CMOS

CIRCUIT DESIGN, LAYOUT, AND SIMULATION

SOND

»

NOLLV'ININIS
ANV LNOAV']
‘NOISAA LINOID

N b 4 e




TEEE Press
445 Hoes Lane, P.O. Box 1331
Piscataway, NJ (08855-1331

Editorial Board
John B. Anderson, Editor in Chief

P. M. Anderson R. Herrick R. 8. Muller
M. Eden G. F. Hoffnagle W. D. Reeve
M. E. El-Hawary R.F. Hoyt D.J Wells
S. Furui S. Kartalopoulos

A. H. Haddad P. Laplante

Kenneth Moore, Director of IEEE Press
John Griffin, Senior Editor
Linda Matarazzo, Assistant Editor

IEEE Circuits & Systems Society, Sponsor

CAS-S Liaison to IEEE Press, Phillip Alleir-

IEEE Solid-State Circuits Society, Sponsor
SSC-8 Liaison to IEEE Press, Stuart K. Tewksbury

Technical Reviewers

Jeff Bruce, Micron Technology, Inc.
Alan Buchholz, Comlinear Corporation
1an Galton, University of California, Irvine
Bruce Johnson, University of Nevada, Reno
Joseph Karniewicz, Micron Technology, Inc. '
Brent Keeth, Micron Technology, Inc.
William Kuhn, Kansas State University
Wen Li, Micron Technology, Inc.
Brian P. Lum Shue Chan, Crystal Semiconductor Corporation
Alan Mantooth, Analogy, Inc.
Adrian Ong, Stanford University
Terry Sculley, Crystal Semicorductor Corporation
Don Thelen, Analog Interfaces
Axel Thomsen, Crystal Semiconductor Corporation
Kwang Yoon, Inha University, Korea

2 of 47



CMOS

Circuit Design, Layout, and Simulation

R. Jacob Baker, Harry W. Li and David E. Boyce
Department of Electrical Engineering
Microelectronics Research Center
The University of Idaho

IEEE Press Series on Microelectronic Systems
Stuart K. Tewksbury, Series Editor

IEEE Circuits & Systems Society, Sponsor
IEEE Solid-State Circuits Society, Sponsor

@ 1IEEE
7 PRESS

The Institute of Electrical and Electronics Engineers, Inc., New York

3 0of47



.- A -] }.

This book and other books may be purchased at a discount
from the publisher when ordered in bulk quantities. Contact:

IEEE Press Marketing
Attn: Special Sales
Piscataway, NJ 08855-1331
Fax: (732) 981-9334

For more information about IEEE PRESS products,
visit the IEEE Home Page: http://www.ieee.org/

© 1998 by the Institute of Electrical and Electronics Engineers, Inc.
345 East 47th Street, New York, NY 10017-2394

All rights reserved. No part of this book may be reproduced in any form,
nor may it be stored in a retrieval system or transmitted in any form,
without written permission from the publisher.

Printed in the United States of America
10 9 8 7 6 S5 4 3

ISBN 0-7803-3416-7
IEEE Order Number: PC5689

Library of Congress Cataloging-in-Publication Data

Baker, R. Jacob (date)
CMOS circuit design, layout, and simulation / R. Jacob Baker,
Harry W. Li, and David E. Boyce.
p. cm. -- (IEEE Press series on microelectronic systems)
Includes bibliographical references and index.
ISBN 0-7803-3416-7
1. Metal oxide semiconductors, Complementary--Design and
construction. 2. Integrated circuits--Design and construction.
3. Metal oxide semiconductor field-effect transistors. L. Li,
Harry W. II. Boyce, David E. III. Title. IV. Series
TK7871.99.M44B35 1997
621.3815--DC21 97-21906
CIP

4 of 47




Contents

Preface xix
Part| CMOS Fundamentals 1
Chapter 1 Introduction 3
1.1 The CMOS IC Design Process ...........ccooovviineniininnenennnnnn. 3
1.1.1 Fabrication 5

1.2 Using the LASIProgram ..........c.coviiiiiiiiiiiiiiiiii i 5
1.2.1 Cells in LASI 7

1.2.2 Navigating LASI 10

1.2.3 Adding Objects 10

1.2.4 Editing Objects 11

1.2.5 Placing Cells 12

1.2.6 Common Problems 14

L3 MOSIS o 15
Chapter 2 The Well 23
2.1 The Substrate ...... ... i 23
2.1.1 Patterning 24

2.1.2 Patterning the N-well 27

2.2 Layingoutthe N-well ....... ... .o 27

5 of 47



viii

2.2.1 Design Rules for the N-well
2.2.2 Using the LASIDRC program

2.3 Resistance Calculation ................ccoiiiiininiii..

2.3.1 The N-well Resistor

2.4 The N-well/Substrate Diode ............................

2.4.1 Depletion Layer Capacitance
2.4.2 Storage Capacitance
2.4.3 SPICE Modeling

2.5 The RC Delay Through an N-well .....................

Chapter 3 The Metal Layers

3.1 TheBondingPad ...,

3.1.1 Laying out the Pad
3.1.2 Design Rules for Pads

3.2 Design and Layout Using the Metal Layers .............

3.2.1 Design Rules for the Metal Layers

3.2.2 Parasitics Associated with the Metal Layers
3.2.3 Current Carrying Limitations

3.2.4 Parasitics Associated with the Via

3.3 Crosstalk and Ground Bounce .........................

3.3.1 Ground Bounce

3.4 Layout Using Cell Hierarchy ...........................

Chapter 4 The Active and Poly Layers

4.1 DesignRules ..... ...

4.1.1 Design Rules for the n+/p+ Active Layers
4.1.2 Design Rules for Polyl

4.2 Layout of a Standard Cell Frame .......................
4.3 Patterning the Active Layers ...........................
4.4 Layoutof the MOSFET ...,

4.4.1 Parasitics Associated with the Active Layers

Chapter 5 The MOSFET

5.1 The MOSFET Capacitances ...........c.c.coovvivnn.n.

5.1.1 Case I: Accumulation
5.1.2 Case II: Depletion

6 of 47

Contents

28
30

............ 30

32

............ 32

33
35
37

............ 38

45

............ 45

45
48

....... .. 50

50
50
54
55

............ 56

57

............ 59

65

............ 66

66
69

............ 71
............ 71
............ 77

77
83

............ 84

84
85



Contents ix

5.1.3 Case HI: Strong Inversion 86
5.1.4 Summary 87
5.2 The Threshold Voltage ...........ccoooiiiiiiiiiiiiiiii i, 88
5.3 IV Characteristics of MOSFETS ........c.ooooiiiiiiiiiiiiinninn.. 93
5.3.1 MOSFET Operation in the Triode Region 94
5.3.2 The Saturation Region 96
5.4 SPICE Modeling of the MOSFET .................coiiiiiioan.. 98
5.4.1 Level 1 Model Parameters Related to V,,,, 98
5.4.2 Level 1 Model Parameters Related to Transconductance 99
5.4.3 SPICE Modeling of the Source and Drain Implants 100
5.4.4 Layout of the MOSFET 102
Chapter 6 The BSIM SPICE Model 107
6.1 BSIM1 Model Parameters ................coviiveiiieniennnin.... 109
6.2 BSIMI DCEQUations ..........oviiuiiiiiiiiniiiiiiineenanenn, 111
6.2.1 The Threshold Voitage 111
6.2.2 The Drain Current 113
6.2.3 The Subthreshold Current 116
6.3 Short Channel MOSFETS ..o, 119
6.3.1 MOSFET Scaling 120
6.3.2 Short Channel Effects 122
6.4 The BSIM3 SPICEModel .........ccoiiiiiiiiiiiiiniiiiinens 124
6.5 CONVEIZENCE .. .euutirt ettt et 127
Chapter 7 CMOS Passive Elements 131
7.1 The Second Poly Layer (poly2) ..........coooiiiiiiiiiii i, 131
7.1.1 Design Rules for Capacitor Formation 131
7.1.2 Parasitics of the Poly Cap 132
7.1.3 Other Types of Capacitors 134
7.2 Temperature and Voltage Dependence of Capacitors and e 134
ResSIStOrS ... o e
7.2.1 Resistors 134
7.2.2 Capacitors 140
7.3 Noise in Resistors ..., 141
Chapter 8 Design Verification with LASICKT 149
8.1 Fundamentals of LASICKT ....... ..., 150

7 of 47



8.1.1 The Inverter

8.1.2 Running LASICKT

8.1.3 Higher-ranking Cells; The OR Gate
Chapter 9 Analog MOSFET Models

9.1 Low-Frequency MOSFET Model .......................
9.1.1 Small-Signal Model of the MOSFET in Saturation
9.2 High-Frequency MOSFET Model .......................

