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.1 - INTRODUCTION

GLOBAL OBJECTIVES

» Teach the analysis, modeling, ssimulation, and design of analog circuits

implemented in CM OS technology.
 Emphasis will be on the design methodology and a hierarchical

approach to the subject.

SPECIFIC OBJECTIVES

1. Present an overal, uniform viewpoint of CMOS analog circuit design.

2. Achieve an understanding of analog circuit design.

» Hand calculations using simple models

* Emphasis on insight

e Simulation to provide second-order design resolution
3. Present a hierarchical approach.

» Sub-blocks - Blocks — Circuits - Systems

4. Examplesto illustrate the concepts.
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.2 ANALOG INTEGRATED CIRCUIT DESIGN

ANALOG DESIGN TECHNIQUES VERSUS TIME

FILTERS

Passive RLC circuits

AMPLIFICATION

Open-loop amplifiers
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DISCRETE VS. INTEGRATED ANALOG CIRCUIT DESIGN

Activity/ltem Discrete Integrated
Component Accuracy |Well known Poor absolute accuracies
Breadboarding? Yes No (kit parts)
Fabrication I ndependent Very Dependent
Physical PC layout Layout, verification, and

I mplementation

Parasitics

Simulation

Testing

CAD

Components

Not Important

Model parameters well

known

Generally complete
testing is possible

Schematic capture,
simulation, PC board

layout

All possible

extraction

Must be included in the
design

Model parameters vary

widely

Must be considered
before the design

Schematic capture,
simulation, extraction,

LVS, layout and routing

Active devices,

capacitors, and resistors
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THE ANALOG IC DESIGN PROCESS

Conception of the idea

v

v
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Definition of the design

Comparison
with design
specifications

v

Implementation ——

f

v

Simulation <

v

Comparison
with design
specifications

v

Physical Definition

v

Physical Verification

v

Parasitic Extraction

v

Fabrication

v

Testing and Verification

A

v

Product




Allen and Holberg - CMOS Analog Circuit Design

Page 1.2-4

COMPARISON OF ANALOG AND DIGITAL CIRCUITS

Analog Circuits

Digital Circuits

Signals are continuous in amplitude
and can be continuous or discrete in
time

Designed at the circuit level

Components must have a continuum
of values

Customized

CAD tools are difficult to apply

Requires precision modeling
Performance optimized

Irregular block

Difficult to route automatically

Dynamic range limited by power
supplies and noise (and linearity)

Signa are  discontinuous  in
amplitude and time - binary signals
have two amplitude states

Designed at the systems level

Component have fixed values

Standard

CAD tools have been extremely
successful

Timing models only
Programmable by software

Regular blocks
Easy to route automatically

Dynamic range unlimited
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.3 TECHNOLOGY OVERVIEW

BANDWIDTHS OF SIGNALS USED
APPLICATIONS
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IN SIGNAL PROCESSING

Video
g

Acoustic

imaging
-

Seismic

Sonar Radar

-

Audio
-

AM-FM radio, TV

'

Telecommunications
-

o

Microwave

P gq—p

1 10 100 1k 10k 100k 1M 10M 100M

Signal Frequency (Hz)

1G 10G 100G

Signal frequency used in signal processing applications.
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BANDWIDTHS THAT CAN BE PROCESSED BY PRESENT-

DAY TECHNOLOGIES

BiCMOS

| Bipolar analog

Bipolar digital logic

-

MOS digital logic

MOS analog

Optical

GaAs

1 10 100 1k 10k 100k 1M 10M 100M 1G
Signal Frequency (Hz)

10G 100G

Frequencies that can be processed by present-day technologies.
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CLASSIFICATION OF SILICON TECHNOLOGY

Bipolar

Junction Dielectric

| solated | solated

Page 1.3-3
Silicon IC Technologies
Bipolar/MOS MOS
PMOS
CMGS (Aluminum NMOS
Gate)
Aluminum Silicon Aluminum Silicon
gate gate gate gate
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BIPOLAR VS. MOS TRANSISTORS

CATEGORY BIPOLAR CMOS
Turn-on Voltage 0.5-0.6 V 0.8-1V
Saturation Voltage 0.2-0.3V 0.2-0.8V
gm at 100pA 4mS 0.4 mS (W=10L)
Analog Switch Offsets, asymmetric Good
I mplementation
Power Dissipation Moderate to high Low but can be large
Speed Faster Fast
Compatible Capacitors |V oltage dependent Good
AC Performance DC variables only DC variables and
Dependence geometry
Number of Terminals |3 4
Noise (1/f) Good Poor
Noise Thermal OK OK

Offset Voltage <1mV 5-10 mV
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WHY CMOS???
CMOS s nearly ideal for mixed-signal designs:

* Densedigital logic

» High-performance analog

DIGITAL ANALOG

MIXED-SGNAL IC
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.4 NOTATION
SYMBOLS FOR TRANSISTORS

Drain Drain
G&GH%—A Bulk Gateo—||:I
Source Source/bulk
n-channd, enhance- n-channdl, enhance-
ment, Vgs # 0 ment, bulk a most
negative supply
Drain Drain
Gdeo—|%—a Bulk Gateo—”‘_{
Source Source/bulk
p-channel, enhance- p-channel, enhance-
ment, Vgs # 0 ment, bulk a most

positive supply
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SYMBOLS FOR CIRCUIT ELEMENTS

Operational Amplifier/Amplifier/OTA

T |+
o—1_
\Y |
o— o——
+ +
AV, Gy
Vl Vl
o— o—
VCVS VCCS
| |
e " o
R, Aly
o——— | O O

CCVS CCCS
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Notation for signals

time
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[I. CMOS TECHNOLOGY

Contents

1.1 Basic Fabrication Processes
1.2 CMOS Technology

[1.3 PN Junction

1.4 MOS Transistor

1.5 Passive Components

1.6 Latchup Protection

1.7 ESD Protection

1.8 Geometrical Considerations
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OBJECTIVE

* Provide an understanding of CMOS technology sufficient to enhance
circuit design.

» Characterize passive components compatible with basic technologies.

» Provide a background for modeling at the circuit level.

* Understand the limits and constraints introduced by technology.
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1.1 - BASIC FABRICATION PROCESSES

BASIC FABRTICATION PROCESSES

Basic Steps

* Oxide growth

* Thermal diffusion

* lonimplantation

* Deposition

» Etching

Photolithography

Means by which the above steps are applied to selected areas of the silicon
wafer.

Silicon wafer
0.5-0.8 mm

e Bt
-

n-type: 3-5 Q-cm
p-type: 14-16 Q-cm
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Oxidation
The process of growing a layer of silicon dioxide (SiIOy)on the surface of a

silicon wafer.
Origina Si surface tox
0.44 tox Si substrate
Uses.

* Provide isolation between two layers

* Protect underlying material from contamination

« Very thin oxides (100 to 1000 A) are grown using dry-oxidation
techniques. Thicker oxides (>1000 A) are grown using wet oxidation

techniques.
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Diffusion

Movement of impurity atoms at the surface of the silicon into the bulk of

the silicon - from higher concentration to lower concentration.

High

Low

Concentration Concentration

Diffusion typically done at high temperatures: 800 to 1400 °C.
Infinite-source diffusion:

Yoo ERFC
N (x) t1<t2<t3
N B \
t1 t2 t3
Depth (x)
Finite-source diffusion:
No ] Gaussian

t1<t2<t3

B \
t1 t2 t3

Depth (x)

N(x)
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lon Implantation

lon implantation is the process by which impurity ions are accelerated to a
high velocity and physically lodged into the target.

Path of impurity atom

Impurlty final resting place

————

* Anneal required to activate the impurity atoms and repair physical
damage to the crystal lattice. This step is done at 500 to 800 °C.

* Lower temperature process compared to diffusion.

» Can implant through surface layers, thus it is useful for field-threshold
adjustment.

* Unique doping provile available with buried concentration peak.

Concentration
« peak

N(x)

NB

Depth (x)
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Deposition

Deposition is the means by which various materials are deposited on the
silicon wafer.

Examples:

» Silicon nitride (SigNy)

» Silicon dioxide (S O»)

e Aluminum

» Polysilicon

There are various ways to deposit a meterial on a substrate:
» Chemical-vapor deposition (CVD)

» Low-pressure chemical-vapor deposition (LPCVD)

* Plasma-assisted chemical-vapor deposition (PECVD)

* Sputter deposition

Materials deposited using these techniques cover the entire wafer.
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Etching

Etching is the process of selectively removing a layer of material.
When etching is performed, the etchant may remove portions or all of:
* the desired material

* the underlying layer

» the masking layer

Important considerations:

» Anisotropy of the etch

|ateral etch rate
vertical etch rate

A=1-

» Sdlectivity of the etch (film toomask, and film to substrate)
_ film etch rate
Stilm-mask = mask etch rate

Desire perfect anisotropy (A=1) and invinite selectivity.
There are basically two types of etches:
* Wet etch, uses chemicals

* Dry etch, uses chemically active ionized gasses.
a2

Underlying layer
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Photolithography

Components
» Photoresist material
* Photomask
» Material to be patterned (e.g., SIO»)
Positive photoresist-
Areas exposed to UV light are soluble in the devel oper
Negative photoresist-
Areas not exposed to UV light are soluble in the devel oper
Steps.
Apply photoresist
Soft bake
Expose the photoresist to UV light through photomask
Develop (remove unwanted photoresi st)
Hard bake
Etch the exposed layer

N o g &~ 0D R

Remove photoresist
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Photomask

Photoresist Polysilicon
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/ /
%/ Polysilicon
\ /

\

Photoresist

Photoresist

Polysilicon

Polysi /

Positive Photoresist
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1.2 - CMOS TECHNOLOGY

TWIN-WELL CMOS TECHNOLOGY

Features

* Two layers of metal connections, both of them of high quality due to a
planarization step.

*  Optimal threshold voltages of both p-channel and n-channel transistors

e Lightly doped drain (LDD) transistors prevent hot-electron effects.
*  Good latchup protection
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n-well implant

N I R N e R N

Photoresist S0, Photoresist
p” substrate
@
Si;N
s \ SO,
‘ n-well
p” substrate
(b)
n- field implant
; Pad oxide (SiO,)
SigN, Photoresist

| -

p~ substrate

©

p- field implant

N I A N e R N

i Photoresist
L n-well J

p~ substrate

(d)

Figure2.1-5 The major CMOS process steps.
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SizN,
J
p” substrate
®
Polysilicon
FOX
[ n-well ]
p” substrate
®
SiO, spacer
Polysilicon Photoresist
n-well )
p~ substrate
()
n+ S/D implant
Polysilicon Photoresist ‘
J

p~ substrate

(h

Figure 2.1-5 The major CMOS process steps (cont'd).
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n- /D LDD implant

N I A e e R e

Polysilicon Photoresist ‘

0]

LDD Diffusion

\
\
\
\
Polysilicon /
E i E \\

FOX m _
[ nwell ]
p” substrate
0)
n+ Diffusion p+ Diffusion Polysilicon
N /
AN Fox Fox
[ n-well ]
p” substrate
K
n+ Diffusion p+ Diffusion Polysilicon
BPSG
AN FoX AN Fox
L n-well J
p~ substrate

U]

Figure 2.1-5 The major CMOS process steps (cont'd).
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CVD oxide, Spin-on glass (SOG) Metal 1

Metdl 2

[ n-well J

p” substrate

Q)

Metal 2 Metal 1
Passivation protection layer

p” substrate

(9)

Figure 2.1-5 The mgjor CMOS process steps (cont'd).
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Silicide/Salicide

Purpose
. Reduce interconnect resistance,

Polysilicide Polysilicide
Metal

Silicide

FOX FOX

@ (b)

Figure 2.1-6 () Polycice structure and (b) Salicide structure.
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1.3 - PN JUNCTION
CONCEPT

Metallurgical Junction

p-type semiconductor

- o+D-o

Depletion
| region |
O |©

Ip |
I o -VD-o
|
<« Xg——p»
| -
Xy Xn

1. Doped atoms near the metallurgical junction lose their free carriers
by diffusion.

2. As these fixed atoms lose their free carriers, they build up an
electric field which opposes the diffusion mechanism.

3. Equilibrium conditions are reached when:

Current due to diffusion = Current due to electric field
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PN JUNCTION CHARACTERIZATION

o+VD-o

Impurity concentration ( cnr3)

N

0 X

'NA

Depletion charge concentration ( cnr3)

gN
Xp .
0 e
-ONAa
Electric Field (V/am)
X
Potential (V)
®—-VD # X
+ e

P
Xd
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SUMMARY OF PN JUNCTION ANALYSIS

Barrier potential-

Qo = KT Ind\ID—AND% =V Ind\lD—AND%
g om2pg” "tdn2 b

Depletion region widths-

B \/ZSQ(CPO'VD)NA
%1 =\ gND(NA+No) E . D\f;
N
u

_ . [2&si(@o-vD)ND
*P = "\ aNp(Na+Np)

Depletion capacitance-
ci= A /SsinAND 1 G
J 2Na*No) ~Jgo-vp  \/go-vo
Breakdown voltage-

_&5(Na+Np) _ 2
BV = 2GNAND Emax
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SUMMARY - CONTINUED

Current-Voltage Relationship-

. O vpO .0 [PpPno  DnNpoQ
ID = lg[eX - 10 where ls=0gAG + il
D =Xy H- *H s= T, Ln O

25
20

ip 15
Is 10 //
/
5 7

10 20 30 40
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1.4 - MOS TRANSISTOR
ILLUSTRATION

Bulk Source Gate Drain

p-substrate (bulk)

tox = 200 Angstroms = 0.2x10-7 meters = 0.02 um

TYPES OF TRANSISTORS

ip
A
Depletion Enhancement
Mode Mode

1 >

V7 (depletion) V1 (enhancement)

VGs
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CMOS TRANSISTOR

N-well process

p-channel transistor n-channel transistor

Polysilicon

p- substrate

Figure2.3-1 Physical structure of an n-channel and p-channel transistor in an n-well technology.

P-well process

* Inverse of the above.

Normally, al transistors are enhancement mode.
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TRANSISTOR OPERATING POLARTIES
: Polarity of - Polarity of
Polarity of v
Type of Device Vs and Vy y DS VaULK
+ +
n-channel, enhancement Most negative
- +
n-channel, depletion Most negative
p-channel, enhancement ] ] Most positive
+ -
p-channel, depletion Most positive
SYMBOLS FOR TRANSISTORS
Drain Drain
GHGH% Bulk GaIEO—”_T
Source Source/bulk

n-channdl, enhance- n-channel, enhance-

ment, Vgs Z 0 ment, bulk & most
negative supply
Drain Drain
G&GH%—A Bulk Gateo—”‘—'_i
Source Source/bulk

p-channel, enhance- p-channel, enhance-

ment, Vgs # 0

ment, bulk a most

positive supply
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[1.5 - PASSIVE COMPONENTSCAPACITORS
_onA
~ tox

Polysilicon-Oxide-Channel Capacitor and Polysilicon-Oxide-Polysilicon
Capacitor

Metal Polysilicon top plat
' ysilicon top plate
S0 Gaesio,

FOX m ‘ FOX

4

p+ bottom-plate implant
p- substrate

@

Polysilicon top plate
Polysilicon bottom plate

Inter-poly SO,

p- substrate

(b)

Figure 2.4-1 MOS capeacitors. () Polysilicon-oxide-channel. (b) Polysilicon-oxide-polysilicon.
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Metal-Metal and Metal-Metal-Poly Capacitors

M3

M3

o

Poly o= @

M1

Figure 2.4-2 Various ways to implement capacitors using available interconnect layers.
M1, M2, and M3 represent the first, second, and third metal layers respectively.

_1 Bottom plate
~T~ parasitic

1

1

\% A\

Figure 2.4-3 A model for the integrated capacitors showing top and bottom plate parasitics.
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PROPER LAYOUT OF CAPACITORS

e Use“unit” capacitors

* Use“common centroid”
Want A=2*B

Case (@) fails

Case (b) succeeds!

