of the book and provided useful feedback. 
Among them are Brian Brandt (National Semiconductor), Matt Corey (National Semiconductor), Terri 
Fiez (Oregon State University), Ian Galton (UC San Diego), Ali Hajimiri (Caltech), Stacy Ho (Analog 
Devices), Yin Hu (Texas Instruments), Shen-Iuan Liu (National Taiwan University), Joe Lutsky (National 
Semiconductor), Amit Mehrotra (University of Illinois, Urbana-Champaign), David Robertson (Analog 
Devices), David Su (T-Span), Tao Sun (National Semiconductor), Robert Taft (National Semiconductor), 
and Masoud Zargari (T-Span). Jason Woo (UCLA) patiently endured and answered my questions about 
device physics. I thank all. 
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Ramesh Harjani (University of Minnesota), John Nyenhius (Purdue University), Norman Tien (Cornell 
University), and Mahmoud Wagdy (California State University, Long Beach) reviewed the book proposal 
and made valuable sugegstions. I thank all. 

My wife, Angelina, has made many contributions to this book, from typing chapters to finding nu­
merous errors and raising questions that made me reexamine my own understanding. I am very grateful 
to her. 

The timely production of the book was made possible by the hard work of the staff at McGraw-Hill, 
particularly Catherine Fields, Michelle Flomenhoft, Heather Burbridge, Denise Santor-Mitzit, and Jim 
Labeots. I thank all. 

I learned analog design from two masters: Mehrdad Sharif-Bakhtiar (Sharif University of Technology) 
and Bruce Wooley (Stanford University), and it is only appropriate that I express my gratitude to them 
here. What I inherited from them will be inherited by many generations of students. 
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Figure 2.4 (a) Simple PMOS device; (b) PMOS inside an n-well. 
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Figure 2.5 MOS symbols. 

2.2 ■ MOS 1/V Characteristics 

PMOS NMOS PMOS 
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In this section, we analyze the generation and transport of charge in MOSFETs as a function of the 
terminal voltages. Our objective is to derive equations for the 1/V characteristics such that we can elevate 
our abstraction from device physics level to circuit level. 

2.2.1 Threshold Voltage 

Consider an NFET connected to external voltages as shown in Fig. 2.6(a). What happens as the gate 
voltage, Ve, increases from zero? Since the gate, the dielectric, and the substrate form a capacitor, as Ve 
becomes more positive, the holes in the p-substrate are repelled from the gate area, leaving negative ions 
behind so as to mirror the charge on the gate. In other words, a depletion region is created [Fig. 2.6(b)]. 
Under this condition, no current flows because no charge carriers are available. 

As Ve increases, so do the width of the depletion region and the potential at the oxide-silicon interface. 
In a sense, the structure resembles a voltage divider consisting of two capacitors in series: the gate­
oxide capacitor and the depletion-region capacitor [Fig. 2.6(c)]. When the interface potential reaches a 
sufficiently positive value, electrons flow from the source to the interface and eventually to the drain. 
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Figure 2.6 (a) A MOSFET driven by a gate voltage; (b) formation of depletion region; (c) onset of inversion; 
( d) formation of inversion layer. 

Thus, a "channel" of charge carriers is formed under the gate oxide between S and D, and the transistor 
is "turned on." We say the interface is "inverted." For this reason, the channel is also called the "inversion 
layer." The value of VG for which this occurs is called the "threshold voltage," Vrn . If VG rises further, 
the charge in the depletion region remains relatively constant while the channel charge density continues 
to increase, providing a greater current from S to D. 

In reality, the tum-on phenomenon is a gradual function of the gate voltage, making it difficult to 
define Vrn unambiguously. In semiconductor physics, the Vrn of an NFET is usually defined as the 
gate voltage for which the interface is "as much n-type as the substrate is p-type." It can be proved [1] 
that3 

(2.1) 

where <I> Ms is the difference between the work functions of the poly silicon gate and the silicon substrate, 
<I> F = (kT / q) ln(Nsub/ n; ), k is Boltzmann's constant, q is the electron charge, Nsub is the doping density 
of the substrate, n; is the density of electrons in undoped silicon, Qdep is the charge in the depletion region, 
and C0 x is the gate-oxide capacitance per unit area. From pn junction theory, Qdep = J4qEsil<l>FINsub, 
where Es; denotes the dielectric constant of silicon. Since Cox appears very frequently in device and 
circuit calculations, it is helpful to remember that for fox ~ 20 A, Cox~ 17 .25 fF/ µm2. The value of Cox 
can then be scaled proportionally for other oxide thicknesses. 

In practice, the "native" threshold value obtained from the above equation may not be suited to circuit 
design, e.g., Vrn = 0 and the device does not turn off for VG ::: 0.4 For this reason, the threshold voltage 
is typically adjusted by implantation of dopants into the channel area during device fabrication, in essence 
altering the doping level of the substrate near the oxide interface. For example, as shown in Fig. 2. 7, if a 
thin sheet of p+ is created, the gate voltage required to deplete this region increases. 

3Charge trapping in the oxide is neglected here. 
4Called a "depletion-mode" FET, such a device was used in old technologies. NFETs with a positive threshold are called 

"enhancement-mode" devices. 
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l n+ &wtm~;/f n+ J 

p-substrate Figure 2.7 Implantation of p+ 
dopants to alter the threshold. 

The above definition is not directly applicable to the measurement of VTH. In Fig. 2.6(a), only the 
drain current can indicate whether the device is "on" or "off," failing to reveal at what Vas the interface 
is as much n-type as the bulk is p-type. As a result, the calculation of VrH from 1/V measurements is 
somewhat ambiguous. We will return to this point later, but assume for now that the device turns on 
abruptly for Vas ~ VTH. 

The tum-on phenomenon in a PMOS device is similar to that of NFETs, but with all the polarities 
reversed. As shown in Fig. 2.8, if the gate-source voltage becomes sufficiently negative, an inversion 
layer consisting of holes is formed at the oxide-silicon interface, providing a conduction path between 
the source and the drain. That is, the threshold voltage of a PMOS device is typically negative. 

-0.1V 

•I 

n-substrate Holes 

-0.1V 

Figure 2.8 Formation of inversion layer in a PFET. 