9.2.1 Variation of Transconductance with Frequency

9.3 Temperature Effects in MOSFETs ......................
9.4 Noise in MOSFETS ........ccoiiiiiiiiiiiiiiiiineiaenn,

Chapter 10 The Digital Model

10.1 The Digital MOSFET Model ..........................

10.1.1 Capacitive Effects
10.1.2 Process Characteristic Time Constant
10.1.3 Delay- and Transition-Times

10.2 Series Connection of MOSFETs .......................

10.2.1 DC Behavior of Series-Connected MOSFETs
10.2.2 Delay Through Series-Connected MOSFETs

Possible Student Projects ............cooiiiiiiiiiiiiiinn

Part II CMOS Digital Circuits

Chapter 11 The Inverter

11.1 DC CharacteristiCs .......vvuviirtiiriii it iirannnnens

11.1.1 Noise Margins
11.1.2 Inverter Switching Point

11.2 Switching Characteristics ...............occoviivnnian.

11.2.1 The Ring Oscillator

11.2.2 Dynamic Power Dissipation

11.3 Layoutofthe Inverter ....................ocooiiiiine

11.3.1 Latch-up

11.4 Sizing for Large Capacitive Loads .....................

11.4.1 Distributed Drivers

8 of 47

Contents

151
157
160

165



Contents Xi

11.4.2 Driving Long Lines 223
11.5 Other Inverter Configurations .......................ccoeii..n. 224
11.5.1 N-Channel Only Output Drivers 224
11.5.2 Inverters with Tri-State Outputs 226
11.5.3 The Bootstrapped NMOS inverter 226
Chapter 12 Static Logic Gates 231
12.1 DC Characteristics of the NAND and NOR Gates ............... 231
12.1.1 DC Characteristics of the NAND Gate 231
12.1.2 DC Characteristics of the NOR Gate 234
12.2 Layout of the NOR and NAND Gates .................c..coon. 235
12.3 Switching Characteristics ..............ooiiiiiiiiiiiiiinn., 236
12.3.1 NAND Gate 238
12.3.2 Number of Inputs 242
12.4 Complex CMOS Logic Gates ............covvuiiiiiiiiiiiienenns 243
12.4.1 Cascode Voltage Switch Logic 247
12.4.2 Differential Split-Level Logic 247
12.4.3 Tri-State Outputs 252
Chapter 13 The TG and Flip-Flops 255
13.1 The Pass Transistor ..........ccoooiiiiiiiiiniiiininiiiiiannns 255
132 The CMOS TG ..ooiiii i e 257
13.2.1 Layout of the CMOS TG 258
13.2.2 Series Connection of Transmission Gates 260
13.3 Applications of the Transmission Gate .......................... 260
13.4 The Flip-Flop ...ooii e 265
13.4.1 Clocked Flip-Flops 266
Chapter 14 Dynamic Logic Gates 275
14.1 Fundamentals of Dynamic Logic .................coiiiiinnn, 275
14.1.1 Charge Leakage 276
14.1.2 Simulating Dynamic Circuits 277
14.1.3 Nonoverlapping Clock Generation 279
14.1.4 CMOS TG in Dynamic Circuits 281
14.2 Clocked CMOS LOIC ...viniii it n 281

9 of 47



Xii Contents

Chapter 15 VLSI Layout
15.1 ChipLayout .........ccoiiniiniiiii i
15.2 Layout StEPS . ..ovviiiiii et e
Chapter 16 BIiCMOS Logic Gates
16.1 Layout of the Junction-Isolated BJT .............................
16.2 Modelingthe NPN ... ... i
163 The BICMOS INVErer .......covvvviiiiiiiiiiineniinninaannn,
16.4 Other BICMOS Logic Gates .............oociveviiiiiieiennnn..
16.5 CMOS and ECL Conversions Using BICMOS ..................
Chapter 17 Memory Circuits
17.1 RAM Memory Cells .........ooineuiiiiiiiii i
17.1.1 The DRAM Cell
17.1.2 The SRAM cell
17.2 The Sense Amplifier ...ttt
17.3 Row/Column Decoders ...........coooviiiiiiiiiiiininiionn.
17.4 Timing Requirements for DRAMs ....................c.ol.
17.5 Modern DRAM Circuits .........co.viiiiiiiiiiiaiinennennennes
17.5.1 DRAM Memory Cell Layout
17.5.2 Folded/Open Architectures
17.6 Other Memory Cells ...... ...
Chapter 18 Special-Purpose Digital Circuits
18.1 The Schmitt Trigger .............cooviiiiiiiiiii s
18.1.1 Design of the Schmitt Trigger
18.1.2 Switching Characteristics
18.1.3 Applications of the Schmitt Trigger
18.1.4 High-Speed Schmitt Trigger
18.2 Multivibrator Circuits ............coviiiiiiiiiiiii i,
18.2.1 The Monostable Multivibrator
18.2.2 The Astable Multivibrator
18.3 Voltage Generators ...........c.c.oooviiiiiiiiiiiiniiarierannn.s
18.3.1 Improving the Efficiency
18.3.2 Generating Higher Voltages
18.3.3 Example

10 of 47

289



Contents xiii

Chapter 19 Digital Phase-Locked Loops 373
19.1 The Phase Detector .........oonveiuniiiiiiiiii i, 375
19.1.1 The XOR Phase Detector 375

19.1.2 Phase Frequency Detector 379

19.2 The Voltage-Controlled Oscillator .............................. 383
19.2.1 The Current-Starved VCO 384

19.2.2 Source Coupled VCOs 387

193 The Loop Filter .........oiiiiiiiii e, 391
19.3.1 XOR DPLL 391

19.3.2 PFD DPLL 398

19.4 System Considerations ...............c.oiiiiiiiiiiiiaiiaiiann. 403
19.4.1 Clock Recovery from NRZ Data 407

19.5 Delay-Locked Loops ..........cooiviiiiiiiiii e 417
Part lll CMOS Analog Circuits 425
Chapter 20 Current Sources and Sinks 427
20.1 The Current Mirror ...... ..o 427
20.1.1 The Cascode Connection 433

20.1.2 Sensitivity Analysis 438

20.1.3 Temperature Analysis 439

20.1.4 Transient Response 442

20.1.5 Layout of the Simple Current Mirror 444

20.1.6 Matching in MOSFET Mirrors 446

20.2 Other Current Sources/Sinks ............ooiiiiiiiiiinn 450
Chapter 21 References 463
21.1 Voltage Dividers ...t 463
21.1.1 The Resistor-MOSFET Divider ' 464

21.1.2 The MOSFET-Only Voltage Divider 465

21.2 Current Source Self-Biasing ..., 469
21.2.1 Threshold Voitage Referenced Self-Biasing 469

21.2.2 Diode Referenced Self-Biasing 470

21.2.3 Thermal Voltage Referenced Self-Biasing 474

11 of 47



Xiv

21.3 Bandgap Voltage References ......................

21.3.1 Bandgap Referenced Biasing

21.4 Beta Multiplier Referenced Self-Biasing ...........

21.4.1 A Voltage Reference
21.4.2 Operation in the Subthreshold Region

Chapter 22 Amplifiers

22.1 Gate-Drain Connected Loads ......................

22.1.1 Common Source Amplifiers
22.1.2 The Source Follower
22.1.3 Common Gate Amplifiers

22.2 Current Source Loads .............coovviivivninn..

22.2.1 The Cascode Connection
22.2.2 The Push-Pull Amplifier

22.3 Noise and Distortion in Amplifiers ................

22.3.1 Modeling Amplifier Noise

22.4 A Class AB Amplifier ...............coocoiiiii.

Chapter 23 Feedback Amplifiers

23.1 The Feedback Equation ...........................
23.2 Properties of Negative Feedback on Amplifier Design

23.2.1 Gain Desensitivity

23.2.2 Bandwidth Extension

23.2.3 Reduction in Nonlinear Distortion
23.2.4 Input and Output Impedance Control

23.3 Recognizing Feedback Topologies .................

23.3.1 Input Mixing

23.3.2 OQutput Sampling

23.3.3 The Feedback Network

23.3.4 Calculating Open-Loop Parameters

23.3.5 Calculating Closed-Loop Parameters
23.4 The Voltage Amp (Series-Shunt Feedback)

23.5 The Transimpedance Amp (Shunt-Shunt Feedback)

23.5.1 Simple Feedback Using a Gate-Drain Resistor
23.6 The Transconductance Amp (Series-Series Feedback)
23.7 The Current Amplifier (Shunt-Series Feedback)