(@ Aq Ay B
® | A B A
y \/
X X3 X3

Figure2.6-2 Components placed in the presence of a gradient, (a) without common-
centroid layout and (b) with common-centroid layout.
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NON-UNIFORM UNDERCUTTING EFFECTS

Random edge distortion

Large-scale distortion

Corner-rounding distortion
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VICINITY EFFECT

Figure2.6-1 (a)lllustration of how matching of A and B is disturbed by
the presence of C. (b) Improved matching achieved by matching surroundings
of A and B

I1.5-5
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IMPROVED LAYOUT METHODS FOR CAPACITORS

Corner clipping:

Clip
corners

>

Street-effect compensation:
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ERRORS IN CAPACITOR RATIOS

Let C; be defined as
C1=Cia+Cyp
and C, be defined as

Cz2=Coa +Cop

Cx a is the bottom-plate capacitance
Cyxpisthefringe (peripheral) capacitance

Cxa >>Cxp
Theratio of C, to C; can be expressed as
N %%
Co Coan+Cop  Coa Caa

Ci Cia+Cip  Cia Cip
+@%

Coapg,Cop Cop (C1p)(Cop)

e Coa Cia  CiaCoa O

Coa N Cop Capp
Cia Coa CiaO

O

Thus best matching is achieved when the area to periphery ratio remains

constant.
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CAPACITOR PARASITICS
Top Plate
@)
Topplate 1 _ ]
» — _ | Desired
parasitic ~~ Capacitor
NV
o) | Bottom plate
Bottom Plate parasitic
N
Parasitic is dependent upon how the capacitor is constructed.
Typical capacitor performance
(0.8um Technology)
Capacitor Range of Values | Relative | Temperature Voltage Absolute
Type Accuracy | Coefficient Coefficient | Accuracy
Poly/poly | 0.8-1.0fF/um2 | 0.05% | 50ppm/°c | 50ppmM/V +10%
capacitor
MOS 2.2-25fF/um2 | 0.05% | s0ppm/°eCc | S0 ppm/V +10%
capacitor
MOM 0.02-0.03 fF/um2 | 1.5% +10%
capacitor
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RESISTORS IN CMOS TECHNOLOGY

Metal

S0, P

Al
FOX FOX
n- well
p- substrate
@
Metal

Polysilicon resistor

p- substrate

(b)

p- substrate

©

Figure 2.4-4 Resistors. (a) Diffused (b) Polysilicon (c) N-well
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PASSIVE COMPONENT SUMMARY
(0.8um Technology)

11.5-10

Component | Range of Values | Matching | Temperature Voltage | Absolute
Type Accuracy | Coefficient Coefficient | Accuracy
Poly/poly | 0.8-1.0fF/um2 | 0.05% | s50ppm/ec | SOPPMV | +10%
capacitor
MOS 2.2-25fF/um2 | 005% | s5pppm/ec | SO0PPMV | +10%
capacitor
MOM 0.02-0.03 fH/um2| 1.5% +10%
capacitor
Diffused 20-150 Q/sq. 0.4% | 1500 ppm/°C | 200ppm/V | 43504
resistor
PolysilicideR 2-15 Q/sq.
Poly resistor | 20-40 Q/sq. 0.4% | 1500 ppmv/eC | 100ppm/V | +309%
N-well 1-2k Q/sq. 0.4% | 8000 ppmv/°C | 10k ppm/V | +40%
resistor




Allen and Holberg - CMOS Analog Circuit Design 11.5-11
BIPOLARS IN CMOS TECHNOLOGY

Metal
Emitter (p+) Base (n+)
FOX FOX FOX
( n- well Weg
X Collector (p- substrate)

Figure 2.5-1 Substrate BJT available from a bulk CMOS process.

Depletion regions

~~ ~

p n p
Emitter Base Collector

Carrier concentration

_

N (0) y

zZ
>

A

pE

Pr(Wg) F— Poc
e

X

x=0 X=Wg

Figure 2.5-2 Minority carrier concentrations for a bipolar junction transistor.
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1.6 - LATCHUP

Well tie

-substrate
p Rp-

(b)

Figure 2.5-3 (a) Parasitic lateral NPN and vertical PNP bipolar transistor in CMOS
integrated circuits. (b) Equivalent circuit of the SCR formed from the parasitic
bipolar transistors.

I1.6-1
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PREVENTING LATCHUP

p-channel transistor n-channel transistor
n+ guard bars p+ guard bars
Vbp Vss
? ?
n-well
p- substrate

Figure 2.5-4 Preventing latch-up using guard bars in an n-well technology
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1.7 - ESD PROTECTION

Vbb

p+ —n-well diode

< Bonding
< VWWA o

To internal gates p+ resistor

n+ — substrate diode
Vss
(€)

Metal

FOX

n-well /

p-substrate

(b)

Figure 2.5-5 Electrostatic discharge protection circuitry. (a) Electrical equivalent circuit (b) Implementation
in CMOS technology
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1.8 - GEOMETRICAL CONSIDERATIONS

Design Rulesfor a Double-Metal, Double-Polysilicon, N-Well, Bulk CM OS Process.

Minimum Dimension Resolution (A)

1.

N-Well

TA. WIALN e 6
AB.  SPACING ..oeeernneiiiiieeeeii et e et e et e e e e e 12
Active Area (AA)

2A. WIEN Lo 4
Spacing to Well

2B. AA-ncontainedinn-Well.............oooiiiiiiiiii 1
2C. AA-nexterna ton-Well..........cooviiiiiiiiiiee, 10
2D. AA-pcontained in N-Well.........ccoovviiiiiiiiiiieen, 3
2E. AA-pextana ton-Well.........oooiiiiiiiiii 4
Spacing to other AA (inside or outside well)

2F. AA TOAA (P OFN) e e e e e 3
Polysilicon Gate (Capacitor bottom plate)

SA. WIEN....ooo 2
S S o7 ol oo [F PRSP 3
3C. spacing of polysilicon to AA (over field).......c.cceveeennnnens 1
3D. extension of gate beyond AA (transistor width dir.) ........ 2
3E. spacing of gate to edge of AA (transistor length dir.) ...... 4
Polysilicon Capacitor top plate

AA. WIth.....ccooo 2
2 S 7= o | (o PP 2
4C. spacing to inside of polysilicon gate (bottom plate).......... 2
Contacts
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BA . SZB i 2x2
oo o = 0! o [ RPPIN 4
5C. spacing to polysilicon gate..........ccooveviiieiiiiiiiniiiiiieciees 2
5D. spacing polysilicon contact to AA .......oevvviiiiiiieiiiieeies 2
5E. metal overlap of contact ...........ccooevvviiiiiiiiiiii 1
5F. AA overlap of contact..........ccooevviiiiiiiiiiiiiiiieeiees 2
5G. polysilicon overlap of contact...........ccooevvviviiiiiiiiiiiinnnns 2
5H. capacitor top plate overlap of contact..............cceveeennnnens 2
6. Meta-1
BA. WIGLN....oi e 3
BB.  SPACING .evueeeieeii et 3
7. Via
TA. SZB oo 3x3
4= T = ol oo [ RPPIN 4
7C. enclosure by Metal-1.........cccuiiiiiiiiiiiiiiii e 1
7D. enclosure by Metal-2.........cccuiviiiiiiiiiiiiii e 1
8. Metal-2
BA. WILN...cii e 4
BB, SACING evueeeeeeii et 3
Bonding Pad
8C. SPACINGTO AA .. o 24
8D. spacing to metal CIrCUItIY .......ooevvvviiiiiiiieceeee e, 24

8E. spacing to polysilicongate..........coovevivviiiiiiiiiiiineeenn, 24
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9. Passivation Opening (Pad)

9A. bonding-pad opening.........cccoeevevnreennnnnnnn 100um x 100um
9B. bonding-pad opening enclosed by Metal-2 ...................... 8
9C. bonding-pad opening to pad opening space................... 40

Note: For a P-Well process, exchange p and n in al instances.
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Figure 2.6-8(a) Illustration of the design rules 1-3 of Table 2.6-1.
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I Cox e
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5A 4" rﬁ
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e

iE

[ | ||
NP

T

Figure 2.6-8(b) Illustration of the design rules 4-5 of Table 2.6-1.

11.8-5
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8A

e EEEew e
B S S [ e

T METAL-2

Figure 2.6-8(c) Illustration of the design rules 6-9 of Table 2.6-1.

11.8-6
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Transistor Layout

Metal
FOX FOX
Soen, Py
gate
Contact 4\ L
e L I 33 [
N

Active area .

drain/source

Metal 1

Figure 2.6-3 Example layout of an MOS transistor showing top view
and side view at the cut line indicated.

11.8-7
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SYMMETRIC VERSUS PHOTOLITHOGRAPHIC INVARIANT

58 8 *

Figure 2.6-4 Examplelayout of MOS transistors using (a) mirror symmetry, and
(b) photolithographic invariance.

PLI ISBETTER
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Resistor Layout

Metal

FOX FOX

Substrate

Active area (diffusion)

Contact

Active areaor Polysilicon

Meta 1

(a) Diffusion or polysilicon resistor

Metal
FOX FOX FOX
Substrate
Active area (diffusion) Well diffusion
Active area
Well diffusion
Contact

) T Metal 1

(b) Well resistor

Figure 2.6-5 Example layout of (a) diffusion or polysilicon resistor and (b) Well resistor
along with their respective side views at the cut line indicated.

11.8-9
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Capacitor Layout

CMOS Analog Circuit Design

11.8-10

Metal Polysilicon 2
FOX
Substrate
Polysilicon gate
. om
i Polysilicon gate
Polysilicon 2
Cut | ________ u,------ S
Metal 1
| L |
(3
Meta 3 Metal 2 Metal 1
FOX
Substrate
Meta 3 Metal 2 Metal 1 Metal 3
;—-- Via2
,,,,,,,,,,,,,,,,, | g, !
| | <N
Via2 : | S
- | i : | Meta 2
Cut | L= el
ittty %}: CS T T T T T - - T
o [ | |
i 1 7 Vial
| ] [T
- Ly
\
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1. CMOSMODELS

Contents

1.1 Simple MOS large-signal model
Strong inversion
Wesak inversion

[11.2 Capacitance model

[11.3 Small-signal MOS model

[11.4 SPICE Level-3 model

Per spective

! ! )

COMPL EXI l
]

CIRCUITS * | +

SIMPLE — —
Chapter 3
CMOS Device
Modeling




Allen and Holberg - CMOS Analog Circuit Design Pagelll.1-1

[11.1- MODELING OF CMOSANALOG CIRCUITS

Objective

1. Hand calculations and design of analog CMOS circuits.
2. Efficiently and accurately ssimulate analog CMOS circuits.

Large Signal M odel

The large signal model is nonlinear and is used to solve for the dc
values of the device currents given the device voltages.

The large signal models for SPICE:
Basic drain current models -
1. Level 1 - Shichman-Hodges (VT, K', VY, A, @, and NsyB)

2. Level 2 - Geometry-based analytical model. Takes into account
second-order effects (varying channel charge, short-channel, weak
inversion, varying surface mobility, etc.)

3. Level 3 - Semi-empirical short-channel model

4. Level 4- BSIM model. Based on automatically generated
parameters from a process characterization. Good weak-strong
inversion transition.

Basic model auxilliary parameters include capacitance [Meyer and
Ward-Dutton (charge-conservative)], bulk resistances, depletion regions,
efc..

Small Signal M od€l

Based on the linearization of any of the above large signal models.

Simulator Software

SPICE2 - Generic SPICE available from UC Berkeley (FORTRAN)
SPICES - Generic SPICE available from UC Berkeley (C)
*SPICE* - Every other SPICE simulator!
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Transconductance Characteristicsof NMOSwhen Vpg=0.1V

VGS < VT:

Sgurce
and
bulk

p substrate (bulk)

~——

0 \’._/>
0 Vi 2Vr 3V7ves

Vas = 2VT:

o . e .

p substrate (bulk) 0 Vi 2Vr 3Vrygg

VGS = 3VT:

p substrate (bulk) 0 V¢ 2Vt 3Vt Vas
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Output Characteristicsof NMOSfor Vgs=2VT

vps=0V:
Sgurce
and
bulk
g‘p substrate (bulk)

VDS = 05VT
= Ves
Source =
and

bulk

g‘p substrate (bulk)

VDS = VT:

S(-)UTCG
and
bulk

p substrate (bulk)

0 05VT Vi Vo

0 05V1 Vi Vos

~—
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Output Characteristicsof NMOSwhen vps=4VT

VGs=VT:

= VGgs =
Source VT
and
bulk
gj substrate (bulk)

VGS = 2VT:

- \" =
Source Sy
and

bulk

gj substrate (bulk)

VGS = 3VT:

SEUI’CG
and
bulk

p substrate (bulk)

=
2

Vpg(sat)

0
% 2VT 3VT 4\'/TVDS

T

1 |
N
<
= ]

|
Vps(sat)

0 V7 2Vt 3V7 &V7Vos

Vps(sat)

J |

0 Vr 2V7 3Vy AV7Vps

~—
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Output Characteristics of an n-channel MOSFET

Page [11.1-5

2.0 Output Characteristics of an-channel MOSFET
'MODEL MN1K 100 NMOS VTO=1 KP=200U LAMBDA=0.01
DCVDS01005VGS151 sy
—
MOSFET1 2 100 MN1K 100 | YGSTIVY
PRINT DC ID(MOSFET1)
VGS10
1.5FvDs20
PROBE
END
ip (MA)
Ves=4V
1.0
O. 5 \VI (Jb_ 3\‘/
VGS:2V
0 Vo1V
0 2 6 8 10

Transconductance Char acteristics of an n-channel MOSFET

vps (V)

2.0 1 1 1 —
Transconductance Characteristics of an-channel MOSFET VDS =8V
.MODEL MN1K100 NMOSVTO=1 KP=200U LAMBDA=0.01 VDc:6|V
.DCVGS0505VvDS282 = |
MOSFET12 100 MN1K100 Vpe=4V

15 | .PRINT DC ID(MOSFET1) -
VGS10
VDS20

ip (MA) | £R2°F
: Vps=2V
1.0
0.5
0 /
0 1 2 3 4

ves(V)
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SIMPLIFIED SAH MODEL DERIVATION
Model-

Derivation-
 Let the charge per unit areain the channel inversion layer be
Qi(Y) =Cpy[Ves — V(Y) = V1] (coulombs/cm?)

» Define sheet conductivity of theinversion layer per square as

_ [©m2 OcoulombsO_amps =~ 1
05 = HoQ(Y) Hv-s EE cn2 o volt T Q/s.
o Ohm's Law for current in asheet is
Js=IWD =0gky = Osg% .
Rewriting Ohm's Law gives,
ip ipdy
V=Gew W= HoQ(Y)W
where dv is the voltage drop aong the channel in the direction of y.
Rewriting as
ip dy = WoQj (y)dv

and integrating along the channel for O to L gives

L VDS VDS
[ipdy = [WHoQiy)dv = [WHoCox[Ves=V(y)-V] dv
0 0 0

After integrating and evaluating the limits
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ILLUSTRATION OF THE SAH EQUATION

Plotting the Sah equation asip vs. vpsresultsin -

ip
A Vps=Vgs- VT

~€—Non-Sat Region Saturation Region——»

Increasing
values of vgs

AN

Definevpg(sat) =vgs— VT

Reqions of Operation of the MOS Transistor

1.) Cutoff Region:

iD =0, VGS—VT<O
(Ignores subthreshold currents)

2.) Non-saturation Region

. p-COXW
ip =—5; — 2(ves - V1) - vbshvps, 0<Vvpg<vgs— V1

3.) Saturation Region

: HCox
Ip = %VGS VT) E 0 <VGS VT<VDS
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SAH MODEL ADJUSTMENT TO INCLUDE EFFECTS OF VpsON VT

From the previous derivation:

L VDS VDS
[ipdy = [ WuoQi(y)dy = [ WuoCox[VGs — v(y) - VTldv
0 0 0

Assume that the threshld voltage varies across the channel in the following

way:
VT1(y) = VT +Av(y)

where VT is the value of the threshold voltage at the source end of the

channel.

Integrating the above gives,

. WpC v2(y)fPS
o =102 QuasVive) - (1) 50

or

Wl.loCox 0 V2D
Hves-VT)vps - (1+4) ﬁ

To find vpg(sat), set the derivative of ip with respect to vps equal to zero
and solve for vps = vpg(sat) to get,

vVes— VT
Vps(Sa) =R

Therefore, in the saturation region, the drain current is

. _ WnoCox 2
I = 3@+n)L Ve~ VTE
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EFFECTS OF BACK GATE (BULK-SOURCE)

Bulk-Source (vBs) influence on the transconductance characteristics-

'D Decreasing values
A of bulk-source voltage

.