2.2.2 Derivation of I/V Characteristics 

In order to obtain the relationship between the drain current of a MOSFET and its terminal voltages, we 
make two observations. 

First, consider a semiconductor bar carrying a current I [Fig. 2.9(a)] . If the mobile charge density 
along the direction of current is Qd coulombs per meter and the velocity of the charge is v meters per 
second, then 

(2.2) 

To understand why, we measure the total charge that passes through a cross section of the bar in unit time. 
With a velocity v, all of the charge enclosed in v meters of the bar must flow through the cross section in 

vmeters 

One second later 

(a) (b) 

Figure 2.9 (a) A semiconductor bar carrying a current I; (b) snapshots of the carriers one second apart. 
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one second [Fig. 2.9(b)]. Since the charge density is Qd, the total charge in v meters equals Qd • v. This 
lemma proves useful in analyzing semiconductor devices. 

Second, to utilize the above lemma, we must determine the mobile charge density in a MOSFET. To 
this end, consider an NFET whose source and drain are connected to ground [Fig. 2.lO(a)]. What is the 
charge density in the inversion layer? Since we assume that the onset of inversion occurs at Ves = VTH, 
the inversion charge density produced by the gate-oxide capacitance is proportional to Ves - VTH. For 
Ves 2: VTH, any charge placed on the gate must be mirrored by the charge in the channel, yielding a 
uniform channel charge density (charge per unit length along the source-drain path) equal to 

(2.3) 

where Cox is multiplied by W to represent the total capacitance per unit length. 
Now suppose, as depicted in Fig. 2. lO(b ), that the drain voltage is greater than zero. Since the channel 

potential varies from zero at the source to VD at the drain, the local voltage difference between the gate 
and the channel varies from Ve (near the source) to Ve - VD (near the drain). Thus, the charge density 
at a point x along the channel can be written as 

(2.4) 

where V (x) is the channel potential at x. From (2.2), the current is given by 

ID= -WCox[Ves - V(x) - VTH]v (2.5) 

•I 5 

_P_-_s_u_b_s_tr_a_t_e ___ ___,_ ____ _,_ _________ ~~ 
Gate-Sub. 

Voltage Difference 

(a) 

•I 5 

_P_-_s_u_b_s_tr_a_t_e ____ O~: __ x ____ :L _________ ~~ 
Gate-Sub. 

Voltage Difference ~ 

. . 
(b) 

Figure 2.10 Channel charge with (a) equal source and drain voltages and (b) unequal source and drain voltages. 
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where the negative sign is inserted because the charge carriers are negative. Note that v denotes the 
velocity of the electrons in the channel. For semiconductors, v = µ,E, where µ., is the mobility of charge 
carriers and E is the electric field. Noting that E (x) = -dV / dx and representing the mobility of electrons 
by /J.,n, we have 

dV(x) 
Iv= WCox[VGs - V(x) - VTH]/J.,n~ (2.6) 

subject to boundary conditions V(O) =0 and V(L) = Vvs- While V(x) can be easily found from this 
equation, the quantity of interest is in fact Iv. Multiplying both sides by dx and performing integration, 
we obtain 

1L {Vos 

x=0 Ivdx = Jv=O WCox/J.,n[VGs - V(x) - VTH]dV (2.7) 

Since Iv is constant along the channel, 

(2.8) 

Note that L is the effective channel length. 
Figure 2.11 plots the parabolas given by (2.8) for different values of VGs, indicating that the "current 

capability" of the device increases with V Gs- Calculating a IO / a V vs, the reader can show that the peak 
of each parabola occurs at Vvs = VGs - VTH and the peak current is 

(2.9) 

We call VGs - VTH the "overdrive voltage" and W / L the "aspect ratio." If Vos ::: VGs - VTH, we say the 
device operates in the "triode region."5 

lo 
Triode Region 

::c ::c ::c Vos I- I- I-
::::i,. ::::i,. ::::i,. 

ui N I'! 
Figure 2.11 Drain current versus 1/) 1/) 

~ ~ ~ drain-source voltage in the triode region. 

Equations (2.8) and (2.9) serve as our first step toward CMOS circuit design, describing the dependence 
of Iv upon the constant of the technology, µ,nCox, the device dimensions, Wand L, and the gate and 
drain potentials with respect to the source. Note that the integration in (2.7) assumes that /J.,n and VTH are 
independent of x and the gate and drain voltages, an approximation that we will revisit in Chapter 17. 

5 Also called the "linear region." 
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If in (2.8), Vns « 2(VGs - VTH), we have 

(2.10) 

that is, the drain current is a linear function of Vns - This is also evident from the characteristics of 
Fig. 2.11 for small Vns: as shown in Fig. 2.12, each parabola can be approximated by a straight line. 
The linear relationship implies that the path from the source to the drain can be represented by a linear 
resistor equal to 

1 
Ron = ------:,w=-----

µnCox L(VGs - VTH) 

(2.11) 

Figure 2.12 Linear operation in deep triode region. 

A MOSFET can therefore operate as a resistor whose value is controlled by the overdrive voltage [so long 
as Vns « 2(VGs - VrH)]. This is conceptually illustrated in Fig. 2.13. Note that in contrast to bipolar 
transistors, a MOS device may be on even if it carries no current. With the condition V vs « 2( V Gs - VrH), 
we say the device operates in the deep triode region. 

G 

1 
S_n_D◊ Figure 2.13 MOSFET as a controlled 

linear resistor. 

► Examplel.1---------------------------­

For the arrangement in Fig. 2.14(a), plot the on-resistance of Mi as a function of VG. Assume that J.lnCox = 
50 µA/V2, W / L = 10, and VrH = 0.3 V. Note that the drain terminal is open. 

Solution 

Since the drain terminal is open, ID = 0 and Vvs = 0. Thus, if the device is on, it operates in the deep triode region. 
For VG< 1 V + VrH, Mi is off and Ron= oo. For VG> 1 V + VrH, we have 

1 
R ----~--------

on - 50 µA/V2 x lO(VG - 1 V - 0.3 V) 
(2.12) 

The result is plotted in Fig. 2.14(b). 

15 
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(a) 

Figure 2.14 

Chap. 2 

1.3V 

(b) 

Basic MOS Device Physics 

◄ 

MOSFETs operating as controllable resistors play a crucial role in many analog circuits. For example, a 
voltage-controlled resistor can be used to adjust the frequency of the clock generator in a laptop computer 
if the system must go into a power saving mode. As studied in Chapter 13, MOSFETs also serve as 
switches. 