12 of 47

Contents



Contents

23.8 Stability ........iiii

23.8.1 The Return Ratio
Chapter 24 Differential Amplifiers

24.1 The Source Coupled Pair ...............coooiiiiiiiiiin,
24.1.1 Current Source Load
24.1.2 Common-Mode Rejection Ratio
24.1.3 Noise
24.1.4 Matching Considerations

24.2 The Source Cross-Coupled Pair .......................oooi
24.2.1 Current Source Load

243 CascodeLoads ..........oooiiiiiiiiiiiii i

24.4 Wide-Swing Differential Amplifiers ............................
24.4.1 Current Differential Amplifier
24.4.2 Constant Transconductance Diff-Amp

Chapter 25 Operational Amplifiers

25.1 Basic CMOS Op-Amp Design ............cccoovvieiieaninn...
25.1.1 Characterizing the Op-Amp
25.1.2 Compensating the Op-Amp Without Buffer
25.1.3 The Cascode Input Op-Amp

25.2 Operational Transconductance Amplifiers ......................
25.2.1 Wide-Swing OTA
25.2.2 The Folded-Cascode OTA

25.3 The Differential Output Op-Amp .............ccooveiiiiiaon...
25.3.1 Fully Differential Folded-Cascode OTA
25.3.2 Gain Enhancement

Part IV Mixed-Signal Circuits

Chapter 26 Nonlinear Analog Circuits
26.1 Basic CMOS Comparator Design ..................c.ooonn
26.1.1 Characterizing the Comparator
26.2 Adaptive Biasing ...
26.3 Analog Multipliers ...............ocoiiiiiiii

13 of 47

XV

568
579
579
582
591
592
594
596
599
602
605
607
608
617
618
630
634
636
637
642
654
664
666
674

683



xvi

26.3.1 The Multiplying
26.3.2 Level Shifting

Contents

Quad

26.3.3 Multiplier Design Using Squaring Circuits
Chapter 27 Dynamic Analog Circuits

27.1 The MOSFET Switch

27.2 Switched-Capacitor Circuits .............coovviiiiiieeiiiiaan.n,.

27.2.1 Switched-Capacitor Integrator

27.3 Circuits .............

Chapter 28 Data Converter Fundamentals
28.1 Analog Versus Discrete Time Signals ...........................

28.2 Converting Analog Signals to Digital Signals ...................
28.3 Sample-and-Hold (S/H) Characteristics .........................
28.4 Digital-to-Analog Converter (DAC) Specifications ..............
28.5 Analog-to-Digital Converter (ADC) Specifications ..............
28.6 Mixed-Signal LayoutIssues .............c..cooiviiiiiiinnnnn.

Chapter 29 Data Converter Architectures

29.1 DAC Architectures ..

29.1.1 Digital Input Code

29.1.2 Resistor String

29.1.3 R-2R Ladder Networks

29.1.4 Current Steering

29.1.5 Charge Scaling DACs

29.1.6 Cyclic DAC
29.1.7 Pipeline DAC
29.2 ADC Architectures ..

29.2.1 Flash

29.2.2 The Two-Step Flash ADC

29.2.3 The Pipeline ADC

29.2.4 Integrating ADCs

29.2.5 The Successive Approximation ADC
29.2.6 The Oversampling ADC

Appendix A Orbit's CN20 Process

A.1 Process Specifications

14 of 47

705
710
715
719
719
728
731
745
755
755
756
759
762
772
783
791
791
791
792
797
800
805
810
811
813
813
818
823
827
832
837
855



Contents xvil

A.1.1 Electrical Specifications 857

A.1.2 N-Channel SPICE Models 859

A.1.3 P-Channel SPICE Models 861

A.2 Hand Calculations ............c..oiiiiiiiiii i, 862
A.2.1 The N-channel MOSFET Equations 862

A.2.2 The P-channel MOSFET Equations 865

A3 DesignRules ... 867
Appendix B MOSIS Scalable Design Rules 873
Appendix C HP's CMOS14TB 885
Index 893
About the Authors 903
LASI Software 904

15 of 47



16 of 47



Preface

Over the last ten years the electronics industry has exploded. A recent report by the
Semiconductor Industry Association (SIA) [1] proclaimed that in 1995 alone, world
chip revenues increased by 41.7 percent and for the past five years the growth had been
exponential. By the year 1999, the report estimates that world chip sales will surpass
$234.5 billion, up from $154 billion in 1996. The largest portion of total worldwide
sales is dominated by the MOS market. Composed primarily of memory, micro and
logic sales, the total combined MOS revenue contributed approximately 75 percent of
total world-wide sales ($114.2 billion), illustrating the strength of CMOS technology.
The percentage of MOS sales relative to all chip revenues is expected to remain
constant through 1999, when MOS sales will total $178 billion.

CMOS technology continues to mature, with minimum feature sizes now
approaching 0.1 um. Texas Instruments recently announced a 0.18 pum process [2] in
which the equivalent of 20 high-performance microprocessors could exist on the same
substrate, with a transistor density of 125 million transistors. This high density allows
for true system-level integration on a chip, with digital signal processors,
microprocessors or microcontroller cores, memory, analog or mixed-signal functions all
residing on the same die.

As educators we are often asked by our students, "Isn't analog dead? I thought
everything was going digital!" How untrue! The prediction of the future demise of
analog electronics has been around since the mid-1970s. According to the SIA report
[1], the revenues generated by analog products closely parallel the MOS logic market
and achieved a 22.5 percent increase in 1995. The analog market expects to reach
$18.2 billion in 1996 (a 9.5 percent increase) with double-digit growth projected for the
next three years. In 1999, the total revenues generated by analog sales is forecasted to
peak at $26.6 billion (11.3 percent of total chip sales!). However, while there is still
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x Preface

demand for analog designers, their role is definitely changing. As was communicated
by Paul Gray in [3], the days of pure analog design are over, meaning that very few
systems remain purely analog. More and more systems are integrated, with increased
functionality being performed in the digital domain. He goes on to state that the analog
designer should become broad-based, with analog transistor-level design as the core
skill. This means that the analog designer should also

* Have a good understanding of digital very large scale integration (VLSI) and
be competent at using the latest computer-aided design (CAD) tools.

* know how to apply digital signal processing (DSP), analog signal processing
(ASP), and filtering concepts to system-level design.

» possess insight into system implications of component-level performance.

For example, DSP and transistor-level analog design skills are needed for oversampling
applications such as data converters, filtering, and a host of relatively new circuit
topologies based on sigma-delta modulation. Being able to design both analog and
digital circuits, as well as understand the interactions between the two domains, will
provide an added dimension to a designer's portfolio that is difficult to match. Analog
designers are in demand more than ever, simply because the end limitations of digital
electronics need to be examined under the "analog" microscope to fully understand the
mechanisms that are occurring. Therefore, this text attempts to combine digital and
analog IC design in one complete reference.

Layout is the process of physically defining the layers that compose an integrated
circuit. Typically, layouts are constructed using a computer-aided design program.
CAD companies such as Mentor Graphics, Synopsis, and Cadence specialize in
providing extremely powerful CAD software for the entire integrated circuit (IC) design
process, including design, synthesis, simulation, and layout tools within an integrated
framework. These workstation-based software tools can literally cost millions of
dollars, but provide convenient and powerful features found nowhere else. CAD tools
also exist for the PC. Tanner Tool's L-Edit provides a complete IC design CAD
program for the personal computer. The program discussed in this book, LAyout
System for Individuals (LASI) (pronounced "LAZY"), also provides the student with the
ability to lay out ICs on a PC and includes design rule checking and design verification
capability. It is distributed as shareware, free for educational purposes.