VBS:0

Vps= Vgs- VT

= VGS

Vio V1 V2 Vg3

In general, the simple model incorporates the bulk effect into VT by the
following empirically developed equation-

V1vgg =VTo+ v N2l + ves - y\/2lr
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EFFECTS OF THE BACK GATE - CONTINUED

[llustration-
Vsgo=0V:

Vsgo=0V Gate Drain
- + o
il

Source

== "5

P Substrate/Bulk

Vsp2 > VsBi:
Vg2 Gate Drain

- | + o
I|'|

Source

Bulk

P Substrate/Bulk
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SAH MODEL INCLUDING CHANNEL LENGTH MODULATION

N-channel reference convention:

D

i[iT +\

G$—| N—_gB VDs

VGs !VBy

Non-saturation-

Wl,loCox [ VDS2D
Hves - VT)VDs — 5 H

Saturation-

Wu Cox vDs(sat)2[]
i %VGS VT)vps(sat) - —5— (1 +AvDs)

iD=

WUoCox

(Vs —VT) 2 (1 +AvDg)
where:
Ho = zero field mobility (cm2/volt-sec)
Cox = gate oxide capacitance per unit area (F/cm2)
A\ = channel-length modulation parameter (volts-1)
VT = Vo +yR/2ler + ves| - V2lerl3
V710 = zero bias threshold voltage

y = bulk threshold parameter (voltsl/2)
2|qx| = strong inversion surface potential (volts)
When solving for p-channel devices, negate all voltages and use the n-

channel model with p-channel parameters and negate the current. Also
negate V1o of the p device.
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OUTPUT CHARACTERISTICSOF THE MOSTRANSISTOR

A Vps = Ves- VT
10b-— Ves-VT  _ 1.0
' Non-Sat : . Ves - VT
Region Saturation Region——»
| VesVT _ 867
0751 f - ‘ — Vo - VT
Channel modulation effects
‘ VesVT _
‘ AW 0.707
o5l - —— ¥ Veso-Vr
| VesVT _¢5
V4 Vex -Vt
0.25 ‘ VGS'VT -0
1 Cutoff Region / Veso- VT
O ! L 1 1 1 VDS
0 0.5 1.0 1.5 2.0 25  Veso- V1
Notation:

W O W
B= KT = (HoCod T

Note:
MoCox = K’
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GRAPHICAL INTERPRETATION OF A
Assume the MOS is transistor is saturated-

. HCoxW
Oip =2—|_X (ves = V1) (1 + AvDs)

Defineip(0) =ip whenvps=0V.

. HCoxW
0ip(0) = % (ves - VT)?
Now,

or
1

Vps =13 1 i -
DS~ Rip (OHP A
Matching withy = mx + b gives

or

Ves3

7 V
— e

Vesi

» VDS

Page I11.1-13
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SPICE LEVEL 1 MODEL PARAMETERSFOR A TYPICAL
BULK CMOS PROCESS (0.8pm)

Typical Parameter
Model Parar.net.er Value Units
Parameter Description NMOS PMOS
VT0 [ThresholdVoltageforVps= 0V 0.75x0.15 -0.85+0.15 Volts
K' Transconductance Parameter 110+10% 50+10% HA/V2Z
(sat.)
y Bulk Threshold Parameter 0.4 0.57 W
A Channel Length Modulation 004 (L=Lum) 10.05(L=1pm)|
©=29F |Surface potentia at strong 0.7 0.8 Volts
inversion

These values are based on a 0.8 pum silicon-gate bulk CMOS n-well process.
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WEAK INVERSION MODEL (Simple)

1
i
ip (MA) E
1
Weak E
Jr 1000.0 [ inversion 1
D region ) Strong
1000 L i inversion
i region
100 L i
i
1.0 H
0 v, 0 Vi Vo v,

This model is appropriate for hand calculations but it does not accommodate
a smooth transition into the strong-inversion region.

. W
Iip U Ipo exp FnWE

The transition point where this relationship is valid occurs at approximately

Vgs < V-|-+n§

Weak-M oderate-Strong | nversion Approximation

Moderate
inversion region

v
ip (nA)
Weak
1000.0 | inversion
region Strong
1000 | ! inversion
region
100 L
1.0

GS
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INTRINSIC CAPACITORSOF THE MOSFET
Types of MOS Capacitors
1. Depletion capacitance (CBD and CBS)

2. Gate capacitances (CGS, CGD, and CGB)

Figure 3.2-4 Large-signal, charge-storage capacitors of the MOS device.
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Depletion Capacitors

Bulk-drain pn junction -

(FO)gs

Page [11.2-2

Capacitance
approximation
for strong for-
ward bias

<+—Reverse Bias———»le—

CeD0ABD

CeD

VBD[]

¢BO

[

where,

3 andCps =

i

’VBD

Forward @B
Bias

—>

CB0 ABS

VBS]MJ

@BO

ABD (ABs) = area of the bulk-drain (bulk-source)

@B = bulk junction potential (barrier potential)

MJ = bulk junction grading coefficient ( 0.33< MJ < 0.5)

For strong forward bias, approximate the behavior by the tangent to the

above Cgp or Cgscurve at vgp or vgsegqual to (FC)-¢B.

CBDOABD

Cep = (1+FC)1+MJ

and
CB0ABS

CeD = (1+FC)1+MJ

%L — (1+MJ)FC + FC

1

- (I+MJ)FC + FC

[

'VBDII
> .
jj_[(pa 1, veo (FC)-¢B

i
, vBs> (FC)-¢B

!

(]
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Bottom & Sidewall Approximations

Polysilicon gate

Drain bottom = ABCD
Drain sidewall = ABFE + BCGF + DCGH + ADHE

(CI)(AX) (CISW)(PX)
Cgx = v = vex < (FC)(PB)
BX J VBX JS\N
EL B é%ﬂ EL PB | @A
and
() [ vBx(]
CBx = (1- FO)I*M 1 - (1+MJI)FC+MJ 50
O V,
N (1(53;13/;2933)% 1 - (1+MISWFC + == (MJS/\/)D,
VBX 2 (FC)(PB)
where

AX = area of the source (X = ) or drain (X = D)

PX = perimeter of the source (X = §) or drain (X = D)
CJSW = zero-bias, bulk-source/drain sidewall capacitance
MJISW = bulk-source/drain sidewall grading coefficient
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Overlap Capacitance

ak Oxide encroachment
| _I I I '} _I T a1
: ' Actud X f ! T
| ! L (L) X Mask ! Actua
I
E o |1 eow W (Wey)
X — ] — X l 1
I I
o ___ I Y I SR N A
Gate
Source-gate overlap Drain-gate overlap
capacitance C4 (C)) capacitance Cgp, (C,)

— Yo
FOX o = _ FOX

Bulk

C1 = C3 O(LD)(Weff) Cox = (CGXO)Weit
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Gate to Bulk Overlap Capacitance

, Overlap , ,Overlap ,

1 |————1

Cs ' Gate . ’ Cs
FOX K( Source/Drain \2 FOX

Bulk

On a per-transistor basis, thisis generally quite small

Channel Capacitance

Co = Weff (L — 2LD)Cox = Weff(Leff)Cox

Drain and source portions depend upon operating condition of transistor.
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MOSFET Gate Capacitance Summary:

Capacitance

C,+2C,
2
C+3G

1
G+ 35

C,Cy Cas Cap Cep
2C5 _____________ \ Ces
° Non- vV,
< Off > < Saturation > =< - > VGs
Saturation
Vr Vos*Vr
ip
Vge- VT
Non-Sat
Region
Saturation
Region

VDS = constant

Page [11.2-6
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Cis CeD-ad Cep

Off
CiB = Co + 2Cg = Cox(Weff) (Leff) + CGBO(Lgff)

Cgs= C1 O Cox(LD)(Weff) = CGSO(Weff)

CcD = C3 O Cox(LD)(Weff) = CGDO(Wef)
Saturation
CgB = 2C5 = CGBO (Lgff)

Ces= Cp + (23)Co = Cox(LD + 0.67Lgff )(Weff)
= CGSO(Weff) + 0.67Cox(Weff)(Leff)

CgD = C3 O Cox(LD)(Weff) = CGDO(Weff)
Nonsatur ated
Cgp = 2C5 = CGBO (Lgff)

Cis= Cq +0.5Co = Cox(LD + 0.5Lgff)(Weff)
= (CGO + 0.5CoxLeff) Wesf
Cgp = C3 + 0.5Co = Cox(LD + 0.5L¢ff)(Weff)

= (CGDO + 0.5CoxlLeff) Weff
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Small-Signal Model for the MOS Transistor

DO
de
| (
I\
::' + ‘:- inrD
Coa e
{ W,
I\ Og
g.Vv Yas
mYgs
co i oo
ICE;S OrmbsVbs (S
[ e~
+ ::' ian Cbs
| [
I\
| [
I\
Co % e
SO

Figure3.3-1 Small-signal model of the MOS transistor.

dlgp . _
Opd = = (at the quiescent point) LJO
and
dlgs . .
Ops = = (at the quiescent point) (10
The channel conductances, g, Imps and gys are defined as
dlp . .
Om =~ (at the quiescent point)
dlp _ _
Ombs = = (at the quiescent point)
Vs
and
dlp

Ods = = (at the quiescent point)
0Vpg
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Saturation Region

Om =\ RKWIL)[ Ipl(1+ A Vpg) OnKWIL)[Ip|

Ombs = :_5 D% (]
Vg Vr9VseO

dolp -oal
Noting that =D —D, we get

_ 14
Smbs = Om 5 21 ] + V) V2

=N9m

Relationships of the Small Signal Model Parameter s upon the DC Values of Voltage
and Current in the Saturation Region.

Small Signal DC Current DC Current and DC Voltage
Model Parameters Voltage

0(2K' IpWIL)Y2 2K W
9m (2K TpWL) - 0=—(VGs-V1)

1/2
Ombs 0 . Zy(z"f\/;’) - ¥ (B(Vgs V1)
(219 | +VsB) 2CIgF |+ VsB)

Ods OAlp 0 0
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Nonsaturation region
0lg

=—=p03V
Om Nas B Vps

dlp BWDs

g b = =
M5 0Ves  2(2l¢k |+ Vgp)!2

and
dds = B(Ves = V1 = Vps)

Page [11.3-3

Relationships of the Small-Signal Model Parameter s upon the DC Values of Voltage
and Current in the Nonsaturation Region.

DC Voltage and/or Current

Small Signal
Model Parameters Dependence
Om =BVDs
Yrmbs __ByVbs
2(2l¢r | +VsB)12
Yds =B(VGs ~VT ~VDs)

Noise
i = T— @I (A
o= Hrp )
i = T—@f (A9
nrS DrS 0

and

—> BKT g, (1+0n) .\

'nD=
n 0 3

A (A2)
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SPICE Level 3Mode

The large-signal model of the MOS device previously discussed neglects many important
second-order effects. Most of these second-order effects are due to narrow or short

channel dimensions (less than about 3um). We shall also consider the effects of
temperature upon the parameters of the MOS large signal model.
Wefirst consider second-order effects due to small geometries. When vgis greater than

V1, the drain current for a small device can be given as

Drain Current

0 O+f,0d 0O
ips=BETA Ngs—Vr =~ (55— oedVoe (1)
BETA = KP% = UgCOX VI\_/—sz‘; )
Leif =L — 2(LD) 3)
Wegs = W — 2(WD) (4)
Vpe = Min(vpg , Vpg (sat)) (5)
GAMMA [,

fy =

iy + 6
" 4(PHI +vgg)!/? ©

Note that PHI is the SPICE model term for the quantity 2¢. Also be aware that PHI is
always positive in SPICE regardless of the transistor type (p- or n-channel).

_DELTA TT&i

f 7
N Wesr 2[TOX ()
12
x BLD+weD wp 20 DB
f=1-—-5 - 00 -——0 (8)
Lettg % O %ﬁWPDD i g
wp = xd (PHI + vgg )12 (9)
0 2@ 2
xd 0 (10)

-3
@ CNSUB[
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O mwpQ mvpﬁD
we = X;i [K; + K (11)
] 5 1 2?[!‘ gﬂm

k1 =0.0631353, kp =0.08013292, k3 =0.01110777

Threshold Voltage

[ETAB.15*°H 1o
Vr= V- Sips + GAMMA [T PHI +vgg)! + f(PHI +vgg)  (12)

E Cox Les;f U
Vpi = Vg + PHI (13)
or
Vp; = VTO - GAMMA [/PHI (14)

Saturation Voltage

V.=V

_ Vg™ VT

Vsat 1 + fb (15)
’ ) 1/2
VDS(Sat) =Vsat ¥ Vo ~ @sat + VCE (16)
VMAX [L
Ve = — T eff a7
Hs

If VMAX isnot given, then vpq(sat) = vy

Effective Mobility

U0

M = 1+ THETA when VMAX =0 (18)
(Vgs = V)
K
Heff = m when VMAX > 0; otherwise g = Hg (19)
1+—
Ve

Channe€l-Length Modulation

When VMAX =0
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12
AL = xd HKAPPA (vpg - vDS(sat))é (20)
when VMAX >0

d/Z

ep kd 2 [fep [xd 2 2 O
AL=-———+ > + KAPPA [kd < Qvpg — VDs(Sat))D (21)

where

Ve (Ve + Vpg(sat))

ep = 22
P Leff VDs (sat) (22)
. ips

Ine = 21
DS™1-AL (21)

Weak | nversion Model (Level 3)

In the SPICE Level 3 model, the transition point from the region of strong inversion to
the weak inversion characteristic of the MOS device is designated as v, and is greater

than V. v, isgiven by
Von = Vq + fast 1)
where

kTD . qINFS  GAMMA [ (PHI + veg)t2 + fy (PHI + VSB)S

fast = ?E“ COX 2(PHT +vgg) 5 (2)

NFS is a parameter used in the evaluation of v,, and can be extracted from
measurements. The drain current in the weak inversion region, vgg less than vy , is given
as

Vgs - VonU

ips = ipg (Von + Vpg : Vgg)el fast [ ©)

where ipg is given as (from Eq. (1), Sec. 3.4 with vgg replaced with vg,)

_ 0 O+f0 O
ips = BETAN, = Vi~ 55 Vo Voe (4)
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Typical Model Parameters Suitable for SPICE Simulations Using Level-3 M odel
(Extended Model). These Values Are Based upon a 0.8um Si-Gate Bulk CMOS n-

Well Process

Parameter Parameter Typical Parameter Value

Symbol Description N-Channel P-Channel Units

VTO  Threshold 07015  -0.7+0.15 v

uo mobility 660 210 cmi/V-s

DELTA Narrow-width threshold 2.4 1.25 0
adjust factor

ETA Static-feedback threshold 0.1 0.1 ]
adjust factor

KAPPA Saturation field factor in 0.15 25 w
channel-length modulation

THETA Mobility degradation factor 0.1 0.1 v

NSUB  Substrate doping 3x1016 6x1016 cm-3

TOX Oxide thickness 140 140 A

XJ Mettallurgical junction 0.2 0.2 um
depth

LD Lateral diffusion 0.016 0.015 um

NFS Parameter for weak 7x1011 6x1011 cm-2
inversion modeling

CGSO 220x 10712 220x 1012  F/m

CGDO 220x 10712 220 x 10712 F/m

CGBO 700 x 1012 700 x 10712 F/m

cJ 770x 106 560 x 1076 F/m?2

CIsw 380x 1012 350x 1012  F/m

MJ 0.5 0.5

MJISW 0.38 0.35

NFS Parameter for weak 7x1011 6x1011 cm-2

inversion modeling
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Temperature Dependence

The temperature-dependent variables in the models devel oped so far include the: Fermi
potential, PHI, EG, bulk junction potential of the source-bulk and drain-bulk junctions,
PB, the reverse currents of the pn junctions, |, and the dependence of mobility upon
temperature. The temperature dependence of most of these variables isfound in the
equations given previously or from well-known expressions. The dependence of mobility
upon temperature is given as

EX
UO(T) = UO(To) E-—EP

where BEX is the temperature exponent for mobility and is typically -1.5.

KT

Viherm(T) = T
452 T2 O
EG(T)=1.16-7.02[10™" O { |
T + 1108.001

L0, ES(T) __EGM [
Er0D vtherm(To)  Vtherm(T)O

PHI(T) = PHI(To) [H—D Vinerm(T) [B

PHI(T) - PHI(T EG(To) - EG(T
Vpi (T) = vp; (To) + ()2 (To) , (0)2 ()

VTO(T) = v, (T) + GAMMA B\PHI(T) B

INSUB[
(i (T) O

I _ .0 1 m
ni(T) = 1.45 (1016 ad [bxp&e -1 % HH
I Tol 0 0 U Ditherm(Tg) 0O

For drain and source junction diodes, the following relationships apply.

PHI(T): 2 Wtherm In

T I n, _EG(To) EG(T) O
PB(T) = PB 2-H- On -
(M) [H'ED Vtherm(T)EB Toot Vtherm(To) Vtherm(T)%

_Is(To) 0O EG(Tg)  EG(T) nl
(M ==} therm(To)  Vtherm(T) * DnHO%

where N is diode emission coefficient. The nominal temperature, T, is 300 K.
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SPICE Simulation of MOS Circuits
Minimum required terms for atransistor instance follows:

M13670NCHW=100U L=1U

“M,” tells SPICE that the instance is an MOS transistor (just like “R” tells
SPICE that an instance is a resistor). The “1” makes this instance unique
(different from M2, M99, etc.)

The four numbers following”M1” specify the nets (or nodes) to which the
drain, gate, source, and substrate (bulk) are connected. These nets have a
specific order as indicated below:

M<number> <DRAIN> <GATE> <SOURCE> <BULK> ...

Following the net numbers, is the model name governing the character of the
particular instance. In the example given above, the model nameis“NCH.”
There must be amodel description of “NCH.”