What happens if the drain-source voltage in Fig. 2.11 exceeds Vas - Vrn? In reality, the drain cur­
rent does not follow the parabolic behavior for Vvs > Vas - Vrn . In fact, as shown in Fig. 2.15, Iv 
becomes relatively constant, and we say the device operates in the "saturation" region.6 To understand 
this phenomenon, recall from (2.4) that the local density of the inversion-layer charge is proportional to 
Vas - V(x) - Vrn. Thus, if V(x) approaches Vas - Vrn, then Qd(x) drops to zero. In other words, as 
depicted in Fig. 2.16, if Vvs is slightly greater than Vas - Vrn, then the inversion layer stops at x :::: L, 
and we say the channel is "pinched off." As Vvs increases further, the point at which Qd equals zero 
gradually moves toward the source. Thus, at some point along the channel, the local potential difference 
between the gate and the oxide-silicon interface is not sufficient to support an inversion layer. 

lo 
Saturation Region 

---------- VGs3 

----..;..------- VGs2 

::c ::c ::c Vos .; .; .; 
I I .... N M 

Ill Ill Ill -: -: -: 
Figure 2.15 Saturation of drain current. 

How does the device conduct current in the presence of pinch-off? As the electrons approach the 
pinch-off point (where Qd -+ 0), their velocity rises tremendously ( v = I/ Qd), Upon passing the pinch­
off point, the electrons simply shoot through the depletion region near the drain junction and arrive at the 
drain terminal. 

6Note the difference between saturation in bipolar and MOS devices. 
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l n+ 

Gate-Sub. , 
Voltage Difference !',. : 

VrH~---~ 

l n+ 

c;, 

Gate-Sub. , 

Voltage 0;11e,e~: ~ 

Figure 2.16 Pinch-off behavior. 

Depletion 
Region 

With the above observations, we reexamine (2.7) for a saturated device. Since Qd is the density of 
mobile charge, the integral on the left-hand side of (2.7) must be taken from x = 0 to x = L', where 
L' is the point at which Qd drops to zero (e.g., x 2 in Fig. 2.16), and that on the right from V(x) = 0 to 
V(x) = VGs - Vm. As a result, 

(2.13) 

indicating that ID is relatively independent of VDs if L' remains close to L. We say the device exhibits a 
"square-law" behavior. If ID is known, then VGs is obtained as 

VGs = 
2ID 

---w-+Vrn 
µ C -

n ox L' 

(2.14) 

We must emphasize that for the transistor to remain in saturation (as is the case in many analog 
circuits), the drain-source voltage must be equal to or greater than the overdrive voltage. For this reason, 
some books write VD.sat = VGs - Vrn, where VD.sat denotes the minimum VDs necessary for operation 
in saturation. As seen later in this book, if the signal swings at the drain or the gate cause Vos to fall 
below VGs - Vrn, then a number of undesirable effects occur. For this reason, the choice of the overdrive 
and hence Vo .sat translates to a certain voltage "headroom" for the signal swings in the circuit: the larger 
the Vo.sat, the less headroom is available for the signals. 

Equations (2.8) and (2.13) represent the "large-signal" behavior of NMOS devices; i.e., they can 
predict the drain current for arbitrary voltages applied to the gate, source, and drain (but only if the device 
is on). Since the nonlinear nature of these equations makes the analysis difficult, we often resort to linear 
approximations ("small-signal" models) so as to develop some understanding of a given circuit. This 
point becomes clear in Sec. 2.4.3. 

For PMOS devices, Eqs. (2.8) and (2.13) are respectively written as 

(2.15) 

and 

(2.16) 

17 
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The negative sign appears here because we assume that Iv flows from the drain to the source, whereas 
holes flow in the reverse direction. Note that Vcs, Vos, VTH, and Vcs - VTH are negative for a PMOS 
transistor that is turned on. Since the mobility of holes is about one-half the mobility of electrons, PMOS 
devices suffer from lower "current drive" capability. 

Figure 2.17 Saturated MOSFETs operating as current sources. 

With L assumed constant, a saturated MOSFET can be used as a current source connected between the 
drain and the source (Fig. 2.17), an important component in analog design. Note that the NMOS current 
source injects current into ground and the PMOS current source draws current from VD D. In other words, 
only one terminal of each current source is "floating." (It is difficult to design a current source that flows 
between two arbitrary nodes of a circuit.) 

► Example2.2----------------------------

On a Vvs-Vcs plane, show the regions of operation of an NMOS transistor. 

Vos 

Solution 

Figure 2.18 Vvs-Vcs plane showing 
regions of operation. 

Since the value of Vvs with respect to Vcs - VrH determines the region of operation, we draw the line Vvs = 
Vcs - VrH in the plane, as shown in Fig. 2.18. If Vcs > VrH, then the region above the line corresponds to satu­
ration, and that below the line corresponds to the triode region. Note that for a given Vvs, the device eventually 
leaves saturation as Vcs increases. The minimum allowable Vos for operation in saturation is also called Vv,sat• 
It is important to bear in mind that Vv,sat = Vcs - VrH-

◄ 

The distinction between saturation and triode regions can be confusing, especially for PMOS devices. 
Intuitively, we note that the channel is pinched off if the difference between the gate and drain voltages is 
not sufficient to create an inversion layer. As depicted conceptually in Fig. 2.19, as V c - VD of an NFET 
drops below VrH, pinch-off occurs. Similarly, if Vv - Ve of a PFET is not large enough ( < IVrHPD, the 
device is saturated. Note that this view does not require knowledge of the source voltage. This means that 
we must know a priori which terminal operates as the drain. The drain is defined as the terminal with a 
higher (lower) voltage than the source for an NFET (PFET). 
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Saturation Edge of Triode Region Saturation Edge of Triode Region 

(a) (b) 

Figure 2.19 Conceptual visualization of saturation and triode regions. 

2.2.3 MOS Transconductance 

Since a MOSFET operating in saturation produces a current in response to its gate-source overdrive 
voltage, we may define a figure of merit that indicates how well a device converts a voltage to a current. 
More specifically, since in processing signals, we deal with the changes in voltages and currents, we 
define the figure of merit as the change in the drain current divided by the change in the gate-source 
voltage. Called the "transconductance" (and usually defined in the saturation region) and denoted by gm, 
this quantity is expressed as 

aiv I 
gm = aVcs VVS const. 