With decreases in feature size come added complexities in the design. Layouts
must now be considered heavily in the design process as matching and parasitic effects
become the limiting factors in many precision and high-speed applications. The more
the designer knows about the process with respect to layout and modeling, the more
performance the engineer can "squeeze" out the design. However, performance is not
the only reason to consider the layout. The economic impact of IC layouts can be
detrimental to the circuit's marketing potential. In some cases a 20 percent increase in
chip area can reduce the profits of a chip by several hundreds of thousands of dollars.
Chip area should be considered as premium real estate. Therefore, much of the first ten
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Preface XxXi

chapters of this book is devoted to fundamental layout issues, with other issues
presented as the need arises.

Modeling is also a key issue. A simulation is only as accurate as its model.
Although the Berkeley Short-channel IGFET Model (BSIM) model has become the
industry standard its relatively nonintuitive structure makes hand analysis using BSIM
model parameters an intimidating process. To many students (and engineers), the
BSIM parameters are nothing more than sets of numbers at the end of their SPICE
decks. However, some very useful information can be gleaned from the BSIM model
which helps make the hand analysis more closely resemble the simulated result.
Chapter 6 provides a great deal of information that relates the BSIM model to
first-order hand-analysis equations.

A successful CMOS integrated circuit design engineer has knowledge in the
areas of device operation, circuit design, layout, and simulation. Students learning
CMOS IC design should be trained at a fundamental level in these areas. In the past,
courses on CMOS integrated circuits dealt mainly with circuit design or analysis. Little
to no time was spent on layout of the integrated circuits. This may have been justified.
It is difficult to find a reason to lay out an entire chip and then not have the chip
fabricated. However, through the use of the MOSIS' program, students can submit their
chip designs for fabrication through one of the MOSIS contracted vendors. In
approximately ten weeks the chips are returned to the university for evaluation. The
MOSIS program is an outstanding way of introducing students to the design of ICs.

Although many texts [4-32] are available covering some aspects of CMOS
analog or digital circuit design, none integrates the coverage of both topics with layout
and includes layout software as is done in this text. Our focus, when writing this text,
was on the fundamentals of custom CMOS integrated circuit design. It was our goal
that a student who studies and masters the material in this text will possess the
fundamental skills needed to design high-performance analog and digital CMOS
circuits and have the basic understanding and problem-solving skills needed to enhance
the performance of an IC or to determine why an IC doesn't function as simulated.

Use of This Text

This text can be used for two courses. Both courses can be offered at the senior/first-
year graduate level. The first course concentrates on the physical design of CMOS
digital integrated circuits with prerequisites of junior level Electronics I and a course on
digital logic design. A possible semester course outline is as follows.

Week 1 Chs. 1 & 2, introduction, course requirements, layout and SPICE
demonstrations, the n-well, sheet resistance.

Week 2 Chs. 2 & 3, the n-well, pn junction, capacitance, resistance, delay
through the well, introduction to the metal layers.

' MOSIS - MOS Implementation System through the Information Sciences Institute at the
University of Southern California, (310) 822-1511 or http://www.mosis.org
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XXii

Week 3

Week 4
Week 5

Week 6

Week 7
Week 8

Week 9

Week 10
Week 11
Week 12
Week 13
Week 14

Week 15

Preface
Chs. 3 &4, the metal layers, parasitics, electomigration, layout of the
padframe, active/poly layers, layout of the MOSFET and standard frame.
Ch. 5, MOSFET operation

Chs. 5 & 6, completion of MOSFET operation, discussion of modeling
using the BSIM model.

Chs. 6 & 7, completion of BSIM model, layout of a capacitor, MOS temp
dependence.

Chs. 10 & 11, digital models and the inverter.

Ch. 11, the inverter, switching point voltage and switching times, layout,
latch-up, and design.

Ch. 12, static logic gates, switching point voltages, speed, and layout.
Chs. 13 & 14, the transmission gate, flip-flops, and dynamic logic gates.
Chs. 15 & 16, VLSI layout and BiCMOS logic.

Ch. 17, memory circuits, basic memory cells, and organization.

Ch. 18, special-purpose digital circuits.

Ch. 19, introduction to digital phase locked loops, phase detectors,
VCOs.

Ch. 19, digital PLL design.

The second course concentrates on CMOS analog circuit design. A possible semester
course outline is as follows.

Weeks 1 & 2
Week 3
Week 4
Week 5
Week 6
Week 7
Week 8
Week 9
Weeks 10-12
Week 13
Week 14

Review of Chs. 1-6.

Chs. 7, CMOS passive elements, noise characteristics.
Ch. 9, analog MOSFET models.

Ch. 20, current sources and sinks.

Ch. 21, references.

Ch. 22, amplifiers.

Ch. 23, selected topics in feedback amplifier design.
Ch. 24, differential amplifiers.

Ch. 25, operational amplifiers.

Ch. 26, nonlinear analog circuits.

Ch. 27, dynamic analog circuits.
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Preface xxiii

Week 15 Chs. 28 &29, selected topics in data converter design.

This text can also be used as an accompanying text in a VLSI systems course that
focuses on the implementation of systems rather than circuits. Use of the text in this
manner is benefited by inclusion of the LASI layout software.
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Chapter

Introduction

This chapter discusses the CMOS (complementary metal oxide semiconductor)
integrated circuit (IC) design process, how to set up the LASI (LAyout System for
Individuals) layout software, and fabrication of CMOS integrated circuits through
MOSIS (MOS Implementation Service).

1.1 The CMOS IC Design Process

The CMOS circuit design process consists of defining circuit inputs and outputs, hand
calculations, circuit simulations, layout of the circuit, simulations including parasitics,
reevaluation of the circuit inputs and outputs, fabrication, and testing. A flowchart of
this process is shown in Fig. 1.1. The circuit specifications are rarely set in concrete;
that is, they can change as the project matures. This can be the result of tradeoffs made
between cost and performance, changes in the marketability of the chip, or simply
changes in the customer's needs. In almost all cases, major changes after the chip has
gone into production are not possible.

This text concentrates on custom IC design. A custom-designed chip is often
called an ASIC (application-specific integrated circuit). Other (noncustom) methods of
designing chips, including field-programmable-gate-arrays (FPGAs) and standard cell
libraries, are used when low volume and quick-design turnaround are important. Most
chips that are mass produced, including microprocessors and memory, are examples of
chips that are custom designed.

The task of laying out the IC is often given to a draftsman. However, it is
extremely important that the engineer be able to lay out a chip (and direct the draftsman
on how to lay the chip out) and understand the parasitics involved in the layout.
Parasitics are the stray capacitances, inductances, pn junctions, and bipolar transistors,
with the associated problems (breakdown, stored charge, latch-up, etc.). A fundamental
understanding of these problems is important in precision/high-speed design.
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Define circuit inputs

and outputs
(Circuit specifications)

3

Hand calculations
and schematics

!

( Circuit simulations —I

Does the circuit
meet specs?
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Re-Simulate with parasitics

Does the circuit
meet specs?

-————{ Prototype fabrication |

[ Testing and evaluation ’

No, Spec Problem

No, Fab Problem

Does the circuit
meet specs?

[ Production j

Figure 1.1 Flowchart for the CMOS IC design process.
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Chapter 1 Introduction 5

1.1.1 Fabrication

CMOS integrated circuits are fabricated on thin circular slices of silicon called wafers.
Each wafer contains several individual chips or "die” (Fig. 1.2). For production
purposes each die on a wafer is usually identical. Added to the wafer are test structures
and process monitor plugs (sections of the wafer used to monitor process parameters).

A dice fabricated with other die on the silicon wafer
- O
\
] Top
," Enlarged view
= w> ——= Side
= view

Wafer diameter is typically 5 to 8 inches.

Figure 1.2 CMOS integrated circuits are fabricated on and in a silicon wafer.

The ICs we design and lay out using LASI can be fabricated through MOSIS [1]
on what is called a multiproject wafer; that is, the wafer consists of chip designs of
varying sizes from different sources (educational, private, government, etc.). MOSIS
combines multiple chips on a wafer to split the fab cost among several designs to keep
the cost low. MOSIS subcontracts the fabrication of the chip designs out to one of many
commercial manufacturers, including Orbit and HP.

The view we see when laying out an IC is always a top view of the die. When
laying out the chip, we draw boxes or polygons on differing layers indicating how to
assemble the circuit. We may specify a box on layer 1 (n-well) from the coordinates
(0,0) to the coordinates (10,10). The coordinates of this box and other shapes defining
the circuitry are specified in a binary file using Calma Stream Format (abbreviated CSF,
GDSIL, or simply GDS). This file describes the completed chip design. When using the
LASI program, TransportabLe LASI Cell files (TLC files) are used to store the design
information. When the design is finished, the TLC files can be converted to a GDS file
and sent via the Internet to MOSIS for fabrication.