The transistor width and length are specified for the instance by the
“W=100U" and “L=1U" expressions.

The default units for width and length are meters so the “U” following the
number 100 is amultiplier of 10-6. [Recall that the following multipliers

can be used in SPICE: M, U, N, P, F, for 10-3, 10-6, 10-9, 10-12, 10-15,
respectively.]

Additional information can be specified for each instance. Some of these are

Drain area and periphery (AD and PD) ~ calc depl cap and leakage
Source area and periphery (ASand PS) ~ calc depl cap and leakage
Drain and source resistance in squares (NRD and NRS)

Multiplier designating how many devices arein paralel (M)

Initial conditions (for initial transient analysis)

The number of squares of resistance in the drain and source (NRD and NRS)
are used to calculate the drain and source resistance for the transistor.
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Geometric Multiplier: M

To apply the “unit-matching” principle, use the geometric multiplier feature
rather than scale W/L.

This:
M. 3 2 1 0 NCH W20U L=1U
IS not the same as this:
ML 3 2 1 0 NCH WF10U L=1U M=2
The following dual instantiation is equivalent to using a multiplier

MA 3 2 1 0 NCH W10U L=1U
MB 3 2 1 0 NCH W10U L=1U

@ (b)
(8)M13210NCH W=20U L=1U. (b) M13210NCH W=10U L=1U M=L1.
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MODEL Description

A SPICE simulation file for an MOS circuit is incomplete without a
description of the model to be used to characterize the MOS transistors used
in the circuit. A model is described by placing alinein the simulation file
using the following format.

. MODEL <MODEL NAME> <MCDEL TYPE> <MODEL PARAMETERS>

MODEL NAME e.g., “NCH”
MODEL TYPE either “PMOS” or “NMOS.”

MODEL PARAMETERS :
LEVEL=1 VTO=1 KP=50U GAMNVA=0. 5 LAMBDA=0. 01

SPICE can calculate what you do not specify

Y ou must specify the following

« surface state density, NSS, in cm-2
e oxidethickness, TOX, in meters

« surface mobility, UO, in cm2/V-s,
« substrate doping, NSUB, in cm3

The equations used to calcul ate the electrical parameters are
q(NSs) (2q Cksj INSUB OPHI)Y2

VTO = g - + PHI
(£0/ TOX) (0x/ TOX)
_ Eox
KP = UO ==&

(2 Cksi CNSUB)L/2
(£04/ TOX)

GAMMA =

and
2kT . [INSUB[
PHI = 52 —InF—]
B2 5 Ing

LAMBDA is not calculated from the process parameters for the LEVEL 1 model.
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Other parameters:

IS: Reverse current of the drain-bulk or source-bulk junctionsin Amps

JS: Reverse-current density in A/m2
JS requires the specification of AS and AD on the model line. If ISis

specified, it overrides JS. The default value of 1S isusualy 10-14 A,

RD: Drain ohmic resistance in ohms

RS: Source ohmic resistance in onms
RSH: Sheet resistance in ohms/square. RSH is overridden if RD or
RS are entered. To use RSH, the values of NRD and NRS must be
entered on the model line.

The drain-bulk and source-bulk depletion capacitors
CJ Bulk bottom plate junction capacitance
MJ. Bottom plate junction grading coefficient
CJSW: Bulk sidewall junction capacitance
MJSW: Sidewall junction grading coefficient

If CJisentered asamodel parameter it overrides the calculation of CJusing NSUB,
otherwise, CJis calculated using NSUB.

If CBD and CBS are entered, these values override CJ and NSUB calculations.

In order for CJto result in an actual circuit capacitance, the transistor instance must
include AD and AS.

In order for CISW to result in an actual circuit capacitance, the transistor instance must
include PD and PS.

CGSO: Gate-Source overlap capacitance (at zero bias)
CGDO:  Gate-Drain overlap capacitance (at zero bias)

AF: Flicker noise exponent
KF: Flicker noise coefficient

TPG: Indicatestype of gate material relative to the substrate
TPG=1 > gate material is opposite of the substrate
TPG=-1 > gate material is the same as the substrate
TPG=0 > gate materia isauminum

XQC: Channel charge flag and fraction of channel charge attributed to the drain
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V. CMOS PROCESS CHARACTERIZATION

Contents

IV.1 Measurement of basic MOS level 1 parameters
V.2 Characterization of the extended MOS model
V.3 Characterization other active components

V.4 Characterization of resistance

IV.5 Characterization of capacitance

Organization

A A A

COMPL !! l

CIRCUI TS * +

SIMPL E— —
Chapter 4
Device
Characterization

DEVICES




Allen and Holberg - CMOS Analog Circuit Design Page IV.1-1

I. Characterization of the Simple Transistor Model

Determine V1o(Vsg = 0), K', vy, and A.

Terminology:
K's for the saturation region

K'_ for the nonsaturation region

OWeff O

ip =K' S%D(VGS VT)2 (1+ A vps) (1)
W00 va

. , eff D

|D =K L DLeffDHVGS VT) VDS - T (2)

VT =V10 + YB2I9el + vsg - 2196l B (3)

Assume that vpgis chosen such that the A vpg<<'1
vgg =0 -> V1 = V0.

Therefore, Eq. (1) simplifies to
. . WeffD 5
Iip=K s%—Leﬁg(sz- VT0) (4)

This equation can be manipulated algebraically to obtain the following
12 K's Wegd? K's Wegrd?2

=10 -1 V 5
'D O 2I—eff 0 ves 0 2I—eff O 0 ( )
which has the form
y=mx+Dhb (6)
.1/2
y=ip (7)
X=Vas (8)
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K's Wetd2
_ oS Teff- 9
m O 2Leff [ )
and
K'g WessFH?

PSS olet g VO (9

1/2
Plot ip versusvgg and measure slope. to get K's

When ilD/2 = 0 the x intercept (b") is VT0.
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Mobility degradation
region

>V

DS DSAT

12

(ip)

Weak inversion
region '\ 12
— _ DD Kg Wt B

T 0 2L, O

Ves

(b)

FigureB.1-1(a) iD1/2 versus Vg plot used to determine Vg and K'g (b) ip versus
Vgghplot to determine K' .

Extract the parameter K'|_ for the nonsaturation region:

(11)

Plot ip versus vgg as shown in Fig. B.1-1(b), the slope is seen to be



Allen and Holberg - CMOS Analog Circuit Design Page IV.1-4

_Aip - Weff[ 15
m= AVGS B LDLeffD VDS ( )

Knowing the slope, the term K'|_is easily determined to be

Ol eff U511 g
K'' = (] 13
L mSNEffDH/DS% (13)

Weff, Leff, and vpg must be known.

The approximate value g can be extracted from the value of K'[

At this point, y is unknown.

Write Eqg. (3) in the linear form where

y=VT (14)
x =[2l¢F| + vSB — \[2l¢F] (15)
m=y (16)
b=VT10 (17)

2|¢F| normally in the range of 0.6 to 0.7 volts.
Determine VT at various values of vgg
Plot VT versus x and measure the slope to extract y

Slope m, measured from the best fit line, is the parameter .
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.2
(ID) ////

/ / / /

V1o Vn V12 V13

FigureB.1-2 iDl/2 versus Vg plot at different vy valuesto determineyy.

0.5 05
(Vg * 2o ) - (2]ee )

Figure B.1-3 Plot of V. versusf(vg) to determineyy.

We still need to find A, AL, and AW.
A should be determined for all device lengths that might be used.

Rewrite Eq. (1) isas
iD=I'DAVpgt+i'D (18)
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which is in the familiar linear form where

y=ip (Ea. (1) (19)
X=Vpg (20)
m=Aip (21)
b=i'p (Eq. (4) with A = 0) (22)

Plot ip versus vpg, and measure the slope of the data in the saturation
region, and divide that value by the y-intercept to getA.

Saturation region
Nonsaturation

region ~— o

Vbs

FigureB.1-4 Plot of i, versus v, to determine A.

Calculating AL and AW.

Consider two transistors, with the same widths but different lengths,
operating in the nonsaturation region with the same vpg. The widths of the

transistors are assumed to be very large so that W OWgff. The large-signal

model isgiven as
2
KL Weff o DST
D="Tar BVGS -VT0O)Vps - g@—m (23)
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and
dlp K'L WeffO
_ = =4+—F—1V 24

The aspect ratios (W/L) for the two transistors are

Wy
(1 + AL (25)
and
W2 26
[, + AL (26)

Implicit in Egs. (25) and (26) is that AL is assumed to be the same for both
transistors. Combining Eq. (24) with Egs. (25) and (26) gives

K' W
9m1 =17+ AL VDS (27)
and
K' W
gm2 = L, + AL Vps (28)

where W1 = Wo = W (and are assumed to equal the effective width). With
further algebraic manipulation of Egs. (27) and (28), one can show that,

Im1 L, + AL

= 29
Om1-9m2 L2-L1 (29)
which further yields
(L2-L1) 9ma
Lo + AL = Lgff = 30
2 eff Im1 - 9m2 (30)
Lo and L1 known
Om1 and gy can be measured
Similarly for Weff :
(W1 - W2)9m2
Wy + AW = Weff = 31
2 eff Im1 - 9m2 (31)

Equation (31) is valid when two transistors have the same length but
different widths.
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One must be careful in determining AL (or AW) to make the lengths (or
widths) sufficiently different in order to avoid the numerical error due to
subtracting large numbers, and small enough that the transistor model
chosen is still valid for both transistors.
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[I. Transistor Characterization for the Extended Model

Equations (1) and (2) represent a simplified version of the extended model
for arelatively wide MOS transistor operating in the nonsaturation, strong-
inversion region with Vgg = 0.

2 0O
 UsCoxW =
Ip = —E{VGS VT)Vps - é’lz—sﬁ + Wps\2ler

- B (vps + 21ge)1S - (2|¢F|)11-5§ @)

where W and L are effective electrical equivaents (dropping the subscript,
“eff”, for convenience).

0 (UCRIT)&g UEXP
Hs= HOBbox[sz VT - (UTRA)vDs]D (2)

Eq. (2) holds when the denominator term in the brackets is less than unity.
Otherwise, Ug = Us. To develop a procedure for extracting Lo, consider

the case where mobility degradation effects are not being experienced, i.e.,
Us = Ho, EQ. (1) can be rewritten in general as

ID = Hof(Cox, W, L, Vs, VT, Vps ¥ 219F) (3)
This equation is a linear function of vgg and is in the familiar form of

y=mx+b (4)
where b = 0.

Plot ip versus the function, f(Cox, W, L, vgs VT, Vps ¥ 2|¢e|) and
measure the slope = Lo.

» Thedataare limited to the nonsaturation region (small vpg).
« The transistor must be in the strong-inversion region (Vgg> V7).
* The transistor must operate below the critical-mobility point.

Keep Vggas low as possible without encroaching on the weak-inversion
region of operation.



Allen and Holberg - CMOS Analog Circuit Design Page IV.3-2

Region of
variable .
mobility

Region of
constant
mobility

Weak-inversion

region
/ .

Ves

FigureB.2-1 Plot of i, versusvg in the nonsaturation region.

Once Lo is determined, there is ample information to determine UCRIT
and UEXP. Consider Egs. (1) and (2) rewritten and combined as follows.

iD = ol (UCRIT)f] VEXPf; (5)
where

CoxW Eﬁzsg
f1= Aves- VT)Vps - g5 0 * VVos\2leH

- Bfivps+ 200 - > @

and
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. €gj @
27 [vgs- V1 - (UTRA)VpglCox

The units of f1 and fo are FV2/cm2 and cm/V respectively. Notice that f

includes the parameter UTRA, which is an unknown. UTRA is disabled in
most SPICE models.

Equation (5) can be manipulated algebraically to yield
Oip O

log: % 0 = log(4o) + UEXP{Iog(UCRIT)] + UEXPllog(f)] (8)
Thisisin the familiar form of Eqg. (4) with
x = log(fp) (9
Dip O
y=log{ (10
m= UEXP (11)
b = log(pig) + UEXP[log(UCRIT)] (12)

By plotting Eq. (8) and measuring the slope, UEXP can be determined.
The y-intercept can be extracted from the plot and UCRIT can be
determined by back calculation given UEXP, Lo, and the intercept, b.
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[1l1. Characterization of Substrate Bipolar
Parameters of interest are: 8 gc, and Js

For vgg >> kT/q,

VBE = Ingﬁg (1)
ED
and
Bdc ':_E -1 (2)
AE is the cross-sectional area of the emitter-base junction of the BJT.
IE=1B(Bdc+ 1) 3

Plot ig as afunction of ig and measure the slope to determine S dc.

Once B gc is known, then Eg. (1) can be rearranged and modified as
follows.

voe =< S0 KT ncney = KT ngar i) - KT
In(JSAE)
Plotting In[igf gc/(1 + B dc)] versus vRE results in a graph where

m = slope = % (5)
and

b = y-intercept = —%(q—Tﬁ IN(JSAE) (6)

Since the emitter area is known, Jg can be determined directly.
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IV. Characterization of Resistive Components

e Resistors
» Contact resistance

Characterize the resistor geometry exactly as it will be implemented in a
design. Because

* Sheet resistance is not constant across the width of a resistor
» the effects of bends result in inaccuracies
» termination effects are not accurately predictable

Figure B.5-1 illustrates a structure that can be used to determine sheet
resistance, and geometry width variation (bias).

Force a current into node A with node F grounded while measuring the
voltage drops across BC (Vp) and DE (Vyy), the resistors R and Ry can

be determined as follows

Rn =— (1)

RW = (2)

The sheet resistance can be determined from these to be
(W, - BiasO

Rg=RnG——10 3

S nD Ln i ()
[(W,y - BiasO

Rg= Ry ——1 3

S WD Ly 0 ()

where
Rn = resistance of narrow resistor (Q)

Ry = resistance of wide resistor (Q)

Rg = sheet resistance of material (polysilicon, diffusion etc.
Q/square)

Ln = drawn length of narrow resistor
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Ly = drawn length of wide resistor
Whp, = drawn width of narrow resistor
Wy = drawn width of wide resistor

Bias = difference between drawn width and actual device width

Rw
Rn
ry
A 5 W, W, F
«— L, —»|
«— L, —>
B C D E

Figure B.5-1 Sheet resistance and bias monitor.

Solving equations (3) and (4) yields

Wh - KW,
Bias =1 —— (5)
where
R/ L
k:RWLn (6)
nkw
and

(W, - BiasO W,y - BiasO
RS=RnG—F —O=RwO— —1 (7)
O n 0O o tw O
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Deter mining sheet resistance and contact resistance

Figure B.5-2 Two resistors used to determine Ryand R...

Ra = R1 + 2Rg; R1 =N1Rsg (8)
and

RB=R2+2Rc;  R2=N2Rs (9)
N1 is the number of squares for Rq
Rgis the sheet resistivity in Q/square
R is the contact resistance.

RB - Ra
Rs = Ny - N1 (10)
and
2Rc = Ra — N1Rs=RpB — N2Rg (11)
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Voltage coefficient of lightly-doped resistors

V-V, Vi +V,
R=—— VBias = >

Figure B.5-3 N-well resistor illustrating back-bias dependence.

270 L

26.5

26.0

255

Resistance (kQ)

250

1 1 1 1 1 1 1 1
10 20 30 40 50 60 70 80

Back bias (volts)

Figure B.5-4 N-well resistance as a function of back-bias voltage
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Contact Resistance

Diffusion or
polysilicon

O
Ru
%RM
Pad 2
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V. Characterization of Capacitance

MOS capacitors
Ccs Cap, and CGp

Depletion capacitors
Cppand Csp

| nterconnect capacitances

Cpoly-field: Cmetal-field: ad Cmetal-poly (and perhaps multi-metal
capacitors

SPICE capacitor models
Ceso: Cepo @d Cgpp (at Vs = Ve = 0).

Normally SPICE calculates Cppg and Cgg using the areas of the drain and
source and the junction (depletion) capacitance, Cj (zero-bias value), that it

calculates internally from other model parameters. Two of these model
parameters, MJ and MJSW, are used to calculate the depletion capacitance
as a function of voltage across the capacitor.
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Cssor Cepos @nd Capo

Cog and Cp, are modeled in SPICE as a function of the device width,
while the capacitor Cgpq is per length of the device

Measure the Cg of a very wide transistor and divide the result by the
width in order to get Cgy (per unit width).

= || (=[] [
X X X
X X X
X X X
X X X
=z

FigureB.6-1 Structure for determining Cqand Cp,.

Cmeas = W(N)(Cssp *+ Capo) (1)
where
Cmeas = total measured capacitance

W = total width of one of the transistors

n = total number of transistors
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For very narrow transistors, the capacitance determined using the previous
technique will not be very accurate because of fringe field and other edge
effects at the edge of the transistor. In order to characterize Cg; and

Cgpo for these narrow devices, a structure similar to that given in Fig.