(2.17) 

w 
= JJ.,nCoxL(Vcs - VrH) (2.18) 

In a sense, gm represents the sensitivity of the device: for a high gm, a small change in Vcs results in a 
large change in Iv . We express gm in 1/Q or in siemens (S); e.g., gm= 1/(100 Q) = 0.01 S. In analog 
design, we sometimes say a MOSFET operates as a "transconductor" or a "V / I converter" to indicate 
that it converts a voltage change to a current change. Interestingly, gm in the saturation region is equal to 
the inverse of Ron in the deep triode region. 

The reader can prove that gm can also be expressed as 

gm = ✓2µ,nCox: Iv (2.19) 

2Iv 

Vcs - VrH 
(2.20) 

Plotted in Fig. 2.20, each of the above expressions proves useful in studying the behavior of gm as a 
function of one parameter while other parameters remain constant. For example, (2.18) suggests that 

9m 

VGs-VTH 

W/L Constant 

9m 

W/L Constant 

9m 

lo VGs-VTH 

10 Constant 

Figure 2.20 Approximate MOS transconductance as a function of overdrive and drain current. 
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gm increases with the overdrive if W / L is constant, whereas (2.20) implies that gm decreases with the 
overdrive if Iv is constant. 

The Iv and VGs - VTH terms in the above gm equations are bias values. For example, a transistor with 
W / L = 5 µ,m/0.1 µm and biased at Iv = 0.5 mA may exhibit a transconductance of (1/200 Q). If a 
signal is applied to the device, then Iv and VGs - VTH and hence gm vary, but in small-signal analysis, 
we assume that the signal amplitude is small enough that this variation is negligible. 

Equation (2.19) implies that the transconductance can be raised arbitrarily if we increase W / L and 
keep Iv constant. This result is incorrect and will be revised in Sec. 2.3. 

The concept of transconductance can also be applied to a device operating in the triode region, as 
illustrated in the following example. 

► Example2.3---------------------------­

For the arrangement shown in Fig. 2.21, plot the transconductance as a function of Vvs . 

9m 

Vos 

Figure 2.21 

Solution 

It is simpler to study gm as Vvs decreases from infinity. So long as Vvs 2'.: Vb - VTH, M1 is in saturation, Iv is 
relatively constant, and, from (2.19), so is gm . If the drain voltage falls below the gate voltage by more than one 
threshold, M1 enters the triode region, and 

gm= _a_ {!µ,nCox W [2(VGs - VTH)Vvs- VJs]} 
aVGs 2 L 

(2.21) 

w 
= Jl,nCoxL Vvs (2.22) 

Thus, as plotted in Fig. 2.21, the transconductance drops in the triode region. For amplification, therefore, we usually 
employ MOSFETs in saturation. 

◄ 

For a PFET, the transconductance in the saturation region is expressed as gm=- µpCox(W / L) 
(VGs - VTH) = -2Iv/(VGs - VTH) = J2µpCox(W/L)Iv . 

2.3 ■ Second-Order Effects 

Our analysis of the MOS structure has thus far entailed various simplifying assumptions, some of which 
are not valid in many analog circuits. In this section, we describe three second-order effects that are 
essential in our subsequent circuit analyses. Other phenomena that appear in nanometer devices are 
studied in Chapter 17. 

Body Effect In the analysis of Fig. 2.10, we tacitly assumed that the bulk and the source of the tran­
sistor were tied to ground. What happens if the bulk voltage of an NFET drops below the source voltage 
(Fig. 2.22)? Since the S and D junctions remain reverse-biased, we surmise that the device continues 
to operate properly, but some of its characteristics may change. To understand the effect, suppose 
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other techniques, 436-39; stability and, 410-55; 
two-stage operational amplifiers, 426-33 
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frequency response: amplifiers, 173-214; cascode stage, 
196-98; closed-loop, 416-19; common-gate stage, 
193-96; common-source stage, 180-87; differential 
pairs, 198-203; gain-bandwidth trade-offs, 203-6; gain 
boosting, 371-73; general considerations, 173-80; 
Miller effect, 174-79, 181, 183, 184 

fringe capacitance, 729 

G 
gain: asymptotic form, 336-37; boosting, 364-73; closed-loop, 

276-77; common-mode, 156-59; crossover frequency, 
411,417; desensitization, 275-78; open-loop, 303, 
306-8, 345-46; small-signal, 146-52; stage, added to 
common-source stage, 237; voltage, 152-55 

gain-bandwidth trade-offs, 203-6 
gate, 7; cascode voltage, 355; exclusive OR, 652; resistance, 

232; shadowing, 740; voltage, 145 
Gilbert cell, 126-28 
gradient, 741 

H 
half circuit, 113-15; differential pair, 126; folded cascode 

operational amplifiers, 357 
half-circuit concept, 152 
high frequencies, common-gate stage at, 194 
high-frequency model: cascode stage, 196; common-source 

stage, 181 
high-slew-rate operational amplifiers, 397-400 
high-speed amplifiers, 495-507; closed-loop small-signal 

performance, 501-2; design, 500-501; general 
considerations, 496-500; large-signal behavior, 505-7; 
precision issues in, 496-98; scaling, 502-5; speed 
issues in, 498-500 

hot carrier effects, 700 
hybrid models, 303-4 

I 
impedance: Blackmans theorem, 325-30, 338-39; floating, 

174; input, 187, 189, 290-91, 296-97; modification, 
278-79;output, 181,287-88,292-93,296-97,369, 
518-21,525-29, 700-701;source,241 

inductance: mutual, 770-71; self, 766-70 
inductors, monolithic, 618 
injection, channel charge, 550-52 
input impedance: common-gate stage, 77, 79-82; in 

common-source stage, 187; source follower, 73, 189; 
and voltage-current feedback, 296-97; voltage-voltage 
feedback, 290-91 

input nodes. See also nodes; output nodes: in cascode stage, 
196-98; in common-gate stage, 193-96; in 
common-source stage, 181-87; and differential pairs, 
198-203; and source followers, 188-93 

input-output characteristic, 46, 48; cascode stage, 84; 
common-gate stage, 76; common-mode, 105; 
common-source stage with diode-connected load, 54, 
55; differential pairs, 104; large-signal, 151-52; of 
nonlinear amplifier, 281; of nonlinear system, 576; of 
sampling circuits, 551 ; source follower, 68 

input-output transfer function, 178 
input poles. See also output poles; poles: in cascode stage, 