1.2 Using the LASI Program

The LASI program discussed in this text is a powerful CAD (Computer-aided design)
package used in the design of integrated circuits. This section discusses the installation
and operation of LASI in the DOS environment.

Installing LASI

To install LASI, place the LASI disk accompanying this text or downloaded from the
Internet into the a: floppy. From the DOS prompt type:
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6 Part I CMOS Fundamentals

C:\>a:2install

Answer the installation instructions, selecting "yes" for installing the setups and
modifying the autoexec.bat file, and run the tutorial supplied with the program. When
finished, reboot the computer. Note that a DOS mouse driver must be installed if not
running under Windows.

After the installation is complete, your hard disk should have a directory
CALASI5 containing all executable files and directories C:ALASIS\CN20,
CALASIS\MOSIS, and C:ALASI5\2UCHIP containing the setups for the CN20 process,
MOSIS and MOSIS 2 um processes, respectively. The autoexec.bat file should have
had C:\LASIS added to the beginning of the PATH statement. To verify that the path is
set correctly, type "set" at the DOS prompt (after rebooting the computer). If the path is
not set correctly, use the edit autoexec.bat command to manually add C:\LASIS to the
PATH statement. If your autoexec.bat file does not have a PATH statement, simply add
PATH C:ALASIS; at the beginning of the file. The PATH statement permits LASI or
any LASI program to run from any directory on the hard disk.

Drawing Directories

Under the C:\LASIS directory should be a directory \TUTOR containing the example of
a bipolar op-amp supplied with LASI. All chip designs should reside in a directory
other than the LASIS directory. The \LASIS directory is used only for the executable
programs in the layout system. The directory of a chip design can be a subdirectory of
\LASIS, similar to \TUTOR above, or a directory somewhere else on the hard disk.

Throughout the book we will be using Orbit's CN20 CMOS process. Change
directories into the \LASIS\CN20 directory and verify that the setups were successfully
copied into the directory.

Starting LASI

We are now ready to run the LASI program. At the DOS prompt, from within the
drawing directory, type "lasi" or

C:ALASIS\CN20>lasi
The screen shown in Fig. 1.3 should appear (in color).
Help

The LASI layout system comes with a complete on-line manual. To use the manual at
any time, while LASI is running, press F1. Pressing F1 while the mouse cursor is over
a command button will give information related to the command button. The manual
can also be accessed without LASI running by typing, within the directory shown, the
following:

C:ALASIS\>1hi
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IL@SEPRDS.Z

“PRNPLOT [ GDSZILC _ [ CIFZILC__ [ LASIDRC _ [ DXF2ILC
[TPGLPLOT | TLC2GDS ~ | TLCZCIF | LASICKI | FLATILC

— Environment

Cell
Current Cell is PADFRAME [ List
Drawing Directory is C:\LASIS\CN20 Attach
Running Under Windous Import
2048K XMS/267X DOS Bytes Free Gopy
Form
Scale
— Dialog fArea Show
-- Kill
ReNane
ReSize
ReRank
CelSort
TLCin
TLCout
DOS
Quit

Fi=Help ESC=Cancel Virtual Object Managed

Figure 1.3 LASI startup screen.

1.2.1 Cells in LASI

Complex IC designs are made from simpler objects called cells. A cell might be a logic
gate or an op-amp. To show a listing of the cells in this drawing directory, select List
from the commands. LASI will show that the drawing directory is empty. Click, with
the mouse, anywhere on the screen to return to the previous screen (the system screen).

TLC Files

Cells in LASI are backed up using transportable LASI cell files (or TLC files for short).
The setup files that were copied into the CN20 directory during installation contain
several TLC files. By selecting the TLCin command (running LASI from the
CALASIS\CN20 directory), we can convert these TLC files into a binary format (files
with the * BP5 and *.CLS extensions) for use with the LASI program.

Pressing the TLCin command button will begin this process (do this now).
Specifying "." for the source path indicates the current drawing directory. Specifying
"*" for the cell names will convert all TLC files in the directory into *.BP5 and *.CL5
format. The cells in the LASI drawing directory are backed up, normally on a floppy,
using the TLCout command button. In Fig. 1.4, pressing "y" to "All Correct & Ready,"
and then "y" to overwrite any existing cells in the drawing directory (at this point, none
should exist) will cause several cells to be changed into LASI binary format. Using the
List command button and clicking on the cell "rulel" puts us into the drawing display
(cell mode). Using the Fit command button will center the contents of the cell in the
window. The result is seen in Fig. 1.5.

29 of 47



Part I CMOS Fundamentals

(LA ST ero 5.2

PRNPLOT GDS2TLC [ CIF2TLC [ LASIDRC [ DXF2TLC
| “PGLPLOT [~ TLC2GDS [ TLC2CIF | LASICKT | “FLATTLC
— Environment
Cell
Current Cell is PADFRAME List
Drawing Directory is C:\LASIS\CN20 Attach
Running Under Windouws [ Tmport
2048K XMS-267K DOS Bytes Free Copy
[ Form
Scale
— Dialog Area Shou
Kill
TLC -> Drauing ReNane
Source Path ? . ReSize
Cell Name(s) if Any 2 = ReRank
All Correct & Ready ? (y or n) NI CelSort
ILCin
TLCout
DOS
Quit
Fi=Help ESC=Cancel Virtual Object Managed

Figure 1.4 Using the TLCin command.

RULEL (1) | 0 Cells 2 Boxes 22 Paths 55 VUtx |
(W U[C|D[TIN[O]R]

wGrd=1um dGrd=fum 0bj=BOX Layr=CONT |

Figure 1.5 LASI display after opening the file containing rule 1.
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Toggling Menus

Notice, in Fig. 1.5, that clicking the RIGHT mouse button causes some of the menu
items to change or toggle between different commands. Again, a menu item can be
selected using the LEFT mouse button. Return to the System menu by selecting the Sys
command in the bottom left corner of the command buttons. If the Sys command is not
shown, click the RIGHT mouse button once.

Creating a Cell

To begin the layout of a new cell, the Cell command is used. The cell is assigned a
name, for example, AND, and a rank. Since the AND gate is a basic building block, we
will assign a rank of 1 (the lowest rank). If a cell is created that uses the AND gate cell,
then the new cell will be assigned a rank of 2 or higher. That is, a cell with a rank of 2
can contain cells with a rank of 1. If the cell has a rank of 5, then it can contain any
cell with a rank of 4 or lower. Another analogy is to consider a chip, a printed circuit
board, and a computer. A chip can be put on a circuit board, and the circuit board can
be put into a computer. Using the ranking analogy, the chip has a rank of 1, the circuit
board has a rank of 2, and the computer has a rank of 3. Therefore, the computer with
rank 3 cannot be put into the chip with rank 1.

Create a cell called "test” for experimentation by selecting the command Cell
and entering the name "test" with a rank 1. The bare test cell is shown in Fig. 1.6.
Notice in the top left corner that the cell name and rank are displayed.

TEST (1) | 0 Cells O Boxes O Paths O Uix }
Using Layer Table 1w UjC[DITIN[OR]T [sDrw[iDru

Get (Pt.1) | X=31.5 ¥=11.25 | [List]Cell

wGrd=1um dGrd=ium O0bj=BOX Layr=CONT ]

Figure 1.6 LASI display using the layer table, CONT selected as the current layer, Box
selected as the current object, and grids are set at 1 um.
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10 Part I CMOS Fundamentals

1.2.2 Navigating LASI

Notice in Fig. 1.6 that the cross-hairs show the location of the origin. Pressing R in the
top right corner (or typing r on the keyboard) of the display turns this reference
designator on or off. Now hit the Draw command. This command redraws the screen
with (or without) the reference cross-hairs showing. Press r so that the reference
designator is showing. Placing the mouse cursor over the origin causes the distance
indicator at the bottom of the display to read (0,0). The distance indicator shows the
distance away from the origin. If the indicator is showing distances of 10° or larger (10°
pm is 1 meter), you are viewing the entire drawing universe. Selecting the Fit
command with nothing drawn could easily result in this situation. To get back to a
display that shows tens of microns, simply select the Zoom command and then double
click, with the LEFT mouse button, on the reference designator. If you cannot find the
reference designator, select Fit, keeping in mind that R in the top right of the display
should be highlighted. One other useful command is the Orig command. This
command allows the user to set the origin at any location in the drawing display.