B.6-1 can be used, substituting different device sizes. Such a structure is
given in Fig. B.6-3. The equations used to calculate the parasitic
capacitances are the same as those given in Eqg. (1).

X X X X

X X X X

X X X X
Metal drain Metal source Polysilicon
interconnect interconnect

gate

R R ER=t e m s

Figure B.6-3 Structure for measuring Ciqand Cp,
including fringing effects, for transistors having small L.
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CeBo
Gate overhang T I I = %
J T Gate /
T Source /
7 LT LT L
FOX )% - - / FOX
< Diffusion source I

CeB ; Cooly-field

Figure B.6-4 Illustration of gate-to-bulk and poly-field capacitance.

This capacitance is approximated from the interconnect capacitance
Cpoly-field (overhang capacitor is not a true parallel-plate capacitor)

Crneas
Cpoly-field =T qwg ~ (F/M?) (2
where
Cmeas = Cmeas = measured value of the polysilicon strip

LR = length of the centerline of the polysilicon strip

WR = width of the polysilicon strip (usually chosen as device length)
Having determined Cpoly-field: CGBO can be approximated as

Cero U2 (Cpoly-field)(doverhang) = 2C5 (F/m) (3)
where

doverhang = overhang dimension (see Rule 3D, Table 2.6-1)
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CBD and CBS
BRRRVARLYA 0 vgMasw
CAV) =ACIO + 530 +PCISMOD + =31 (@)
where

Vj = the reverse bias voltage across the junction
Cj(V3) = bottom junction capacitance at V3
Cjysw(VJ) = junction capacitance of sidewall at Vj

A = area of the (bottom) of the capacitor
P = perimeter of the capacitor

PB = bulk junction potential

The constants Cj and MJ can be determined by measuring a large

rectangular capacitor structure where the contribution from the sidewall
capacitance is minimal. For such a structure, Cj(V3j) can be approximated

as

Vi MJ
Ca(Va) = ACJ(O)EL * BB (5)

This equation can be rewritten in a way that is convenient for linear
regression.

o Vjo
log[C(V)] = (-MI)logHL + 5af] +loglAC(0)] (6)
Plotting log[C3(V3)] versus log[1 + V3j/PB] and determine the slope, -MJ,
and the Y intercept (where Y is the term on the left), Log[ACj(0)].

Knowing the area of the capacitor, the calculation of the bottom junction

capacitance is straightforward.
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WHAT IS A SUBCIRCUIT?

Page V.0-2

A subcircuit is a circuit which consists of one or more transistors and
generally perfoms only one function.

A subcircuit is generally not used by itself but in conjunction with other

subcircuits.

Example

Design hierarchy of analog circuits illustrated by an op amp.

Complex Circuits

Operational
Amplifier

7 N~

SimpleCiM

/ o~ T~

Biasing Input Different- Second Gain Output

Circuits ia Amplifier Stage Stage
Current | | Current || Current Diff. Mirror || verter Cgiratla(nt Source Cgirgla(nt
Source | | Mirror Sink Amp. Load Load Follower Load
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V.1- MOS SWITCH
SWITCH PROPERTIES
Ideal Switch
RAB(on) =0Q
Ao / o B /
| Rag(off) = oo

Nonideal Switch

Cas

[
I
loFF
S
Rorr
AWy
. Vorr
ON }
Ao W—"() - B
\_/
Cac Cac
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MOS TRANSISTOR AS A SWITCH

Symbol

no—" — o8 & A

Page V.1-2

(SD)

On Characteristics of A MOS Switch

Assume operation in non-saturation region (Vpg<Vgg- V).

. _K'w( Vp s

ib =" HvVes-V1)- 5 ¥bs
dp KW

dvps. L /6s~ VT~ VpsH
Thus,

OVps 1

RON = 75
dp KW(VGS V1 - Vps)

OFF Characteristics of A MOS Switch

If Ves< VT’ then i ID = IOFF 0 when Vps = ov.

If vpg > 0, then

I
OFF “ipgh ™ loppA




Allen and Holberg - CMOS Analog Circuit Design Page V.1-3

MOS SWITCH VOLTAGE RANGES

Assume the MOS switch connects to circuits and the analog signal can vary
from O to 5V. What are the voltages required at the terminals of the MOS switch

to make it work properly?

Bulk
oto5v) ‘ (0t05V)
Circuit (S/D) _v_ (D/S) Circuit
1 2
G
- =

» The bulk voltage must be less than or equal to zero to insure that the
bulk-source and bulk-drain are reverse biased.

 The gate voltage must be greater than 5 + V1 in order to turn the switch

on.

Therefore,

VBulk =0V
Vg25+Vr

(Remember that the larger the value of Vg, the larger V1)
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-V CHARACTERISTICS OF THE MOS SWITCH

SPICE ON Characteristics of the MOS Switch

1OOHA- I 0 vitov /

L + |

[ w1 1 V1=9V //

60UA— L Vi=av A/ ]

: 1 2+ vi=7 / /

' 5 A/
—

20uA —

Id

t V1=2V—]

5
-20pA /'A/
=3y 7
vz /
-60pA // // //
V=5V
-100pAl—<L

-1V -0.6V -0.2v 0.2v 0.6V v
V2

SPICE Input File:

MOS Switch On Characteristics
M11203MNMOSW=3U L=3U
.MODEL MNMOS NMOS VTO=0.75, KP=25U,
+LAMBDA=0.01, GAMMA=0.8 PHI=0.6
V210DCO0.0

V120DCO0.0

V330DC-5.0

.DCV2-1101V12101

PRINT DC ID(M1)

.PROBE

.END
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MOS SWITCH ON RESISTANCE AS A FUNCTION OF Vgg

SPICE ON Resistance of the MOS Switch

100kQ —=
N
N
.
\.
B
\
\\__\W/L = 3um/3pm
8 \.\\
S 10kQ - ——
h%) ) S
g ——
s N o P WIL = 15um/3um
S ™ -~ - B~ —
= \ ~ &~ | WI/L =30um/3um
% N N\ Bl ~—
0 1kQ ~ - ==
S S
B T
i R WI/L =150pum/3um |
<=
‘* ~ -
100Q
1.0v 15v 2.0V 2.5V 3.0V 3.5V 4.0V 45V 5.0v
Gate-Source Voltage

SPICE Input File:
MOS Switch On Resistance asaf(WI/L)
M11200MNMOSW=3U L=3U
M21200MNMOSW=15U L=3U
M31200MNMOSW=30U L=3U
M41200MNMOS W=150U L=3U
.MODEL MNMOS NMOS VTO=0.75, KP=25U, LAMBDA=0.01, GAMMA=0.8
PHI=0.6
VDS 10 DC 0.001V
VGS20DCO0.0
.DCVGS150.1
PRINT DC ID(M1) ID(M2) ID(M3) ID(M4)
.PROBE
.END
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INFLUENCE OF SWITCH IMPERFECTIONS ON
PERFORMANCE

Finite ON Resistance

Non-zero charging and discharging rate.

¢
_T_ Ron
. | | | . féﬂ\‘
v + — -
Q@ SS Cl ==VC1 Q@ C]_ ::VC1

Finite OFF Current

(1 ]
l _T_ C
Jf\ . v v S .
. ] (J_r Z_o T ] 3
@D Vss Chod V:;UT Vss + Vout
1 1 1 _ i
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EXAMPLES

1.  What isthe on resistance of an enhancement MOS switch if Vg=0V, Vg =
10V, WIL =1, V1o = 1V, and K' = 25pA/V2?

Assume that vpg = 0V. Therefore,

R _Vbs _ L/W
ON =75 TK(VgVs-V7)

106

Ron = 25107y = 44440

2. IfVg=10V at t=0, what is the W/L
_ - C,=10pF
value necessary to discharge C; to TAL

with 5% of its intia charge at N

t=0.1uS? Assume K'=25pA/NV2 BV== =

and V1o =1V. -| C2=20pF +
Vi) = Sexp(RC) . - L €

0’0 _ 107
&Pire 0= 0 - RC=120)

Therefore, R = 16_0 x 103Q

+0

10x103 _ L/W LW
6 KN VgVsVT (25x105)(9)

Thus,

Gives Y_—v = 2.67
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INFLUENCE OF PARASITIC CAPACITANCES
MOSFET Model for Charge Feedthrough Analysis

Distributed Modd

G
CGDCL_ T T T T _963)
—_— 1 | | 1 JR—
T T T | —
Do— AWML s
Ren %ZCOX
Simplified Distributed Model
G
Cepo - — Ceso
— | Cx Cux_| =/

2 2
Do———R/WV\NVVU_——o S
ReH

Caso = Voltage independent (1st-order), gate-source, overlap cap.
Cebo = Voltage independent (1st order), drain-source overlap cap.
Cic = Gate-to-channel capacitance (Cox)

RcH = Distributed drain-to-source channel resistance
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Charge Injection Sensitivity to Gate Signal Rate

W

= CHold

Model:

VIN

Case 1l - Slow Fall Time:

» Gate isinverted as vG goes negative .

» Channel time constant small enough so that the charge on CHolq is absorbed
by VIN.

» When gate voltage reaches viN+V T, the device turns off and feedthru occurs
via the overlap capacitance.

Case 2 - Fast Fall Time:

» Gate isinverted as v goes negative.

 Fall rate is faster than the channel time constant so that feedthru occurs via
the channel capacitance onto CHolg Which is not absorbed by v|N.

* Feedthru continues when vg reaches viN+V T.

» Total feedthru consists of that due to both the channel capacitance and the
overlap capacitances.

Other Considerations:

* Source resistance effects the amount of charge shared between the drain and
the source.

» The maximum gate voltage before negative transition effects the amount of
charge injected.
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Intuition about Fast and Slow Regimes

To develop some intuition about the fast and slow cases, it is useful to model the
gave voltage as a piecewise constant waveform (a quantized waveform) and
consider the charge flow at each transition as illustrated below. In this figure, the
range of voltage at C, illustrated represent the period while the transistor is on.

In both cases, the quantized voltage step is the same, but the time between stepsis
different. The voltage accross C; is observed to be an exponential whose time

constant is due to the channel resistance and channel capacitance and does not
change from fast case to slow case.

il

1
L

v,
Voltage GATE

Time

(d)

—
Tl/l/l/l/l/]/l/l/l/
al

Voltage

Time

(€
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[llustration of Parasitic Capacitances

CesT Cep[~ Ci=Va1

H

Cas and Cgp result in clock feedthrough
Cps and Cpp cause loading on the desired capacitances

Clock Feedthrough
Assume slow fall and rise times

(P1/ \ Switch ON

A<P1 \ Switch OFF Clock signal couplesthrough CGD on the
rising part of signal when switch is off, but

/ Vi charges C,; to the right value regardess.

Clock signal couplesthrough
CGD on thefalling part of the
signal when the switch is off.

-

Av CGD A ja¥e aop | __@GDD(V_ £ V)
c1= MD P1=He, ghPL= g gVin T VT
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EXAMPLE - Switched Capacitor Integrator (slow clock edge
regime)

o)
SwitthON |

Switch OFF /V|[\+VT
o
V_\ Switch ON
Vi \ | Switch OFF
i
tty, ty t,

w1 /% . G

. lZ?r/ 1 3

assuming:  Cgs1=Ces2=Cep1=CcD2 =Ci

Net feedthrough on C1 at t2:
- n0C O
AVer=-E e HVIN+ V)

Ver=VIN B —8— Bov D?P—DCG 0
= - []—
C1l IN . C1+CG o T G+C1D

At t3, additional charge has been added due to CGS overlap of M2 as @
goes positive. Note that M2 has not turned on yet.

0Cc O

AVel (to.3) = fEgrcan VT
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Giving at the end of t3 (before M2 turns on):

Ce
C1+CG

0 0
Vci1=VIN - O
0 O

Once M2 turns on (at t;: ), all of the charge on C1 is transferred to C2.

_ C1n Cid  Cg O
AVo= “Veug,H = ~VING AL ™ e

Between timesatt;’r and t4 additional charge is transferred to C1 from the
channel capacitance of M2.

The final changein Vout is:

_ Cil Cec O Cehg
AVo = _VINE%“'_C1+CG B_ E'_%(VC”(_VT)

Ideally the output voltage changeis -V| N%@ so the error due to charge
feedthrough is:

C1) Cc 0 Cehn
AVo (erron = ViNFSHE+Cg B He H(Velk —VT)
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Rigorous Quantitative Analysis of Fast and Slow Regimes

Consider the gate voltage traversing from Vy to V| (e.g., 5.0 volts to 0.0 volts,
respectively) described in the time domain as

VG = VH - Ut (3)
When operating in the slow regime defined by the relationship

2
BVuT
2C,

>> U (4)

where Vy1 isdefined as
VHT = VH - VS - VT (5)

the error (the difference between the desired voltage Vg and the actual voltage,
V) due to charge injection can be described as
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%V CGDO + T% nUC. w.cGDO

Verror = E CL 23 + CL Vst Vr-VL) (6)

In the fast swithing regime defined by the relationship

2
BVut U .
o ™)

the error voltage is given in Eqg. (8) below as

— 30
Verror E CL %/HT 6UC|_EH_ c, ‘s vT L)

The following example illustrates the application of the charge-feedthrough
model given by Eq's. (3) through (8).

Example 4.1-1 Calculation of charge feedthrough error

Calculate the effect of charge feedthrough on the circuit shown in Fig. 4.1-9 where Vg = 1.0 volts,

C_ =200 fF, W/L = 0.8um/0.8um, and Vg is given for two casesillustrated below. Use model
parameters from Tables 3.1-2 and 3.2-1. Neglect AL and AW effects.

Case 2
Vo
Casel
0
- T 02ns
10ns
Time
Casel:
Thefirst step isto determine the value of U in the expression
Vg = VH - Ut

For atransition from 5 voltsto 0 voltsin 0.2 ns, U = 25 x 109
In order to determine operating regime, the following relationship must be tested.
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2 2
B VHT BV T
5C, >> U for dow or 2C, << U for fast

Observin g that there is a backbias on the transistor switch effecting VT, VyTis
VHT=VH-Vs-VT=5-1-0887 =3.113
giving
2
BVyr  110x10°6x 3.1132
2CL 2% 200f

= 2.66 x 109<<25x 109 thusfast regime.

Applying Eq. (8) for the fast regime yields

J76x1018 1.58x10151
P 76x107" + — 2 . 3.32x10°%0 176x10'18 (5+0887-0)
arorT g 200x10°15 g 30x10°3 [ 200x10°15 '

Verror =19.7 mV

Case 2:
Thefirst step isto determine the value of U in the expression

For atransition from 5 voltsto 0 voltsin 10 ns, U = 5 x 108 thus indicating the slow regime
according to the following test

2.66 x 109 >>5 x 108

J7ex1018 4 158X107°0
v 76x10°° + ———1  [314x10® 176x1018 5 + 0887 . 0
=[3 + +0. -
arorT g 200x10°15 T\ 220x10% * 200x10 15 ¢ )

Verror =10.95 mVvV
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POSSIBLE SOLUTIONS TO CLOCK FEEDTHROUGH

1.) Dummy transistor (MD) -

Wi Wp - Wy
L1 m Lp 214
M1 MDI
VSS Vss

Complete cancellation is difficult.
Requires a complementary clock.
2.) Limit the clock swing when one terminal of the switch is a a defined

potential.
Ve
j_ ov
Tal '/ e .
+ I +
Vin>0 Ves Vout
1 1 1

ON OFF ON
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CMOS SWITCHES

"Transmission Gate"

A o— —— B

<
Il

Advantages -

1.) Larger dynamic range.

2.) Lower ON resistance.
Disadvantages -

1.) Requires complementary clock.

2.) Requires more area.
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DYNAMIC RANGE LIMITATIONS OF SWITCHES
Must have sufficient vgg to give a sufficiently low on resistance

Example:
Vbp
S0
13
A L B
4 Vb )
V 1 1A
AP @( 121 sou G H
§ o
3kQ .
g 25kQ |
é 2kQ -
7 :
T 15kQ
(@) 1
5 1k |
& 05kQ E
okQ
ov v 2V 3V 4V 5V
VaB
SPICE File:

Simulation of the resistance of a CMOS transmission switch

M11320MNMOS L=2U W=50U

M2 1023 MPMOS L=2U W=50U

.MODEL MNMOS NMOSVTO=0.75, KP=25U,LAMBDA=0.01, GAMMA=0.5, PHI=0.5
.MODEL MPMOS PMOS VTO=-0.75, KP=10U,LAMBDA=0.01, GAMMA=0.5, PHI=0.5
VDD 30

VAB 10

IA20DC 1U

.DCVAB050.02VDD 4505

.PRINT DC V(1,2

.END
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“Brooklyn Bridge” Effect

If N-channel and P-channel devices are “resistively” scaled (i.e., sized to have the
same conductance at equivalent terminal conditions) the resistance versus voltage
(common mode) will appear as shown below.