196-98; in common-gate stage, 193-96; in 
common-source stage, 181-87; and differential pairs, 
198-203; and source followers, 188-93 

input range limitations, 388-90 
input-referred noise, 237-42; of differential pair, 256-62 
input-referred thermal noise: common-gate stage, 249-52; 

voltage, 244-49 
input voltage: vs. voltage gain of source follower, 69 
integrated circuits, 4; layout. See layout; packaging. See 

packaging 
integrators: discrete-time, 569; parasitic-insensitive, 570; 

switched-capacitor, 568-71 
interconnects: fabrication, 727-30; layout in passive devices, 

753-58; parallel capacitance, 729; series resistance, 
728 

International Solid-State Circuits Conference (ISSCC), 3-4 
interpolation, delay variation by, 638-40 
inverters. See CMOS inverters 
ion implantation, 716-17 
IN characteristics, MOS, 10-20; derivation, 12-19; threshold 

voltage, 10-12 

J 
jitter: in phase-locked loops, 678-79, 681-83; reducing in 

phase-locked loops, 688-89 
junction capacitances, scaling, 692-93 

K 
kT IC noise, 553 

L 
large-signal analysis, of active current mirrors, 149-52 
large-signal behavior: cascode current source, 140-46; 

folded-cascode stage, 91; high-speed amplifiers, 
505-7; op amps, 348 

large-signal input-output characteristic, 151-52 
latch-up, 730-31 
layout, 733-64; analog techniques. See analog layout 

techniques; antenna effect, 736; cascode devices, 739; 
common-centroid, 741; design rules, 734-36; 
differential pairs, 739-41; general considerations, 
733-36; minimum enclosure, 734-35; minimum 
extension, 735-36; minimum spacing, 734; minimum 
width, 734; multifinger transistors, 737-39; PMOS 
device, 733 

LC oscillators, 618-30; Colpitts, 624-26; cross-coupled, 
621-23; one-port, 626-30; tuning in, 641-44 

lemma: differential pair, 113-14; noise calculation, 243-44; 
voltage gain, 67 

level shifters, source followers as, 188-93 
linearity. See also nonlinearity: operational amplifiers, 348-49; 

tuning, 632 
linearization, 62; techniques of, 585-91 
linear scaling, 354-55 
linear settling, 391 
lithography sequence, 714-15 
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loading, effect of, 303-15; in current-current feedback, 
313-14; in current-voltage feedback, 308-10; 
summarizing effects of, 315; two-port network models, 
303-4; in voltage-current feedback, 310-13; in 
voltage-voltage feedback, 304-8 

loads, MOS, differential pair with, 123-26 
lock acquisition, in charge-pump phase-locked loops, 666-77 
long-channel MOSFET devices vs. short-channel MOSFET 

devices, 35-36 
loop gain, 276. See also closed-loop gain; open-loop gain; 

Bode plots. See Bode plots; calculation issues, 332-36; 
in charge-pump phase-locked loops, 674-77; 
computation, 277; and current-voltage feedback, 292, 
308-10; return ratio and, 322-24 

loops, phase-locked. See phase-locked loops (PLLs) 
low-noise amplifiers (LNA), 45 
low-pass filter, 228-29 
low-voltage bandgap references, 529-33 
low-voltage cascode, 144-46 

M 
mathematical model, of voltage-controlled oscillators, 644-49 
metal-oxide-silicon field-effect transistors. See MOSFETs 
meters, current/voltage, 284-86 
Middlebrooks method, 331-32 
Miller compensation, 427-28, 432 
Miller effect, 174-79, 181, 183, 184, 196 
Millers theorem, 174-79, 212-14 
mismatch, 120-23, 591-604; and common-mode gain, 159; 

current, 596-97, 679,680; DC offsets, 593-97; 
MOSFET, 591-604 

mobility degradation with vertical field, 461-63, 697-98 
models: cascode stage, 197; choice of, 92-93; high-frequency, 

181, 196; hybrid, 303-4; MOS devices, 26-36, 701-8; 
MOS SPICE, 34-35; small-signal, 31-34, 51, 62, 
65-66; two-port network, 303-4; Y, 303-4; Z, 303-4, 
310 

monolithic: capacitors, 555; inductors, 618 
MOS: circuit symbols, 9-10; 1/V characteristics, 10-20 
MOS devices. See also NMOS (n-type MOS) devices; PMOS 

(p-type MOS) devices: active, 718-21; behavior as 
capacitor, 37-38; capacitances, 27-31 ; fabricating, 
718-30; layout, 26-27; passive, 721-27; processing 
technology, 712-31; small-signal model, 31-34; 
subthreshold conduction, 24-25; as switches, 547-55; 
transconductance, 19-20 

MOS devices models, 26-36, 701-8; BSIM series, 706; 
charge/capacitance modeling, 707-8; Level 1, 702; 
Level 2, 702-4; Level 3, 704-5; temperature 
dependence, 708 

MOSFETs (metal-oxide-silicon field-effect transistors), 5; 
common-mode sensing using, 379; as controllable 
resistors, 16; layout, 26-27; long-channel vs. 
short-channel, 35-36; mismatches in, 591-604; noise, 
230-33; ohmic sections, 231-32; parameter variations, 
708-9; physics, 7-38; reducing effect of mismatched, 
533-35; relationship between drain current and 
terminal voltage, 12-15; saturated, 16-18; scaling, 
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691-95; small-signal model, 31-34; structure of, 8-9; 
as switch, 7-8; as switches, 543-47; transconductance, 
524; velocity saturation, 461 

MOS loads, differential pair with, 123-26 
MOS SPICE models, 34-35 
multifinger transistors, 737-39 
multiply-by-two circuits, 567-68 
multipole systems, 414-16 
mutual inductance, 770-71 