Grid

The grid can be turned on and off by clicking on the Grid command button. The grid
will not display when "zoomed out."

Cursor

The cursor can be changed between a small-cross and full-screen cross-hairs by pressing
the Tab button on the keyboard.

Measurements

By pressing z on the keyboard, a zero reference point is established independent of the
origin. When the spacebar is pressed, the distance between the mouse cursor and the
zero reference point is displayed. Pressing w causes the mouse to snap to the working
grid.

1.2.3 Adding Objects

Select the Layr' command to display the layer table used in this process. From the
layer table with the LEFT mouse button, select layer 1, the n-well. Notice that the
selected layer is displayed at the bottom of the screen. Now select Obj or the object
command. The object command will accept three arguments, "b" for box, "p" for path
(or polygon), or the name of a cell if we want to add a lower ranking cell to the current
cell. Type "b" for box and hit Enter. Now the bottom of the drawing display should
show that the working and dot grids are 1 pm, the object is a Box, and the layer "nwel."
We are now ready to begin drawing the layout.

' Again, remember that if the command is not showing, press the RIGHT mouse button to toggle
between menus.
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Click on the Add command with Obj = BOX and Layr = NWEL. Click the
LEFT mouse button in the drawing area over the origin once. Move the mouse toward
the top right corner of the display until you get a box similar to the one shown in Fig.
1.7 and click the LEFT mouse button again. Using the arrow keys on the keyboard or
the command buttons, change the display view. Now select Fit and notice that the
n-well is centered in the drawing display. The Xpnd command will expand the view.
Notice how the viewing area increases. Use the Zoom command to zoom in on the
corner of the n-well box by drawing an imaginary box around one of the corners of the
n-well box. When drawing, it is often useful to show a grid in the drawing area. The
commands wGrd and dGrd are used to change between the working (the grid the
cursor snaps to) and dot (the one you see) grids. For the setups included with this book,
both grids are set to 1 pm. Using the Set command, the user can set the number of
working and dot grids as well as the grid spacing. It is not recommended that any of
the settings be changed until the user becomes very familiar with LASL

TEST (1) | 0 Cells 1 Boxes O Paths 0 Vix
Using Lagyer Table JIW UICIDIT[N{OIR]|T {sDruw|lDrw

T InTo [Show

Lol Ll Sort |Arc
O (1523 L5 )
............................................... cCel [cSiz
R I #77 [ 4
N | P (T

- isWin|rdin

Fit [Xpnd

........ e T S
B e t ... ......... |Praw|Grid
T P wGrd |dGrd
e vl Vieu [Open
0bj [Text

Add |Del
Get [Put
fGet [fPut
tGet |tPut
cGet [cPut
aPut |uGet
qMou [cHou
Mou |uStp
Cpy |pRev
pBeg |PEnd

© [Cut |Joimn

Add (Box Pt.1) | X=2§ ¥Y=24 __| |[List]|Cell
wGrd=1um _dGrd=ium Obj=BOX LayrzNWEL |

Figure 1.7 Drawing a box in LASIL

1.2.4 Editing Objects

Only one basic operation, moving, can be performed on a Box after it has been added to
acell. The entire box or any of the four sides can be moved. This operation consists of
getting the object or side to be moved and performing the move, and then putting the
object back (de-selecting the object).
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12 Part I CMOS Fundamentals

Using the previously generated n-well layout as an example, use the Get
command and select the right side of the n-well box using the mouse. This is done by
clicking the LEFT mouse button on the left of the side and then again on the right,
ensuring the box drawn by the mouse intersects the side. Objects that are selected using
Get should be highlighted. Next, select the Mov command. Using the LEFT mouse
button, click once somewhere in the display. Move the mouse a small distance to the
left and click the LEFT mouse button again. Notice that the highlighted side moved an
equal distance to the left of its original position. Use the Put command to unselect the
highlighted side. A simpler method of unselecting all of the active elements is to use
the aPut (all put) command.

Sometimes we may want to get the entire box. The fGet (full get) command
allows dragging the mouse through a portion of the object to select the entire object.
Try selecting the entire box using fGet and then unselecting it using aPut.

LASI also has the feature that allows the user to execute a set of commands by
pressing a single key. This is easily accomplished by adding a line to the form.dbd file.
For more information, read the on-line help (by pressing F1).

Viewing and Editing Specific Layers

Suppose that it is desired to view only a few layers of a complicated layout. This can be
accomplished by selecting the desired layers using the View command. The user needs
to be warned, however, that if the invisible layers are not made visible again, frustration
could abound.

The Open command determines which layers can be selected using the Get
command. This feature allows the user to make certain layers uneditable. In the current
drawing, select the Open command and unselect the n-well layer. Return to the
drawing area by clicking the RIGHT mouse. Attempt to get any part of the n-well box
and notice that none of the sides can be highlighted or edited in any fashion.
Highlighting the n-well layer under the Open command will then allow any editing
operations on that layer. This command could also be frustrating if the user forgets that
certain layers are unselectable.

1.2.5 Placing Cells

Select Cell from the command button and make another cell. Call the new cell test2
and assign a rank of 2. Next, using the Obj command, use the previously laid out cell
(test) as the new object. Using the Add command, add the cell, test, to the cell test2 by
simply clicking the LEFT mouse button in the drawing area. Repeat this several times
until the layout is similar to Fig. 1.8. Remember that if a cell has a rank equal to or
greater than the cell you are currently editing, nothing will happen if the cell is Added
to the current one.

I
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TEST2 (2) ] 4 Cells O Boxes O Paths 0 Vtx ]
Using Layer Table JWUIC[D[TINIDIR]T [sDrw[1Dru
Info [Show
Sort |Arc
Attr (Hcpy
' H cCel [cSiz
| H cLyr [cWth
' : R EAREEEEEET Layr [Wdth
' H ; ' sWin|rWin
I Looeneeany : 1 H Fit |Xpnd
H ' H ' H ) Ps Y

' H . T +
AT ELEEESETEIEEY | ; Zoon [Cntr
i ) , Draw |Grid
g wGrd |dGrd
View[Open
______________________________________________________ 0bj |Text
R SRR REEEEH ! ; Add_|Del
H : ' ' Get |Put
fGet [fPut
tGet |[tPut
cGet JcPut
aPut |uGet
4 H qMov [cMov
[ i R Mou |uStp
Cpy |pReu
d} pBey |[pEnd

Cut |Join
fAidd (Cell Pt.) | X=-15 =30 i [List|Cell
wGrd=fum dGrd=fum 0Obj=TEST | ——-————»——J

Figure 1.8 Inserting the cell, test, using the Add command.

Viewing Complex Layouts

Cells can be drawn as outlines using Outl (Fig. 1.9). The mouse is used to enclose the
cell you want drawn as an outline. Using the Full command draws the entire cell. This
becomes helpful when a large number of cells are present and the redraw time is long.
Also, cells will be drawn as outlines if the ESC key is pressed when LASI is redrawing
the screen or the Dpth command is used. The Dpth command is used to draw cells as
outlines if they are nested deeper than the cells depth setting.

Moving Cells

Moving a cell consists of getting the cell using the cGet (cell get) command, moving
the cell using the Mov command, and putting the cell using the aPut (all put) or cPut
(cell put) commands.

Displaying Cells

When cells are drawn as outlines, using the Qutl command, the names, on the outline,
can be displayed or hidden by pressing n on the keyboard (indicated by N in the top
right corner of the drawing display). If the cells are not drawn as outlines, pressing i on
the keyboard draws a dotted line around the cell. This is useful as a reminder of which
parts of the layout are cells and which parts are boxes or polygons.

A Note on Editing

Only objects that are drawn in the current cell can be edited. The objects resulting from
adding a cell to the current (open) cell cannot be edited. Trying to change the size of
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14 Part I CMOS Fundamentals

any of the n-well boxes of Fig. 1.8 from the tesz2 cell (the open cell) would result in
frustration. To change the size of these boxes, we must first open the test cell.