Nchon

Pch off Nch off

Nch on; Pch on ‘ Pch on

280
270

260

5v
L
R 250 -lil- g
Sv
1T

240

1
230 v <> Y
B /
220 0.1
210 4
0 1 2 3 4 5
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VOLTAGE DOUBLER USE TO PROVIDE GATE OVERDRIVE

Example
Vb
A
M1 n
—] |
Qa o— _||_ CPump l MG
[ — 131
M4
= | —
M2 (PB°_||_
M3

<4V
T T ca
—>-|—och (7 s _

+0O

Operation:

1. @A low, 98 high - Cpymp is charged to Vpp-Vss.
2. @p high, @g low - Cpym transfers negative charge to Cyyg ¢

VpeL =-058/pp - VssH

3. Eventually, Vpg| approaches the voltage of -Vpp + Vgg. If
Vpp =- Vss then Vpg| = - 2Vpp.
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SUMMARY OF MOS SWITCHES

» Symmetrical switching characteristics

» High OFF resistance

» Moderate ON resistance (OK for most applications)

» Clock feedthrough is proportional to size of switch (W) and inversely
proportional to switching capacitors.

» Complementary switches help increase dynamic range.

» As power supply reduces, switches become more difficult to fully turn
on.

» Switches contribute a kT/C noise which folds back into the baseband.
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V.2 - DIODES AND ACTIVE RESISTORS

MOS ACTIVE RESISTORS

Realizations
. + When the drain is connected to the
i gate, the transistor is always saturated.
Vbs2Vgs- VT
\Y
'_|[: —|l‘:V VD-V82VG-VS-VT
i|l - . O vpg=-ViwhereVy>0
Large Signa
1-V Characteristics -
|
' AC
C :
: : K'W
---------------------- I =1p = (T)[VGS'VT]Z
= g(vGS-VT) 2, ignore A
or
-V 2ip
Small signal V=VDs=Ves=VTt \[ R
T |
Go oD
+
V' gnv () OmbsVs rds%
Sc- oS
v 1 1

If VBSZO,then ROUT: |_ :g|\/|+gDS ~g|\/|
If Vg # 07

Note; Generally, 9y = 10 gyps = 100 gy
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VOLTAGE DIVISION USING ACTIVE RESISTORS

Objective : Derive avoltage Vout from Vgg and Vpp

Vb
e
Vout
o
Vss
Equating ipq toipy resultsin :
_ "2
Vpsy = By Bps2 - V12H + V11
where
Ves1=Vpsy ad  Vgsy =Vpsp
Example :

If Vpp =-Vgg=5volts, Vg, =1volt, and Ip; = Ipy = 50 pamps,
then use the model parameters of Table 3.1-2 to find W/L ratios.

ip1 = g(VGS'VT)Z
By = 40pAN2 B, = 11.1pAN2
K'n= 17 JANVZ  K'y= 8 HAIV2

1

then (WIL); = 755 and (W/L), = 1.34
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EXTENDED DYNAMIC RANGE OF ACTIVE RESISTORS

Concept
________ T |
| | ] i|
- +
Ve Y |
+ — R
| _I\_/Il VDS M2 I_:I.:Vd
| - | -
L } ______ |
Consider :
Assume both devices are non-saturated
O Vo
_ 0
l1=B1 gVDs +Ve-Vrvps- 5 g
O Vo
_ [
1=B2{Vc - V1)vps - 20
0 v va O
DS DS
I=13+1,=B ¥ps? + (V¢ - V)Vps - — t(Vc-V1)vps- TB

I =2B(V¢c - V1)Vps R = ZB(Vcl- V1)
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Implementation :

M3A

r/DD
T
T
il
5L
+ M1
Ves —

gA_(/)

T#_|P
e

Page V.2-4

M3B

M2B
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NMOS Parallel Transistor Realization :

+

Voltage-Current Characteristic :

2mA "
1mA—F -
s W=15u
_ —+ L=3u -
o g VBS=-5.0V 3
& - T
g 0 F :
< _/ e
-1%—% -E_
N / :
-2 -1 0 1 2
VDS

NMOS parallel transistor realization
M12105MNMOSW=15U L=3U
M22405MNMOSW=15U L=3U
.MODEL MNMOSNMOSVTO=0.75, KP=25U, LAMBDA=0.01, GAMMA=0.8
PHI=0.6

VC12

E1401210

VSENSE 102DCO

VDS 100

VSS50DC-5
.DCVDS-2020.2VC371
.PRINT DC I(VSENSE)

.PROBE

.END
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Page V .2-6

P-Channel Extended Range Active Resistor Circuit

M3A

. o VAB °
iABY Voo
] m2s
AR e
- Ve
v [wmiB

—I_—'

IIIMas

Voltage Current Characteristics

100uA

5V
60UA =

20uA

Av

2

i AB

- 20uA:

- 60UA:

-100uA

P-Channel Extended Range Active Resistor
M1A 34510 MPMOSW=3U L=3U

M1B 36510 MPMOSW=3U L=3U

M2A 10344 MNMOSW=3U L=3U

M2B 1056 6 MNMOS W=3U L=3U

M3A 4700MNMOSW=3U L=3U

M3B 6700 MNMOSW=3U L=3U
VSENSE 13DCOV

VC70

VAB 15

VDD 100DC 5V

.MODEL MNMOSNMOS VTO=0.75, KP=25U
+ LAMBDA=0.01, GAMMA=0.8 PHI=0.6
.MODEL MPMOS PMOS VTO=-0.75 KP=8U
+LAMBDA=0.02 GAMMA=0.4 PHI=0.6
.DCVAB-404.002VC251

.PRINT DC I(VSENSE)

.PROBE

.END
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THE SINGLE MOSFET DIFFERENTIAL RESISTOR

V¢
Vl':’\/\/\/\—l— Vie o | +
V2 V2
-
V2o -Vie VZ(-
-V1'_:/\/\/\/\—|— — 1L |

Assume the MOSFET's are in the non-saturation region

) 1 g

i1 = B%VC - Vp -V1) (Ve - Vo) - 5 (vy - VZ)Z%

. 1 -0

2= B%Vc "V -Vr)(-vy - Vo) - 5 (Vg - Vo)<l
Rewrite as

) 1 0

|1 = B%VC - V2 -VT)(Vl - V2) - E (V12 - 2V1V2 + VZZ)E

) 1 0

2= B%Vc -V V1) (-Vq - V) - 5 (Va2 + 2vvp + Vo)

. 1 O
|1 - |2 = B§VC-V2-VT)(2V1) - §(V12-2V1V2+V22'V12-2V1V2-V22)%
il - i2 = 2[3 [ (VC - VT)Vl - 2V1V2 + 2V1V2]

IR = Vl-(-Vl) _ 2Vl _ 2V1 _ 1
T gy Tigtip T 2B(VEVT)vy T B(VeVT)
or
R= W L
2KV V)

V1SVC-VT
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Single-MOSFET, Differential Resistor Readlization

Ve
i, [Tlad2 i l
Vi e — AAAN—— V2 Vie— T kL o V>
lad 2 — Ve

12 R ) T
\%

Voltage-Current Characteristics

1.0mA
; Ve / /

0.6mA /6

0.2mA : %i\/ _—
: y ==

- ol -
>3 .
a L -
-0.2mA —
= -
- /A,
1omad / i
-2 -1 0 1 2
Vi

Single MOSFET Differentia Resistor Realization
M11234MNMOS1 W=15U L=3U
M25234MNMOS1 W=15U L=3U

VC20

VCC40DC-5vV

V110

E15010-1

.MODEL MNMOS1 NMOSVTO=0.75 KP=25U
+LAMBDA=0.01 GAMMA=0.8 PHI=0.6
.DCV1-202002VC371

PRINT DC ID(M1)

.PROBE

.END
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The Double MOSFET Differential Resistor

iDl = B@VC]_-V'VT)(V]_-V) - %(V:L'V)2
iD2 = B@VCZ-V'VT)(V]_-V) - %(V:L'V)2
iD3 = B@VC]_-V'VT)(VZ-V) - %(VZ-V)Z

iD4 = B§VC2-V-VT)(V2_V) - %(VZ-V)Z

1’
I1
Vioe — —_— e —
iD1
|D2L
1 [
v
Ve
v
iDsr
ID4
—

o 1 1 0
i1=ipHi D3=B§V c1V-V)(V1-v)-5(v1-V)2+(V cpv-V7) (v2-v)-§(v2-v)2E

o 1 1 [
i,=ipytip 4=B§V coV-VT)(V1-v)-5(v1-V)2H(V Cl—v-VT)(VZ-V)-i(VZ-V)ZE

i1-12= Bl(Ve1v-V7)(v-Vv) + (Vo v-VT1) (Vo V)
- (Vov-V1)(ve- V) - (Vep-v-V1)(vo-v)l

=BlviVe1-Vea) +VaVeaVedl = B(Ver-Vea)(ve-vo)

or

R ViV Vi-Vo B 1
N~ 7.5, T B(Ver-Veo)(Vi-vo) — KW
1712 c1-VcalVaVva VeV
1 .
Rin Vivo = min[(Ver-V).(Vea V)l

-~ KW
- VeV
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Double-MOSFET, Differential Resistor Realization
Ve
iD1 _T_ M1 i1
Vie—=T § L —"0oV3
. ipz FVss
1 ryd2 _:IJ_I_
V1 .1/\/\/\/\—0V3 —
§ NG Vezo—
20— NVWN—o 4
12 R iD3 1 M3
TiLC
ipa P Vss
Voe—=7 vy [ — V4
T M4 12
Ve
Voltage-Current Characteristics
l
150UA
: Ve =6y Double MOSFET Differential Resistor Realization
¢ M11234MNMOSL W=3U L=3U
100UA = Vec =5V M2 1584 MNMOSL W=3U L=3U
VOV 4 M36534MNMOSL W=3U L=3U
8~ M4 62 84 MNMOSL W=3U L=3U
Ver =7V 3V
50UA = VSENSE 38 DC 0
A VC120DC 7V
— VC250

(VSENSE)
()
l

\\

-100uA

SS40DC-5V
V1216

MODEL MNMOS1 NMOS VTO=0.75 KP=25U
+LAMBDA=0.01 GAMMA=0.8 PHI=0.6
DCV12-330.2VC2261

PRINT DC I(VSENSE))

.PROBE

END

N

-150uA-L

1

w
1

N

-1 0
V1-Vo
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SUMMARY OF ACTIVE RESISTOR REALIZATIONS

ACResislance | | jnearity How Restrictions
Redlization Controlled

Single MOSFET Poor Vgsor WIL | vgyLk < Min (vg, vp)

Parallel MOSFET Good V¢ or WL vs(Ve-V7)
SingleMOSFET, Good Ve or W/L < VC<- o
differential resistor C VBULK <V1

Differential around v4

Vl’ V2 < min(VCl'VT,
Double-MOSFET, [very Good| V€1~ V2o Ve V7)
differential resistor WIL VBULK < Min(vy,vo)

Transresistance only
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Page V.3-1
V.3 - CURRENT SINKS & SOURCES

CHARACTERIZATION OF SOURCES & SINKS

1). Minimum voltage (vp4n) across sink or source for which the
current is no longer constant

2). Output resistance which is a measure of the "flatn
current sink or source

ess' of the
CMOS Current Sinks & Sources
Vbbp _
: T Ve=Vae
iD+I +
\'
Vee T
- - -V
___ Voo 4 'O Ve=Vae
[‘El Vee
ip
% { .
Y 0
fout = MD
VMIN =

VDS(SAT.) = VON

where VON = VGS - VT
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SMALL SIGNAL MODEL FOR THE MOSFET

G B D
D o o O
¥ i
Go—] B= VYos Vbs OV Ombbs(} ) Td %
S 0s m S S
o o
S S S
2K'WIp
Om = L
ImY
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INCREASING THE Ryt OF A CURRENT SOURCE

MOS
Circuit Small-Signal Model
-
lout
<i—+
M2 out
4| l} <> <>r d52§
Om2Vgs2 ‘ \
L Vout Ombs2Vbs2 Vout
O =z !
Vee Vs2 r .
L oop equation:

Vout = liout - (Im2Vgs2 * Imbs2Vs2)IFds2 +iout T
But, Vgs2 = Ve and Vpg = - V.

Vout = llout + 9m2Ve2 + ImbsoVe2lTds2 + lout
Replace v by igy!-

Vout = lout [ Fds2 * 9mardsol + Imbsoldsal + 1]
Therefore,

Fout = Fas2 ¥ 7 [1+ Imolds2 + Imbsoldsol

MOS Small Signal Simplifications
Normally,

Om = 10gmps = 100945

Continuing
Fout I "9m2rds2

rout = I X (voltage gain of M2 from source to drain)
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CASCODE CURRENT SINK

MOS
Circuit _ Small-Signal Model
| louT _
REF ~— lout
Mad, | M2 N
Vout I 4o
= H Ombs2Vbs2 Om2Vgs2
et I —
M3 M1 ) Vout
+
list< Ve
Y/ Om1Vgs1 - -

Vout = [lout - (Im2Vgs2 + Imbs2Vbs2)]rds2 * lout dsl

Vout = loutlfds2 + 9m2rdsor(1 + n2) + rygsil

fout = fds2 * M1 + Im2rds2(1 + N2)] U rdsi9m2rds2(l + n2)
Note: vyyny = V1 +2VoNn D 0.75+1.5=225 (assuming VN = V1)

NMOS Cascode-

1mA

Slopg = /R,

0.75mA

io 0.5mA SR Vo
—i Vo
0.25mA — v+e o
_VMIN | =
OmA
ov 2V 4V 6V 8Vv 10V
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Gate-Source Matching Principle

liDZ
—
i J l 1=
D1 ID2 Vesg
|
- S |
ML+ BT N
_Vest Ves2 J'Dl
—+—||I:—
_ M M1
S=WI/L vest

Assume that M1 and M2 are matched but may not have the same W/L ratios.

1). If vgs1 = Vasp: thenipy = (S1/S))ip2
a). Vg1 may be physically connected together , or
b). vggp may be equal to vzg, by some other means.

2) If iDl = iD2’ then

8). Vgs1 = V1 +/S/S1(Vesz - V1) L or
b) If Sl = SZ and VSl = VSZ then

VGs1 = Ves2

Strictly speaking, absolute matching requires that vpg be equal for two matched

devices.
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Reduction of VN O VouT(sat)

High-Swing Cascode

Method 1 for Reducing the Value of v r(sat)

|
REF{ VT +2VON lout louT
/— | Vouts |
+ D B——
M4 |- I, M2
VT +VoN |
i VouTt |
M1+ I
M3 _] . I, vr+ Vo |
VT +VoN - .
Z Z 0 VT +2VoN Vout
Standard Cascode Sink :

[PatofVes] g partof vggto
Vgs = VON + VT = |:| to achieve D+

O O
Cdirain currentl] renhance the channel

U Vpgsat) =Ves- V1 =(Von + V1) - V1 =Von

|
Vi V1+Von

—m VGS

Above is based on the Gate-Source matching principle.
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Circuit Which Reducesthe Vaue of Vout(sat) of the Cascode Current Sink

IREF L

M6
|
1/4:1' + ]

out

louT
A VOUT(sat)

K'W

oL (Vs - V1) 2

1/1
M2
VouTt
VT+2VON Ml
+
\Y;
11 ON
i
° w_1 w_1
A L 1 L 4
Ip
» VGS
W Vv 2
L ( ON)
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Method 2 for Reducing VM IN for MOS Cascode Sink/Source

iREFL iRpr Lio

II—» +Il—_— -

Assume (W/L)1 = (W/L)2 = (W/L)4 = 4(W/L)5 values are identical and ignore
bulk effects.

Letlper = 1o
2IREF
Vst = oo VT Von VT
K’ S
o-10
and

Since (W/L); = 4WIL)g
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SinCGVng = VGS4 = VON +VT
Vps1=Vps2 = Von

which gives a minimum output voltage while keeping all devicesin saturation of
VMIN = 2 Vgn

Output Plot:

1000pA

750A | -

500pA |

ID(M4)

250pA |

OpA /

ov v 2V 3V ZAV) sV
VOUT
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Matching Improved by Adding M3

IREF

[
REFl y| VT 2von
_—
+ M31 M5 1
]l | |
o+ + '
VT+VON 1/4 VT1+VON
M1 M2
+ | |
Von | n |
11 VT+VON 1

What is the purpose of M3?

The presence of M3 forcesthe Vg = Vg Which is necessary to guarantee that

M1 and M2 act alike (e.g., both will have the same V).