N 
nanometer design studies, 459-507; deep-submicron effects, 

460-63; transconductance scaling, 463-65; transistor 
design considerations, 459-60, 466-72 

natural signals, processing of, 1-2 
negative feedback, 410-11. See also feedback; effect on 

nonlinearity, 581-84 
negative resistance, 626-30 
negative-TC (temperature coefficient) voltage, 513-14 
NFETs: bulk, 34; threshold voltage, 11 
NMOS (n-type MOS) devices: bulk voltage, 20-22; 

common-source stage, 368, 369; large-signal behavior 
of, 17; latch-up in, 730-31; in operational amplifiers, 
355-58; parameters of Level 1 SPICE models, 35; 
processing technology, 712-31; structure, 8-9; as 
switches, 548; used by source follower as current 
source, 69; vs. PMOS Devices, 35 

nodes: association with poles, 179-80; in cascode stage, 
196-98; in common-gate stage, 193-96; and 
differential pairs, 198-203; input. See input nodes; 
interaction between, 179; output. See output nodes; and 
source followers, 188-93 

noise, 219-67; amplitude distribution, 224-25; analysis 
procedure, 227; average power, 220; bandwidth, 264; 
cascode stage, 254; common-gate stage, 249-52; 
common-mode, 101; common-source stage, 244-49; 
comer frequency, 235-36; correlated/uncorrelated 
sources of, 225-26; correlation, problem of, 265-67; in 
current mirrors, 254-56; in differential pairs, 256-62; 
effect of feedback on, 298-99; flicker, 234-36, 252-53; 
input integration, problem of, 265; input-referred, 
237-42; kT IC, 553; noise-power trade-off, 263-64; 
operational amplifiers, 349; in operational amplifiers, 
402-5; output, 236-37; predicting properties of, 219; 
reduced by offset cancellation, 602-3; reference 
generator, 525-29; representation in circuits, 236-43; 
signal-to-noise ratio, 226-27; in source followers, 
253-54; spectrum, 221-24; statistical characteristics, 
219-27; in telescopic operational amplifiers, 402; 
thermal, 228-33, 249-52; types of, 228-36; white, 223 

noise-power trade-off, 263-64 
noisy lines, 101 
noninverting amplifiers, 562-67; precision considerations, 

565-66; speed considerations, 566-67 
nonlinearity, 576-91. See also linearity; capacitor, 583-84; 

definition of, 578; of differential circuits, 579-81; 
effect of negative feedback on, 581-84; general 
considerations, 576-79; reduction, 280-82; in 
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sampling circuits, 584--85 
nonlinear systems, input-output characteristic, 46 
Norton equivalent, 67 
Nyquists stability criterion, 439-55; construction of polar 

plots, 442-47 

0 
offset: DC, 593-97; operational amplifier, 518-21 
offset cancellation, 598-602; reduction of noise by, 602-3 
ohmic sections, MOSFET, 231-32 
one-dimensional cross-coupling, 742-43 
one-pole feedforward amplifiers, 412 
one-pole systems, 279-80 
one-port oscillators, 626-30 
one-stage operational amplifiers, 349-61, 397-99 
op amps. See operational amplifiers (op amps) 
open-loop circuits, 278 
open-loop gain, 276-77, 303; in operational amplifiers, 

345-46; and voltage-voltage feedback, 306-8 
open-loop transfer function, 275 
operational amplifiers (op amps), 344-405; cascode, 345; 

design examples, 472-95; design procedure, 353-54; 
folded-cascode, 355-61, 394--95, 402-3; gain, 345-46; 
gain boosting, 364--73; high-slew-rate, 397-400; input 
range limitations, 388-90; large-signal behavior, 348; 
linearity, 348-49; linear scaling, 354--55; noise and 
offset of, 349; noise in, 402-5; offset and output 
impedance, 518-21; one-stage, 349-61, 397-99; 
open-loop gain, 345-46; output swing, 348, 373-74; 
performance parameters, 344-49; power supply 
rejection, 400-402; slew rate, 390-400; small-signal 
bandwidth, 346-49; supply rejection, 349; telescopic, 
394, 473-87; telescopic cascode, 351-52, 356, 360, 
420-26; topology comparison, 373; two-stage, 361-63, 
399-400,426-36,487-95 

operational transconductance amplifier (OTA), 146 
oscillators, 607-49; Colpitts, 624--26; cross-coupled, 621-23; 

general considerations, 607-9; LC, 618-30, 641-44; 
one-port, 626-30; ring, 609-18; voltage controlled. See 
voltage-controlled oscillators (VCOs) 

output impedance, 181; boosting, 369; cascode stage, 85-86; 
common-gate stage, 79-82; and current-voltage 
feedback, 292-93; operational amplifier, 518-21; 
reference generator, 525-29; source follower, 71, 73, 
191-93; variation with drain-source voltage, 700-701; 
and voltage-current feedback, 296-97; voltage-voltage 
feedback, 287-88 

output nodes: in cascode stage, 196-98; in common-gate stage, 
193-96; in common-source stage, 181-87; and 
differential pairs, 198-203; and source followers, 
188-93 

output noise, 236-37 
output phase, in phased-locked loops, 653-54 
output poles. See also input poles; poles: in cascode stage, 

196-98; in common-gate stage, 193-96; in 
common-source stage, 181-87; and differential pairs, 
198-203; and source followers, 188-93 

output resistance, 64-67, 70 

output spectrum theorem, 223-24 
output swing, 348, 373-74 
output voltage, 150; swing, 106 
oxidation, 715-16 
oxide spacers, 720-21 

p 

packaging, 764--72; dual-in-line package, 764; mutual 
inductance, 770-71; parasitics, 765-66; 
self-inductance, 766-70 

pads,bonding, 757-59 
parallel capacitance, of interconnects, 729 
parameter variations, in MOSFETs, 708-9 
parasitic: capacitance, 180; packaging, 765-66 
passive devices: analog layout techniques, 746-53; capacitor 

layout, 750-53; diode layout, 753; fabrication, 721-27; 
interconnect layout, 753-58; MOS, 721-27; pads and 
electrostatic discharge (ESD) protection, 757-59; 
resistor layout, 746-50 