IEST2 (2) | 4 Cells O Boxes O Paths O VUtx
Using Layer Table JIWU[CID[T|N[O[R[T [rDrw][DOS
Outl [Full

Set [Form
Make |Snsh
Step [Res
Dpth {Cap
tlyr [tSiz
sWin[rllin
Fit [Xpnd

Zoon [Cntr
Drauw [Grid
TEST wGrd |dGrd
(View |Open
Obj [Text
Add [Del
Got [Put
fGet [fPut
1Get [tPut
cGet {cPut
aPut [aGet
- qMou [wMou
ST £5T Mov |[uDup
Rot |[Flp
-$ ReSz [Snap
QuSz |Orig
Outl (Pt.1) | X=20.35 ¥=9.75 Sys |UnDo
wGrd=1um dGrd=fum 0bj=TEST _—

Figure 1.9 Using the Outl command.
Saving Your Work

LASI can automatically generate a TLC file in the drawing directory each time the cell
mode is entered or exited. This is specified by including the line "misc = autoTLCout"
in the form.dbd file in the drawing directory. A backup to floppy should also be made
periodically using the TLCout command button on the system mode.

Understanding the UnDo Command

Using the UnDo command with argument "c" restores the cell to the state it was in
when it entered the cell mode. It does not simply undo the last command executed.
This command can cause major loss of information if the cells are not backed up
periodically. More information regarding this command can be found in the on-line
manual. Normally, an argument of "d" can be used to undo a delete or move.

1.2.6 Common Problems
After adding an object, the object cannot be seen.

Check the View layers in the drawing display to ensure that the layer is not in hidden
mode. The Draw command must be used after using View.

Cannot Get an object.
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(1) Check, using the Open command, that the layer can be opened (or moved). (2)
Verify that the object is not part of another cell. (3) When trying to get an object made
using the path or polygon object, make sure the cursor encompasses a vertex.

The menu doesn't redraw when the Layr button is pressed.

The layer table is not being used. Press CNTRL-ENTER so that the top left corner of
the display shows "Using Layer Table."

Cells are drawn as outlines, or the perimeter of a cell has a dashed line.

(1) Use the Full command to show the contents of a cell. (2) Use the Dpth command
to limit the depth of the cells shown. Increasing the depth to the rank of the cell shows
all cells. (3) Press i on the keyboard to force an outline to be drawn around a cell. This
is indicated by the I in the top right corner of the drawing display.

The Fit command causes the drawing window to expand much larger than the current
cell.

There is an unknown object someplace in the cell. Use the fGet command to get any
objects outside the main cell area. Use the Del command to delete the unknown object.

LASI or any other LASI program that uses XMS memory when run under DOS does not
use XMS memory when run under Windows 3.1.

Use Windows PIF editor to allocate at least 2048 KB of XMS memory in the PIF file for
that program.

The cursor movement is not smooth.

The cursor may be in the octagonal mode. Press "0" on the keyboard or the button "O"
in the top right portion of the display to toggle this mode on and off.

1.3 MOSIS

The MOSIS? IC fabrication service is available to universities provided they have access
to the Internet, software for layout and simulation, and the capability to test the
completed designs. The instructor must contact MOSIS and submit a proposal for
funding. If the proposal is funded, the university will have an account set up with the
dollar amount determined by the number of students in the CMOS course. At the
present time, funding from NSF for introductory classes is $620 per two students. This
is the cost of one "tiny chip” fabricated in a 2.0 pm process measuring 2.2 mm by 2.2
mm edge to edge. A minimum quantity of four chips is supplied with each order.
Commercial companies and non-US univerisities may also fabricate ICs through
MOSIS but receive no US government funding.

> MOSIS - MOS Implementation Service through the Information Sciences Institute at the
University of Southern California, (310) 822-1511 or http://www.mosis.org

* National Science Foundation
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After an account has been established by MOSIS and the university has an
account number, completed chip designs can be submitted in UUEncoded GDS
(UUGDS*) format or CIF (CalTech Intermediate Form). This text will only describe the
fabrication process using GDS format. For information regarding CIF, contact MOSIS.
To translate a TLC file into GDS format, simply select the TLC2GDS command button
on the LASI system menu. The screen shown in Fig. 1.10 will appear. Here, the name
of the highest ranking cell, that is, the cell to be fabricated, is QCELL.TLC. All cells
used in QCELL.TLC will be converted into GDS format and placed in the binary file
QCELL.GDS (this is transparent to the user). Of course, the TLCout command must
be executed prior to calling the TLC2GDS utility. The conversion process is started by
selecting "Go" on the screen in Fig. 1.10. Additional information concerning a TLC to
GDS conversion can be found by pressing the Help button in Fig. 1.10.

LASI TLC to GDSII Converter Version 5.2 x

[THelp | Text [ Mem [ Go [Tauit

— Conversion Setup

Main TLC File to be Converted QCELL.TLC |

Name of GDS File to Make QCELL.GDPS |
GDS Library Name DEFAULT.DBD -~ Scale Unit LSB Correction O

Physical Unit (um or mil) um Lambda Size in um {1,
LASI Units per Phys Unit 20. GDS Units per Phys Unit 1000

Datatype to Use O " Default Line Width O.

Layer 64 to Layer O Layer Filter - 1

Sort in Ascending Rank Order Y | Convert Any Text Il
Convert Names to Lowercase N | Make Only Proper Poly ¥ |

Nane of Report File or Printer ILC2GDS.RPT 1

4+ 3 TAB=Move
Figure 1.10 Converting TLC files to GDS format.
To translate the binary GDS file (QCELL.GDS) into an ASCII file
(QCELL.UUE) suitable for transmitting to MOSIS, the following command is used:
CALASISNIDAHO> uuen -j qcell.gds qcell.uue

The executable file UUEN.EXE is located in the C:\LASIS directory. The switch "j"
creates a Unix-compatible ASCII file.

* UUEncoding is used to change a binary file such as the GDS file generated with the TLC2GDS
into an ASCII file for transmission over the Internet. Here UUGDS is a UUEncoded GDS file.
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The final step, before submission of the file to MOSIS, is to run the checksum
program (CKSUM.EXE) located in C:\LASIS on QCELL.UUE, or

CALASISNDAHO> cksum qceli.uue

The result is two numbers; the layout-checksum and the byte count. These numbers are
used in the submission process discussed below.

Submission of Chips to MOSIS

The basic submission of chips to MOSIS consists of requesting an ID for a new project,
submitting the project for check, and requesting the project be fabricated. Checking the
status of the chips and changing or canceling project parameters can also be performed
before the chips are sent out, from MOSIS, for fabrication.

A project ID can be requested from MOSIS by sending an appropriate e-mail
address to mosis@mosis.org for each of the chip designs that will be fabricated. The
MOSIS command language syntax is used when communicating with MOSIS. When
making this request, the user must specify several items, as illustrated in the following
example. The project check is used to ensure that the ASCII file containing the
UUGDS specifications of your chip does not get corrupted when transmitted over the
Internet. If the GDS file is accepted, the users will be notified. The user can then
instruct MOSIS, via the Internet, to fabricate the chip.

Example 1.1

Submit a chip to MOSIS for fabrication using Orbit's 2.0 pm n-well process
(CN20). Information on this process is given in Appendix A and is used
throughout the text.

Step 1: Request New Project ID

Assuming that MOSIS specified an account number of 123-ABC, the password
is WINFECT, and the instructor's name is SMITH, note that the first step in
submitting a chip for fabrication is to send MOSIS an e-mail requesting a new
project ID (the e-mail message is shown below). Again the e-mail address is
mosis @mosis.org.

REQUEST: NEW-PROJECT
ACCOUNT: 123-ABC

D-NAME: SMITH
D-PASSWORD: WINFECT
P-NAME: CHIP1
P-PASSWORD: UNIVER

PHONE: (123) 456-7890
TECHNOLOGY: FORESIGHT-CN20
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SIZE: 2160 X 2160

PADS: 40

PACKAGE: DiP40

QUANTITY: 4

DESCRIPTION: HIGH SPEED OP-AMP
REQUEST: END

The part name and password are defined by the user. It was assumed that the
pads were designed by the students and measured 180 pm square; that is, the
outline of the pads is 180 pum, while the actual pad is 100 pm on a side (see Ch.
3). The resulting padframe measures 2160 um by 2160 ym. The "PADS:" line
specifies the number of pads on the chip. The description line of the request file
is also defined by the user. MOSIS replies to the above request with an ID
number such as 876543. The MOSIS system is automated so that precise syntax
is required.

Step 2: GDS File Submission

To submit the chip for project check, send the message shown below. The final
cell that references all the other cells is the "TOP-STRUCTURE" cell. This cell
is the chip that will be fabricated.