Page V.3-10

[

M4

+
VON
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CMOS REGULATED CASCODE CURRENT SOURCE

Circuit Diagram

VDD A VDDA

NOFTTE
® [
I\EE{I vour lou| [ ———
M1 M2
= 1 = - Voss(Mn) Vos(sa) 0%

Principle of operation:
As VT decreases, M3 will enter the non-saturation region and
ioyT Will begin to decrease. However, this causes a decrease in the gate-

source voltage of M4 which causes an increase in the gate voltage of M 3.
The minimum value of v is determined by the gate-source voltage of

M4 and Vdsat of M3. Assume that all devices are in saturation.

. 2gy 2o\,
Vout(Min) ="\ [y, + "\ Kwin)s * VT4
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CMOS REGULATED CASCODE CURRENT SOURCE - CONT.

Small Signal Mode

I'ds3
MA out
+ Vg3 - | —-—
+ Om3Vgs3 +
RBZ% r ds4§ Vgsa S las Vout
gm4Vg

(Ignore bulk effects)

lout = Im3Vgs3 + 9ds3(Vout - Vgsa)
Vgs4 = lout’ds2
Vgs3 = Vg3 - Vs3 = -Oma(TasallRB2)Vges - Vgsa
= Tas2l1 + Ima(rasallRe2)] out
O oyt = -Omafasol1 + 9malrgsallRe2)l1out + 9as3Vout - 93 ds2! out
Solving for v,

Vout = N'ds3l1 + Omalds2 + 9ds3lds2 + Imalds29Ima(rdsallRe2)]iout

Vout

fout = T~ Fgs3l1 + 9m3alds2 + 9ds3ds2 * Imards29ma(rasallRe2)]

g 2r3
_ _9m
Fout = ds39m3rds29ma(rdsalRe2) = =% —

Example
K'n = 25pA/V2, A = 0.01, Ig; = lgp = 100pA, al transistors with

minimum geometry (W = 3um, L=3um), and Rg, = rys, We get
lgs = IMQ and g, = 70.7umho
lout= (IMQ)(70.7umho)((IMQ)(70.7umho)(IMQ|[IMQ)= 2.5GQ!!!
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CMOS REGULATED CASCODE CURRENT SOURCE - CONT.

SPICE Simulation

160pA |
140pA - | B]:15OHiA—
|
~ — I
A / IlB]=125|J|.A
100pA '/
e ! _ T
louT 80WA /// _ IiB:I 100},?A
owe 7~ | g1=50uA—
20pA
OpA
M 0 1 2 3 2 s

SPICE Input File
CMOS Regulated Cascode Current Sink
VDD 6 0DC5.0
IB164DC 25U
VOUT 10DC5.0
M14400MNMOS1 W=15U L=3U
M23400MNMOS1 W=15U L=3U
M31230MNMOS1 W=30U L=3U
M42300MNMOS1 W=15U L=3U
M55400MNMOS1 W=15U L=3U
M65566 MPMOS1 W=15U L=3U
M72566 MPMOS1 W=6U L=3U

.MODEL MNMOS1 NMOS VTO=0.75 KP=25U

+LAMBDA=0.01 GAMMA=0.8 PHI=0.6

.MODEL MPMOS1 PMOS VTO=-0.75 KP=8U

+LAMBDA=0.02 GAMMA=0.4 PHI=0.6
.DCVOUT 50 0.1 1B1 50U 150U 25U
.OP

PRINT DC ID(M3)

PROBE

.END
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SUMMARY OF CURRENT SINKS/SOURCES

Page V.3-14

Current Sink/Source fout Minimum Voltage|
Simple lds Von
Cascode ~ Om2'ds2lds1 V1 +2Voy
High-Swing Cascode ~ Om2lds2'ds1 2VonN

 Regul ated Cascode = Om?rgs V1+2VoN
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V.4 - CURRENT MIRRORS/AMPLIFIERS

What Is A Current Mirror/Amplifier ?

Rin Rout
CURRENT
i| lo
o MIRROR/ -
+
+ AMPLIFIER
V| - - Vo
o o
Ideally,
io=A|l

Rn=0 Rout = oo

Graphical Characterization
I

dope=1/R; io
} '/_ p ) ) slope= 1R
= URout
I /
lo
J > V| » VO
VMIN VMIN
INPUT io OUTPUT
\ A /
A
1
- iI

TRANSFER
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CURRENT MIRROR AND CURRENT AMPLIFIERS

Sources of Errors

Page V .4-2

—>
: CURRENT , ?
I lo
— 4
— MIRROR/ ——o Vpsy M1 |
AMPLIFIER i VGs
- :

In general,

lo  DVLjvgs- Vngz Eﬂ-"')‘VDSZDDJoZConS
y Wilo¥es - Vrin A AVpsitlor Coxir

If the devices are matched,

io BNZL 1[l]j.+)\VD32D

TR TP Eo\vAYeS

If vbs1 = Vps2s

io Wyl
0T Wik,

Therefore the sources of error are:

1). Vps1 # Vps2
2). M1 and M2 not matched (AP and AV)
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Simple Current Mirror With A #0

Circuit -
§ 10
_ % A=0.02
i 1 |(i - 8
. A :/0_/0;5.
—— A
[a] la) 7
H M1 M|+ | /
VDSl:II - || Vos2 +|¥ 4 -~
: e ] e
_ o 2 /
1 S =t
Vss "g 0 %
= o 1V 2V 3V 4V 5V
e

|Vbs1-Vost
Ratio error (%) versus drain voltage difference -

Used to measure A -

io _ A+ A VDsz[ﬂﬁlm
i, T d* A Vpsiton

If Sl = 82, Vpso = 10V, Vps1 — 1V, and |O/|| = 1.501, then

ol

io 1+10\ 0.
0 T- 1501= "7 3 -—>A=

=0.059

o
ol
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Matching Accuracy of MOS Current Mirrors

Neglect A effects

iDlJ J iD2
‘ io_ip2 = Ba(Ves2-VT2)2
Mljl . +'L»‘ o b1 Bu(Vesi-VT1)2

Vest Ves2 (Vbsz > Vesz - V1)

—]

Define  AR=B,-B;  ad B :@

V11tV

AVT = VT2 - VTl and VT = >

A A AVt
B 1=[3'—2E , [32:3+_2E V11 =V1- 5~
AVt
and VTZZVT+T
Thus,

+é§ 0 AVTQ

i| - é& AVTQ

o P2l Nes- v R
STVes v+ 1

i Al AVy m AV m 2
IO El+A %+A a1l i i
| —DD

i2~ N AB ] ZAVT
| B (vgs- V1)
éﬁ 0 AVT

(Vgs - V1)

=+ 10%

—=1+£0.05-(x02)=1+0.15
= 1+025 if B andVy are correlated
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Matching Accuracy - Continued

[llustration
7L
<
8
= I, = 1UA

io
I

RATIO ERROR (-
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Layout Techniquesto Remove Layout Error

Layout without correction technique -

| Jio

Layou
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Practical Current Mirrors/Amplifiers

e Simple mirror
e Cascode current mirror
* Wilson current mirror

Simple Current Mirror -

60uA
Current mirrors and amplifiers

.MODEL MNMOS1 NMOS VTO=0.75 KP=25U
+LAMBDA=0.01 GAMMA=0.8 PHI=0.6
M11100MNMOS1 W=3U L=3U

40uA
M23100MNMOSLW=3U L=3U
. IINO1
lout VOUT 30
i DCVOUT050.1
20UA +IN 0 60U 10U
J .PRINT DCID(M2)
4 PROBE
4 EnD
0 |
0 1 2 3 4 5
Vout
" Jio
3u 3u
—{ISU 3u|I— +
[ Iy Vo
<M1 M2™7 -
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Cadcode Current Mirror

CIRCUIT SPICE
mproved current nfirror | | I -
. | OJT .MODEL MTMOSI NMOSYTO:OI_S KP=25U  _ :
I | s0uA BTt e i = 6oun :
M22100MNMOSL W=3U L=3U | :
. 1= 50uA =
1INO03 -
M3 T! | l | L_ M4 40UA \./DO(;J\T/SL?TosoJ ij = 40uA 3
| = .
iouT i = 30uA ]
20UA i, = 20uA ]
M1:||_ ||:'V'2 i = 10UA E
O ] ] :
\Y/
S 0 1 2 3 4 5
vVout
Example of Small Signal Output Resistance Calculation -
I
io
| —,
+ + +
V3 > rgs Va
OmaV3 dsA
- m - Oma(V3+V1-Vo) OmbsV2
]’vl—v3 =0 Vo

=

1). Vo = V4 + Vo =g lig - Omalva + vy - Vo) + OmpsaVal + Fgsolio -OmaVe)
2) VZ = iordsz
3). Vo =g [Fdsa * (Omafds2)Tdsa + (Fds29mbsa)Tdsa T Tdsol
Vo
4). Fout = io =Tgss tlgs2 + rdsZrds4(9m4 + 9mbs4)
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Wilson Current Mirror

Circuit and Performance-

| | | 1
lin =80uA 7

[ 70uA T

lil |\/|3Jlio 65.5UA - SOUA

- SO0uA -

L l_j io 45.0uA . A0UA

| 30uA ]

Vss 22.5UA L 20uA =

[ 100A

0 / | | | ]
C 1 2 3 4 5

Wilson Current Source

M11200MNMOSW=15U L=3U VOUT
M22200MNMOSW=15U L=3U

M33120MNMOSW=15U L=3U

R 10100MEG

.MODEL MNMOSNMOSVTO=0.75, KP=25U,

+LAMBDA=0.01, GAMMA=0.8 PHI=0.6

IINO1

VOUT 30

.DCVOUT 050.11IN 10U 80U 10U
PRINT DC V(2) V(1) ID(M3)
.PROBE
.END
Principle of Operation:
Series negative feedback increase output resistance
1. Assume input current is constant and that there is high resistance to

ground from the gate of M3 or drain of M1.
2. A positive increase in output current causes an increase in Vggp.

3. Theincrease in Vg causes an increase in Vg; .

4. Theincrease in Vgg; causes anincreaseinip;.

5. If the input current is constant, then the current through the resistance to
ground from the gate of M3 or the drain of M1 decreases resulting in a decrease
N Vgss.

6. A decrease in Vg3 causes a decrease in the output current opposing the

assumed increase in step 2.
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Output Impedance of the Wilson Current Source

lout
<

N
(
<%Jm3(V1 -V2) <>9mbs3V2

Vout
Om1V2
gm2V2 -
0

Vout = fasaliout - ImaV1 + Om3aV2 + ImpsaVal + Vo

Vout = fds3lout = Im3"ds3(-Im1rds1V2) + ImaldsaV2 + ImbsaldsaV2 + Vo

.0 rds2
V2 "out%]_

O
+ gm2rd52E

Vout = lout'ds3 + [9malds3 * Imbsalds3 + Im1ds1mardsalVa + Vo

Fout = fds3 + rdsZD

1 + gm3rds3 +

gmbs3rds3 + gmlrdslngrds3%

1+gma2rds2 0

Fout =

Fds29m1'ds19m3lds3

Im2rds2

= Igs1 * (Om3alds3) if Im1 = Im2
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Improved Wilson Current Mirror

j IOU'[

\ Additional diode-connected

M2 transistor equalizesthe
drain-source voltage drops
of transistorsM2 and M3

SPICE simulation

| | | |
i mproved Wilson current source - -
"MODEL MNMOSL NMOS VTO=0.75 KP=25U I in — 80uA
- AMBDA=0.01 GAMMA=0.8 PHI=0.6 L |
M11230MNMOSL W=12U L=3U

M2 3300MNMOSL W=12U L=3U 70uA "
135300 MNMOSL W=12U L=3U

77.9UA M4 2250 MNMOSL W=12U L=3U =
= DC VOUT 050.2 11N 10U 80U 10U 60uA -
1R 20 100MEG .

INO2

LvouT 10 50uA 4

45.0uA frnr
b RINT DC ID(M1 -

Ou END M 4OUA
I =3
out - 30uA -

L =

22.5UA |- 20uA -
L o
L 10uA g
i yd ]

| | |

0 1 2 3 4 5
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Regulated Cascode Current Mirror

\V/ .
DD lout
-—
'BCD V7Y —
e
I[N G) —
M3
|_4_|I n Vout
Ve
M1 - M2
— —
| I
Vss

Small Signal Equivalent Model (gmpbs effects ignored) -

lout
-

0
+

ldsa
OmaVgsa
Vg
* + Vout
r lds2
gmaV3 d V3
0

Vout = (lout - ImaVgsa)Tdsa t out'ds2

VgS4 :.V4 - V3
V3 =loutlds2
Va4 =-OmaVv3lds3

Vout = lout"ds4 = Ima(-Imalout"ds2"ds3 - Tout'ds2) dsa * Tout"ds2

Fout = Tdsa ¥ Ima9m3 Mds2lds3ldsa * Fds2 + Imalds2lds4

. 2IB 2Iout
Vout(Min) ="\ [iswiny, + "\ Kwin)s * VT4

Page V .4-12
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SUMMARY OF CURRENT MIRRORS
Output Minimum

Current Mirror Accuracy Resstance Voltage
Simple Poor (Lambda) lds Von
Cascode Excellent Il ds? V1 +2VoN
Wilson Excellent Il ds? 2V on
Regulated Good Om?r s> V1 +2VoN
Cascode
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V.5 - REFERENCE CIRCUITS

I ntroduction

What is a Reference Circuit?

A reference circuit is an independent voltage or current source which has a
high degree of precision and stability.

Requirements for a Reference Circuit

1.) Output voltage/current should be independent of power supply.
2.) Output voltage/current should be independent of temperature.

3.) Output voltage/current should be independent of processing variations.

V-l Characteristics of an Ideal Reference

[
A Voltage Reference

|ref \

Current Reference

-V
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Concept of Sensitivity

Definition
Sensitivity is a measure of dependence of V 4 (l,¢) upon a parameter or
variable x which influences Vg (¢f)-

v OV (ef

§f Vet _ DX Elt‘f’vrefD
B G_X ref% 0x D

X X

where
X =Vpp Or temperature

Application of Sensitivity

OV ref %/ref EE@X
X
Vet % EDX

For example, if the sengitivity is 1, then a 10% change in x will cause a 10%
changeinV .

O
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V.5-1 - SIMPLE REFERENCES

Objective isto minimize,

oV
Vref > ref
S _ ref
V
DD VDD

Types of references include,

1. Voltage dividers - passive and active.
2. MOS diode reference.

. PN junction diode reference.

3
4. Gate-source threshold referenced circuit.
5

. Base-emitter referenced circuit.

Page V.5-3
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Passive Divider
Accuracy is approximately equivalent to 6 bits (1/64).

Vbp
Ra
V1
|J Rg
\p)
Rc
Vss
Active Dividers
I
DD DD
[ ms A
oV2 ]
— [_ M2 E{ _ M2 ’—4 M2
=l e el e
[ M1 M1 Vg M1 Vg
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Page V.55
PN Junction Voltage References
Ve
A
_ _KT d o_ o r
R§¢I VREF—VBE—q |nH;%—Vt|nH;E
———o0
¥ Vee-VBe Vece
If 1= R = R
VRer
- Vee O
T ° VRrer = Vi In g%: ]
Sensitivity:
VREF
S -1
Ve
Vee Eral
~Ns O
VRer
If Voo = 10V, R= 10kQ, and I = 10-15A, then O = 0.0362.
Vee
Modifying the Value of Vrer
Vce

If B >> 1, then VREF = IRl(R1+R2)

VBE
R i | replacing IRlby—1 gives,
% Ry +Ry O
I V =75 0OV
RUSR; REF R, ['BE

or
R

R1+Ry O Vee O
\% =O05— OV¢InOg— O
REF R t -

oR1 . Rls
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Gate-Source Referenced Circuits
(MOS equivaent of the pn junction referenced circuit)

V
" _ _ 2(Vpp-VREF)
VRer=Vges=V1+ BR
R ¢ |
!