PDs. See phase detectors (PDs) 
PFDs. See phase/frequency detectors (PFDs) 
PFETs, bulk, 34. See also PMOS (p-type MOS) devices 
phase crossover frequency, 411, 417 
phase detectors (PDs), 651-52 
phase/frequency detectors (PFDs): in charge-pump 

phase-locked loops, 667-69; PFD/CP nonidealities, 
677-81 

phase-locked loops (PLLs), 651-89; applications, 685-89; 
dynamics, 660-65; frequency multiplication, 685-86; 
frequency synthesis, 687; jitter, 678-79, 681-83; jitter 
reduction, 688-89; nonideal effects, 677-83; phase 
detectors, 651-52; simple, 651-65; skew reduction, 
687-88; small transients in locked condition, 656-60; 
waveforms in locked condition, 655-56 

phase margin, 416-19 
photolithography, 714--15 
photoresists, 715 
pinch-off behavior, 16-17, 23; effect of scaling on, 694 
PLLs. See phase-locked loops (PLLs) 
PMOS (p-type MOS) devices: common-source stage, 368-69; 

differential pair, 604; diode-connected, 56; latch-up in, 
730-31; layout, 733; NMOS devices vs., 35; in 
operational amplifiers, 355-58; parameters of Level 1 
SPICE models, 35; processing technology, 712-31; in 
ring oscillators, 618; small-signal model, 34; source 
follower, 73; structure, 8-9; as switches, 547,548; 
tum-on phenomenon in, 12 

poles: association with nodes, 179-80; in cascode stage, 
196-98; in common-gate stage, 193-96; and 
differential pairs, 198-203; dominant, 421-26; input. 
See input poles; multipole systems, 414--16; at origin, 
450-53; output. See output poles; plotting location of, 
412; and source followers, 188-93; two-pole feedback 
systems, 609-10 

poor mans cascode, 88-89 
positive feedback, delay variation by, 636-38 
positive-TC (temperature coefficient) voltage, 514--15 
power amplifier (PA), 45 
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power dissipation, in voltage-controlled oscillators, 632 
power spectral density (PSD), 223 
power supply rejection, operational amplifiers, 400--402 
precision: in high-speed amplifiers, 496-98; in noninverting 

amplifiers, 565-66; in sampling circuits, 549-53; in 
unity-gain sampler/buffers, 558-59 

precision multiply-by-two circuits, 567-68 
process comers, 708-9 
processing: back-end, 720--21; CMOS devices, 712-31; 

deposition and etching, 718; ion implantation, 716-17; 
latch-up, 730--31; oxidation, 715-16; photolithography, 
714-15; wafer, 713 

proportional to absolute temperature (PTAT), 509 
PTAT (proportional to absolute temperature) current 

generation,523-24 
punchthrough effect, 26 

Q 
qualitative analysis, differential pairs, 104-6 
quantitative analysis, differential pairs, 106-17 

R 
reduction,nonlinearity,280--82 
reference distribution, 744-46. See also bandgap references 
reference generator, output impedance, 525-29 
rejection: common-mode noise, 101; power supply, 400--402; 

supply, 349 
resistance, 33; gate, 232; negative, 626-30; output, 64-67, 70; 

series, 728; sheet, 713 
resistive biasing, 135 
resistive degeneration, 585-91 
resistors: continuous-time, 568, 569; discrete-time, 569; layout 

in passive devices, 746-50; mismatched, 120--23; 
n-well, 724; passive MOS device, 723-24; thermal 
noise, 228-30 

return ratio (RR): difficulties with, 334-36; and loop gain, 
322-24 

ring oscillators, 609-18; amplitude limiting, 612-18; 
five-stage, 615; four-stage, 615; three-stage, 610--12; 
tuning in, 633-41 

root locus, 412 

s 
samplers: and offset cancellation, 602-3; unity-gain, 555-62 
sampling: bottom-plate, 555 
sampling circuits: differential, 554-55; nonlinearity in, 

584-85; precision considerations, 549-53; speed 
considerations, 547-49 

sampling mode: noninverting amplifiers, 562; 
switched-capacitor circuits, 541--42; unity-gain 
sampler/buffer, 555, 559 

sampling switches, 543-55 
saturation, 47; region, 16-18; velocity, 698-700 
scaling: constant-field, 692; current, 745-46; high-speed 

amplifiers, 502-5; theory, 691-95; transconductance, 
463-65 

second-order effects, 20--26 
self-inductance, 766-70 

sense and return mechanisms, 284-86 
sensing techniques, common-mode feedback, 377-80 
series resistance, of interconnects, 728 
settling time, definition of, 496 
shadowing, 740 
shallow trench isolation issues, 743-44 
sheet resistance, 713 
shielding, 755 
shielding property: cascode stage, 89-90 
short-channel effects, 695-701; hot carrier effects, 700; 

mobility degradation with vertical field, 697-98; 
threshold voltage variation, 695-97; velocity 
saturation, 698-700 
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short-channel MOSFET devices, long-channel MOSFET 
devices vs., 35-36 

signals: natural, processing of, 1-2; single-ended vs. 
differential, 100--102 

signal-to-noise ratio, 226-27 
silicide, 721, 723-24 
single-ended signals, differential signals vs., 100--102 
single-pole system, 279-80 
single-stage amplifiers, 45-93, 243-54; basic concepts, 45; 

cascode stage, 82-92, 254; common-gate stage, 75-82, 
249-52; common-source stage, 47-67, 244-49; device 
models, choice of, 92-93; source follower, 68-75; 
source followers, 253-54 

skew: eliminating in voltage-controlled oscillators, 653-54; 
reducing in phase-locked loops, 687-88 

slewing: negative, 438; positive, 438; in two-stage operation 
amplifiers, 433-36; in unity-gain sampler/buffer, 561 

slew rate, operational amplifiers, 390--400 
small-signal analysis, of active current mirrors, 152-56 
small-signal bandwidth, operational amplifiers, 346-49 
small-signal behavior: in active current mirrors, 146-49; 

differential pairs, 110--13 
small-signal characteristics, cascode stage, 84 
small-signal gain, 146-52; calculating, 68; in nonlinear 

amplifier, 577, 579-81 
small-signal models, 31-34, 62, 65-66; of CS stage, 51 
small-signal output resistance, calculating, 70--72 
source degeneration, common-source stage with, 61-67 
source/drain junction capacitance, 692-93 
source followers, 68-75; biasing, 165-66; common-mode 

feedback using, 378; drawbacks of, 73-74; input 
impedance, 73, 189; input-output characteristic, 68; 
intrinsic, 72; as level shifters, 188-93; output 
impedance, 71, 73, 191-93; single-stage amplifiers, 
253-54; small-signal equivalent circuit, 69 

source impedance, 241 
sources, 7, 8 
spacers, oxide, 721 
spacing, layout, 734 
spectral shaping, 223-24 
speed: in high-speed amplifiers, 498-500; in noninverting 

amplifiers, 566-67; reference generator, 525-29; in 
sampling circuits, 547-49; in unity-gain 
sampler/buffers, 559-62 