REQUEST: SUBMIT

ID: 876543
P-PASSWORD: UNIVER
LAYOUT-CHECKSUM: 123456 1234
LAYOUT-FORMAT: UuUGDS
TOP-STRUCTURE: QCELL
LAYOUT:

insert UUGDS file here (gcell.uue). Do not add characters.
REQUEST: END

If the file is received uncorrupted, MOSIS responds by sending an e-mail
message to the user stating that the project is ready to be queued for fabrication.

For some chip designs, the UUGDS ASCII file will be very large. MOSIS
has the capability to FTP large design files from the user. The LAYOUT
statement can be changed, in the submission above, so that this is possible. The
general form of the LAYOUT statement is

LAYOUT-FTP-PATH: !hostnamelusernamelpassword!filename
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where is used as a delimiter and hostname is the name of the computer
connected to the Internet where the design file resides. An example is

LAYOUT-FTP-PATH: !mycom.univ.edulanonymous!guest!pub/chips/qcell.uue
where the entire statement must fit on one line.
Step 3: Queuing the Project for Fabrication

Queuing the project for fabrication occurs by sending

REQUEST: FABRICATE
ID: 876543
P-PASSWORD: UNIVER
REQUEST: END

MOSIS will respond a short time after receiving the message, showing that the
chip is in the queue for fabrication. When the chip is actually sent to the
foundry, the user will be notified. Information about the status of the chip while
being fabricated is available via anonymous FTP or the World Wide Web
(http://www.mosis.org). Consult the MOSIS user's guide and the on-line
information for additional information on submitting a chip for fabrication and
the fabrication schedule. W

To summarize the procedure for submitting a chip to MOSIS for fabrication,
begin with a LASI-generated TLC file. Then

1. Using the command button TLC2GDS on the LASI system menu, generate a
Calma Stream Format (GDS) binary file.

2. UUENCODE the GDS file. The result is a UUGDS (ASCII) file.

3. Next, the checksum program, cksum.exe, is run on the UUGDS file. This
results in the generation of two numbers: checksum and byte count.

4. Send MOSIS a request for a new project ID (assuming you already have an
account).

5. Submit the UUGDS file to MOSIS for syntax check (not a design rule check).

6. After MOSIS replies that the file has no syntax errors, submit the fabrication
request.

Other Information

The MOSIS user's manual with additional information and extensive examples is
located at http://www.mosis.org/manual.html. A postscript file containing the MOSIS
scalable design rtules is located at ftp://ftp.mosis.org/pub/mosis/designrules/
scmos-rules-rev7.ps

41 of 47



20

Part I CMOS Fundamentals

REFERENCES

(1]

(2]

W. Tanner, MOSIS User Manual, Release 4.0, August 1994. Also located at
http://www.mosis.org/manual.html.

D. E. Boyce, LASI Users Manual, available by pressing F1 while running LASI
or may be printed by running the MANUAL.EXE program included with the
LASI system files.

PROBLEMS

For the following problems, use the LASI setups given in Appendix A and in the
CALASIS\CN20 directory for the CN20 process.

1.1

1.2

1.3
14
1.5

1.6

Create a cell called test3 with a rank of 1 using LASI. In this cell, draw a 10 um
by 10 pm box using the poll layer. Place the lower left corner of the box at the
origin. Use the "z" (used to set the zero point) and the spacebar to measure the
distance between opposite corners.

Explain how the qMov command can be used to edit the box in Problem 1 so
that it measures 5 x 8 um®>. How would this be accomplished using Get, Moyv,
and Put?

What functions do the sWin and rWin commands perform?
What functions do the ¢Get and cPut commands perform?

The Text command allows text to be used for labeling in LASI. The tLayr
selects which layer the text will be written in, while the tSiz sets the size of the
text in 1.5 pm increments. Write the word "test” on the met1 layer with sizes of
3,9, and 24 um in the test3 cell of Problem 1. Show the result without using the
reference mark. (The reference mark is removed by pressing t on the keyboard or
by selecting the T in the top right corner of the drawing display, remembering to
execute a Draw command afterward.) Labeling is extremely important in
layout.

Create a cell named test4 with a rank of 1. Generate the layout shown in Fig.
P1.6a in this cell. The text and boxes are written using the metl layer. Next
create a cell named test5 with a rank of 2. Add the test4 cell into the testS cell
five times as shown in Fig. P1.6b. The ¢Get and Mov commands may come in
handy at this point. Next draw the cells as outlines, shown in Fig. P1.6¢c, using
the Outl command. Note that we could have used the Cpy command to copy the
layout in test4 five times and avoid adding the test5 cell. The problem with this
is that as the layout becomes complicated the memory required in a "flat" cell
increases dramatically. The hierarchical layout using the nested cells keeps
memory usage to a minimum. The Cpy command should be used as little as
possible.
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TEST4 TEST4

T
\

TEST4 TEST4 TEST4

(b) (©

Figure P1.6

1.7

1.8

1.9

1.10

Polygons or paths can be drawn using LASI by setting the Obj to "p" (instead of
"b" for box). Setting the Wdth size to 0 causes LASI to draw polygons, while
setting the width greater than O causes LASI to draw paths. When finished
drawing a path or polygon, use the aPut command. Using LASI, copy the layout
shown in Fig. P1.6a using the polygon object.

What part of an object made using the polygon or path must be encompassed to
Get the object?

Using the poll layer, draw a triangle that measures nominally 10 pm on each
side. How many vertices does the object have?

Circles can be drawn using a polygon (path with zero width) and the Arc
command. Consider the layout shown in Fig. P1.10. Copy this layout in LASI.
Begin by adding a vertex at point A using the Add command. This is followed
by selecting the Arc command, moving and clicking the mouse in the desired
center of the circle, and returning and clicking the mouse at point A. The
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1.11

1.12

1.13
1.14
1.15

bottom of the display will then inquire how many segments should be used and
which direction to draw, that is, counterclockwise or clockwise. Hit the Enter
key to both of these questions, and LASI will draw the following circle.

AX : e

Figure P1.10

Pressing F1 on the keyboard within the LASI program calls the LASI help file.
What would be added to the end of the form.dbd file in a drawing directory so
that F2 performs the LASI command Fit and F3 performs an aPut? Frequently
used commands can be executed using function keys to help speed up layout
time.

Using the Dpth command, show how the cells in Fig. P1.6b can be drawn as
outlines. What does the depth level mean? Show that, by pressing i on the
keyboard (or top right corner of the drawing screen), the cells are also drawn as
outlines.

What do the keyboard buttons w, u, a, z, and space do in LASI?
Describe how to add text in LASI and how to set the text size and layer.

Using LASI, show example layouts that show the difference between path
objects and the poly objects. Use polyl in your examples. How do you Get a
poly or path object?
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LASI Software

If a floppy disk is not included with this text, the LASI software can be
downloaded from the Internet at:

http:/fwww.mrc.uidaho.edu/visi/cad_free. html

Hardware Requirements

LASI software will run in some configuration on almost any IBM compatible
computer with a 386 or higher. You need 4 Mbytes of memory, a hard disk
drive, VGA video, and a mouse. For small to medium layouts, a 386 or 486
CPU will be adequate. For larger layouts, a Pentium with PCI bus is
recommended.

Software Contents and Installation

Whether downloaded from the Internet, or on floppy disk, you should have the
following files:

+ 2INSTALL.EXE: Installation program.

¢ LASI527.ZIP: Main LASI system files. ("?" indicates revision number)

¢ CN20.ZIP: Setups for Orbit's CN20 process using the Foresight design
rules. Information is given in Appendix A.

+ MOSIS.ZIP: Setups using the MOSIS Scalable Design Rules in terms of
A. Information is given in Appendix B.

¢ 2UCHIP.ZIP: An example of chip design (layouts and schematics) using
the MOSIS Scalable Design Rules with A = 1 ym.

If not on a floppy disk already, copy the above files to a 1.44MB floppy disk. At
the DOS command prompt C:\>, type: "a:2install". Assuming LASI is to be
installed on the C: drive, specify the hard drive as "C" and answer "Y" to all
questions. The LASI tutorial will run when the installation is complete. If the
tutorial runs, LASI is probably installed correctly. Reboot after you quit the
tutorial. To run LASI on any of the sample layouts, go to Chapter 1 of the text
and follow the instructions in Section 1.2 "Using the LASI Program." This will
give you the fundamentals of how to work with LASI.
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