SPICE models, 34-35 
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stability: and frequency compensation, 410--55; general 
considerations, 410--14; Nyquists criterion, 439-55 

start-up, 522 
statistical characteristics, of noise, 219-27 
step response, 390--91 
structure, MOSFET, 8-9 
substrate, 8-9; coupling, 760-64 
subthreshold conduction, 24--25 
supply: dependence, 522; rejection, 349 
supply-independent biasing, 509-12 
switched-capacitor amplifiers, 555-68 
switched-capacitor circuits, 539-72; general consideration, 

539-43; in sampling mode, 541-42 
switched-capacitor integrator, 568-71 
switches: complementary, 554; dummy, 553-54; MOSFETs 

as, 7-8, 543-47; sampling, 543-55; zero-offset, 547 
symbols, MOS, 9-10 
symmetry, 112, 150. See also asymmetry; in layouts, 

739-43 

T 
tail current, 120--21 
telephone bandwidth, and spectral shaping, 223-24 
telescopic cascode, 82 
telescopic operational amplifiers: bias circuit, 4 77; cascode, 

351-52, 356, 420--26; common-mode feedback, 
477-82; design of, 473-87; differential compensation, 
485-87; noise in, 402; slewing in, 394 

temperature dependence: in MOS device models, 708 
temperature-independent references, 513-22; bandgap 

references, 515-22; negative-TC (temperature 
coefficient) voltage, 513-14; positive-TC (temperature 
coefficient) voltage, 514-15 

temperature-independent voltage, 515-16 
terminal, 9 
terminal impedance modification, 278-79 
thermal noise, 228-33, 249-52; MOSFETs, 230--33; resistors, 

228-30; voltage, 244-49 
Thevenin equivalent, 71-72, 79, 111,202,566 
three-pole system, 415-16 
three-stage ring oscillators, 610--12 
threshold voltage, 10--12, 25, 150; variation, 695-97 
time-domain response, 412,413 
topologies: common-mode feedback, 377; comparison of 

operational amplifier, 373; feedback, 286-98; 
operational amplifiers, 349-52; phase-locked loops, 
653-60 

transconductance, 19-20, 48; amplifiers, 282-84; calculation 
of, 364; of common-source device, 63; as function of 
overdrive voltage, 462; MOSFET, 524; scaling, 463-65 

transfer function: in charge-pump phase-locked loops, 672-77; 
closed-loop, 275; common-gate stage, 180; in 
common-source stage, 181-87; input-output, 178; 
Middlebrooks method, 331-32; open-loop, 275; in 
phase-locked loops, 660-65; and spectral shaping, 
223-24 

transients in locked condition, response of phase-locked loops, 
656-60 

transimpedance amplifiers, 282-84 
transistors. See also CMOS devices; MOSFETs 

(metal-oxide-silicon field-effect transistors): clamp, 
395-96; design, 459-60, 466-72; dummy, 740; 
fabrication of, 718-20; multifinger, 737-39 

triode load, common-source stage with, 60-61 
triode region, 14-15, 18, 49, 150; common-mode sensing 

using MOSFETs in, 379 
tuned stages, 621 
tuning: delay variation by interpolation, 638-40; delay 

variation by positive feedback, 636-38; in LC 
oscillators, 641-44; linearity, 632; range, in 
voltage-controlled oscillators, 632; in ring oscillators, 
633-41; wide-range, 640-41 

tum-on phenomenon, 11-12 
two-pole systems, 414-15 
two-stage operational amplifiers, 361-63, 399-400; 

closed-loop behavior, 493-95; common-mode 
feedback in, 386-88, 489-90; design, 487-95; 
frequency compensation, 426-33; slewing in, 433-36 

u 
uncorrelated sources, of noise, 225-26 
unity-gain sampler/buffer, 388,389,419, 555-62; precision 

considerations, 558-59; slewing behavior, 561; speed 
considerations, 559-62 

V 
variable-gain amplifiers (VGAs), 126-28 
velocity saturation, 461, 698-700 
vertical field, mobility degradation with, 461-63, 697-98 
VGAs. See variable-gain amplifiers (VGAs) 
vias, 721 
voltage: amplifiers, 282-84, 589; bulk, 20--22; control, 

126-28; drain-source, 700--701; floating reference, 
534; gate, 145; input, 69; input-referred thermal noise, 
244-49; limitations, 26; meters, 284-86; negative-TC 
(temperature coefficient), 513-14; output, 106, 150; 
positive-TC (temperature coefficient), 514-15; 
temperature-independent, 515-16; threshold, 10--12, 
25, 150,695-97 

voltage-controlled oscillators (VCOs), 630-49. See also 
oscillators; center frequency, 632; definition of, 631; 
eliminating skew in, 653-54; jitter in, 682-83; 
mathematical model of, 644-49; output amplitude, 
632; output signal purity, 633; power dissipation, 632; 
supply and common-mode rejection, 633; tuning 
range, 632 

voltage-current feedback, 294-97; and input impedance, 
296-97; loading in, 310--13; and output impedance, 
296-97 

voltage gain, 86-87, 152-55; lemma, 67; small-signal, 579-81 
voltage-voltage feedback, 286-91; loading in, 304-8; and 

open loop gain, 306-8 

w 
wafers: in device fabrication, 718-21; processing, 713 
waveforms: in locked condition, 655-56 

781 
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well proximity effects, 744 
white noise, 223 
wide-range tuning, 640--41 
width, layout, 734 

y 

Y model, 303-4 

Index 

z 
zero: calculation in common-source stage, 185-86; in right 

half plane, 430-31 , 436 
zero-offset switches, 54 7 
zero-value time constant (ZVTC) method, 208-12 
Z model, 303-4, 310 

ZVTC method. See zero-value time constant (ZVTC) method 