Voo cyo - L a [AVo0VD 1
REF = VT~ BR BR B2R2

O
+
}E VRer
Sensitivity:
. VREF
L ° S . VbD 1 0
Vo, " REF 4+ BR(VRrer - VT
If Vpp =10V, W/L =10, R = 100kQ and using the results of Table 3.1-2 gives
VREF
Viegr =197V.and S =0.29.
Vbp
Madifying the Value of Vgep
Vb
A
MR +Ry O
| ~
Rél VRer =0 R, OVes
. 0O ™2 0
IRlJ Ry ¥
|4_— V Rer
I_
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Bootstrapped Current Source

TVDD

Page V.5-7

M4

Tt

Rs M3 ji |

¢|D1:|1 ¢|D2:|2

. M6
i, M2
M8, | — M1 ]l
R
L
Principle:
If M3 = M4, then
l1=1 (1)
aso,
21,

Ves1=Vm F\[K s =R

therefore,

iiOUT

Undesired operating point
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Bootstrapped Current Sink/Source - Continued

An examination of the second-order effects of this circuit-
The relationship between M1 and R can be expressed as,

21,
LR=V1i+A\ |7
2 T1 Bl

Instead of assuming that 1; = |, because of the current mirror, M3-M4, let us
consider the effects of the channel modulation which gives

o= | ] 1+)\PVGS4 S
271 I+ Ap(Vpp - Vpsig

Solving for I, from the above two expressions gives

2,
1R+ ApVsa) = [1+Ap(VDD-VDsII\ [ B,

Differentiating with respect to Vpp and assuming the Vg and Vggy are
constant gives (Ioyt = 11),

5 214
lout ZOVDD}‘PS/Tl *\/ B,
0 10

S = O 1+ Ap(Vpp - Vps1)O
Voo | R(1 + ApV -
OUTD( PV Gsa) 2.1,

U
U
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Bootstrapped Current Sink/Source - Continued

Assume that Vpp=5V, Ky' = 23.6 PA/V2, V1\=0.79V, y\=0.53V05, @p =
0.590V, AN=0.02V-1, Kp' = 5.8UA/NV2, V1p=-0.52V, yp=0.67V05, gp = 0.6V,
AN=0.012V-1. Therefore,

Vgsa = 150V, Vp = 1.085V, Vg, = 1545V, and Vpg; = 2.795V which

gives
louT
Al /|
S —~ 0.08 = OouT'ouT

AVDD/VDD

Vbb
AVpp O
It AVpp = 6V - 4V = 2, then Al oy = 0.08 | o7y 0= 32uA

SPICE Results:

120pA [

100pA | —
: [ Alour = 2.80A for AVpp 4V - 6V

80pA [

60UA |
louT

40pA |
20pA [

\\;

OuA L
ov 2V 4V 6V 8Vv 10V
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Base-Emitter Voltage Referenced Circuit

T Vbp

M4

R M3 ji

M1 _]|

¢|D2:|2

M8:]j Q1 j—

||}—

I

Page V.5-10

M5

iiOUT
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V.5-2 - TEMPERATURE DEPENDENCE

Objective
Minimize the fractional temperature coefficient which is defined as

1 ©OVie - o o
Tcg= E E'W% parts per million per °C or ppm/°C

Temperature Variation of References

PN Junction:
. AN
| = | eXpE; o
sSXPR/H El[ms% _a(nlg 3 Veo Veo
Vool WiipToT™ T T T YTV, - TV,
lg= KT3 exph~, 0
O vt O
dv Vege -V
d.E:_E = BET GO = -2mV/°C at room temperature

(Vgo =1.205V and is called the bandgap voltage)

Gate-Source Voltage with constant current (Strong Inversion):

Ves_dVr 2L df, ['oH
ar_ - dr WCox dTH\/ 1o

o =KT-15; Ve =Vyg-aT or V(T) = V1(Ty) - a(T-Ty)

dVgs 3 Ves- VO
Eia ¥
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PN Junction Voltage Reference

I_VDD'VBE~VDD N VI EVDDE
=T R TR T REF = Ve IR

Teo L AVrer J_VRer - Voo Vi 0dR ]
F_VREFD dT D_ TVREF ) VREFﬁQdT |

Assume Vireg = 0.6 volts and that R is a polysilicon resistor

0dR O .
% = +1500 ppm/°CE givesa

_ 0.6-1.205 0.026,
TCF = (300x)(0.6) ~ 0.6 (0-0019)

= -0.003361 - 0.000065 = -3426 ppm/°C
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Gate - Source Referenced Circuits

MOS Equivalent of the PN Junction Referenced Circuit

Vbp

iy

HZ VRer
I_

+0

Vpp -V
o+ \/ DD REF EILS_ id_RE
1 R dTQ
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Example

W=2L, Vpp=5Y, R=100KQ , K'=1104, V7 =0.7, T=300 K, a = 2.3

mV/°C
Solving for Vggg gives

F\?% = +1500 ppm/°C

. 5-1.281 . )
2364073 + - E‘-}O‘:’) — 1500 x 10 6%
1 dVeer 1 2 x 2H10x10"Hx 100K
TCp = -
F=1281 dr - 1281 1

1+
\/ 2 x 2H10x1070 x 100k H (5 - 1.281)

TCE =- 928 ppm/°C
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Bootstrapped Current Source/Sink

M4

M5

Tt
Tt

Re M3 | :

Ip1=I Ip2=I lour
p1=1y p2=1,

M8

:
T
2lp1L Y
Vest ~ VKW T Von+Vr

lp2=—fR = R = R =Ip1=lout
Assuming that V o) is constant as a function of temperature because of the
bootstrapped current reference, then

14T 1dR -a 1dR

HTCR=VIdT TRAT TV7 CRAT
If Risapolysilicon resistor, then
-2.3x 10-3 .
TCp=—"7——- 1.5x10-3 = -3800 ppm/°C

If Risanimplanted resistor, then

- -3
TCk =% - 0.4x10-3 = -2700 ppm/°C
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Base-Emitter Voltage - Referenced Circuit

TVDD

M4

Tt
Tt

M5

log = loo=1 lour
D1=1 D2=1,

— . M6
M1 | [, M2
M8j% Q1 j* R
L
VBE1 1 dvge 14R
2=7R 7 TCRS e TdT RAT

Assuming Vg = 0.6 volts and a polysilicon resistor gives

TCr= cf_a (-2x10-3) - (1.5x10-3) = -4833 ppm/°C

Page V.5-16
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V.6 - SUMMARY

» The circuits in this chapter represent the first level of building blocksin
analog circuit design.

» The MOS transistor makes a good switch and a variable resistor with
reasonable ranges of linearity in certain applications.

* Primary switch imperfection is clock feedthrough. In order for switches to
be used with lower power supplies, V1 must be decreased.

» The primary characteristics defining a current sink or source are V), and
Rout- VMIN = 0and Ry — . Typically the product of VN times Ryt
IS aconstant in most designs.

» Current mirrors are characterized by:

Gain accuracy
Gain linearity
VM|N on Output

Rout
Ri n

» Reasonably good power supply independent and temperature independent
voltage and current references are possible. These references do not satisfy
very stable reference requirements.
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VI. CMOS AMPLIFIERS

Contents

VI.1 Simple Inverting Amplifier
V1.2 Differential Amplifiers
V1.3 Cascode Amplifier

V1.4 Output Amplifiers

V1.5 Summary

Organization

SYSTEM S-
COM PL!!

==
s

CIRCUITS +

1
Chapter 6
CMOS
Amplifiers

==
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V1.1 SSIMPLE INVERTING AMPLIFIERS
CHARACTERIZATION OF AMPLIFIERS

We shall characterize the amplifiers of this Chapter by the following
aspects:

Large Signal Voltage Transfer Characteristics

Maximum Signal Swing Limits
Small Signal Midband Performance

Gan
Input resistance

Output resistance

Small Signal Frequency Response

Other Considerations

Noise
Power
Etc.
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VI.1.1 - CMOS INVERTERS
Types

Vb
Veae2
| - B
M2 M2 Mz
——o o —%,
— + + *
M1 M1 M1
bl 1£_Vou1. +°_|l£_ Vour | VIN _|E Vout
VIN VIN
1 - S '
Active Current — Push-pull
Load Source i nverl?er

Inverter Inverter
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ACTIVE LOAD INVERTER - VOLTAGE TRANSFER CURVE

CMOS Active Load Inverter

VDD 30DC5.0
5V
L V|N=5/_
1.0 A a5 ] W, _ 15um
: / L L, 3um
ol yays M2
~ | / / VIN=4V
[ ———o
E 06l / _— Wy — 15um +
=4 Vin=3.5V Ly 3um

N
N
\\
2

: /
[ +°_| Vout
ool / V=25V EAI
“1 V=1V oy VIN

v =3V
1
W 2y
! 1] viy=1.5V -
0 : B
( 1 2 v 3 4 5 -
ouT 5T
4 \
3 \
Vour |

SPICE Input File:

VIN 10DC 0.0

M12100MNMOSL W=15U L=3U

M2 2233 MPMOSL W=15U L=3U

MODEL MNMOS1 NMOS VT0O=0.75 KP=25U LAMBDA=0.01 GAMMA=0.8 PHI=0.6
MODEL MPMOS1 PMOS VTO=-0.75 KP=8U LAMBDA=0.02 GAMMA=0.4 PHI=0.6
DCVIN050.1

OP

PRINT DC V(2)

PROBE

END
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Active Load CMOS Inverter Output Swing Limits

M aximum: _ 1 Voo
vin=0 O ip=0 O vgpo=|V12l —ifm2
ID
0 |vout(max) = Vpp ~ [V1pl ' °Vour
Minimum: vivo—i[, M1
Assume V| = Vpp, M1 active, v
M2 saturated, and V11 = V1o = V. >
_ 0 Vbs1“C
ML ip =Bldves1—VT)IVbsi—— 5 1
B (Vout—Vs9)?M
=B1{Vpp—Vss V1) (VoutVss)- > 3
B P2 B2
M2 ip= _(VGS‘VT)2 = ?(VDD‘VOUT‘VT)2 = 7(V0UT+VT_VDD)2
B2 2
ip = 5(Vout~VsstVsstV1-Vpp)
B
=5 Hvout~Vs9~(Vpp~Vss V)
Define VOUTI =VouTt ~ VSS and VX = VDD - VSS B VT
_ 3 . (Vout)?
0  ip=B1¥xVout- —3% (M1)
B2
ip=%FouT ~ VxF (M2)
Equate currents -
B> VouT'?0
SHouT 2 - 2VyVouT' + Vx2E= Bl%/xVOUT —2 T
BZ 2 2 12
or _@OUT ~ 2Vxvout' * Vx“H= 2VxVouT ~Vour
D+Bmv 2 - 2V EJL+BZBV +BZV2 0
By Vour® = 2Vx L+ 8 vour'+ Vi
0 [32/[31 O

VouT'? ~ 2VxVout' + EFTOAE Vy2=0
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. [ B2/B1
J Vout = Vxg # \/ 1+[32/51 1= Vx %1 m@

Vop ~ Vss— V1

\Y; min.) =V -V -
ouT( ) DD T 1+ Bolby
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| nterpretation of VOUT(min.)

1

_ O
VouTt(min) = (Vbp _VSS_VT)%- - H*Vss

E 1+[3_21E

VDD = —VSS =5V
Vi=1V
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Active Load Inverters
Small Signal Characteristics

Model:
SV
: S2=B2
D1=D2=G2
Ml_'?' Gl(_?_ ¥ %
VouT j . . Vou Vin Om1Vi Fds1 & dm2Vou ls2 Vout
9|_—| Vin Om1Vi lds1
- o °
V'N_ ) ° X SI=BT °

Small Signal Voltage Gain

Vout = ~BIm1Vin * Im2VoutH ds1 Il Fds2H

Vout _ “9m1 _"9m1
Vin 9ds1 * 9ds2 T 9m?2 Im2

m _ D<N'DDN1L2D _ EIJNC)DDN]_Lzﬂ
Vin Ko Walin HpomValan
W]_/Ll \m

If WL, = 20, then Vim = —6.67 using the parameters of Table 3.1-2

Small Signal Output Resistance

. 1 1
Ods1 ¥ 9ds2 ¥ Im2  Im2

Fout
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High Gain CMOS Inverters

— Vo ——— Vo

J I

p——————o VouT VIN o——+ $—oVourt

V66=_| liMZ 4| ':MZ

ViN o——] ’:Ml B ':Ml

—— Vss —— Vss
Inverter with current source load Push-pull, inverter
M2 |
VIN=Vgg M1
ViN=VDD
8V s
.8V D
6V
s 6V oo

A ‘\ .
SSHAIT I H G 5VSS C .5Vpp VoD

Large signal transfer characteristics of inverter with a current source and
push pull inverter
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High Gain, CMOS Inverter

Large Signal Transfer Characteristics

Vout
A

c . Vop VouT =Vin + | V12|

VouT =Vin - \VTl\

A=A" BB c

M1 non-sat.
M2 sat.

V2> V2 1V1d
Vob - Vout > Voo - Vas - Vi
Vout <Ves + Vi

M2 non-sat. \

M2 sat.

Vout = Ve + |V

2V oo
F=F / Vec =0
A AIN

2Vpp .4Vpp .6Vpp .8Vpp Vb

Vss 8Vss 6Vss AVss ».2Vss

Vps1>Vest - V11 Vss .
Vout - Vss>Vin - Vss- V1 I J K'
Vout > Vin - V11

Advantages.

1. High gain.
2. Large output signal swing.
3. Large current sink and source capability in push pull inverter.
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CMOS Inverter Characteristics

Circuit:

— Df.z

VIN o— +——o VouT

H':Ml

PSPI CE Characteristics:

M2 linear

I
I
| Currentin |
M1or M2
2 | 100 pA
I
|_
8 0 VIN + ‘VT:i CMOS inverter DC current and sweep 0 uA
VIN1
> VDD 2 0DC5.0
VSS540DC-5.0 V2

M12144MNMOSL W=3U L=3U f
M22133MPMOSL W=9U L=3U

.MODEL MNMOS1 NMOS VT0O=0.75 KP=25U
+LAMBDA=0.01 GAMMA=0.8 PHI=0.6

MODEL MPMOSL PMOS VTO=-0.75 KP=8U
+LAMBDA=0.02 GAMMA=0.4 PHI=0.6
DCVIN-50500.1

PRINT DC V(2) ID(M1)

\PROBE

END

M1
o | of M2 linear

M1 linear

VIN - \VTﬂ




Allen and Holberg - CMOS Analog Circuit Design

Page VI.1-11

Current Source Inverter - Output Swing Limits

VouT(max.) = VDD

Vg o—| ':MZ

ViN o—]| ':Ml

J |

—°Vourt

N R VSS

Vout(min) = Vop~V11-(Vpp~Vss—VT1) \/1 -

EBZDWDD_VGG_VTZS
l%\/DD_VSS_VTl 0

CMOS Push - Pull Inverter - Output Swing Limits

VouT(max.) = VDD

VouT(min.) = Vss

VIN o——

—i=

g

— Vb

M2

J |

———©° Vourt

M1
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High Gain, CMOS Inverters

Small Signal Characteristics

Mode

Vin Om1Vin INds1 Om2Vin <‘> I'ds2 Vout

Small Signal Voltage Gain:

[e]
o

VouT = “EIm1Vin * 9m2VinHds1 Il fds2H

OR
Vour “FIm1*Om2H dog5\ "NLg N "PLlad ¢ .
Vin  Mgs1 + 9ds2H AL+ Az _\/G
Set gp = 0 for the current source inverter
. Wy Wp
Assume that ip = 1 A and '—_1 = L_z , using the values of Table
3.1-2 gives
Vout _ : _
Vi, o -328 for the push-pull inverter (L=10 um)

=-194 for the current source inverter (L=10 um)

Small Signal Output Resistance:

1

Fout = ——————
OUt™ gys1 + Ods2
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High Gain, CMOS Inverters

Dependence of Gain upon Bias Current

log |Ay
A
1000 | |
I
I
100 |
weak |
inversion
I
10 ~ strong _
' inversion
I
1 | 1 ] ] 1 > | D
0.1pA  1pA 10pA 100pA  1000pA

Limit is the subthreshold current where square law characteristic
turns into an exponential characteristic.

Assume that the level where subthreshold effects begin is
approximately 0.1pA, the maximum gains of the CMOS inverters become:

The CMOS inverters become:

Push-Pull: -1036 5
Current source load: -615 0O

W
Current sink load: -422 {H g

=1, L=10 ym
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Frequency Response of CMOS Inverters

General Configuration

X =vgyt; Active Load CMOS Inverter (g, = Om1)
X=Vgg; CMOS Inverter with a Current Source Load (g, =

gml)
X=v)y; CMOS Push Pull Inverter (Jy = 9m1 + Im2)

. Vpb
G52=
- CCI;ID1
Xo—1~ | M2 Cgp; ° I °
Cepo— + +
' I — 1
p J_ VI n OmVin R § CT Vout
Cep1— — Cgp1 I CL -
[} O
v, — [ m1= =

(@) (b)
(a) General configuration of an inverter illustrating parasitic capacitances.
(b) Small signal model of (a)
Cgp1 and Cgpo are overlap capacitances
Cgp1 and Cpgp, arethe bulk-drain capacitances
C, isthe load capacitance seen by the inverter

Frequency Response

Vour ~gmRwi(1-97) ool oy, Om
V|N - % + Q)la ' 1 RC CGD].
= L (9po = O for push pull and current source inverters)
Jds1+0gso*Omp om2 - o PP

C= CGD1+CGSZ+CBD1+CBD2+CL (Active load inverter)
C= CGD1+CGD2+CBD1+CBD2+CL (Current source & push-pull inverter)
ifgh,R>>1



Allen and Holberg - CMOS Analog Circuit Design Page VI.1-15

Frequency Response of CMOS Inverters

Dependence of Frequency Response on Bias Current -

When g,,» Z0  (active load inverter):

2K'V—v Ip
-1 or w = L ~ \/I
Om?2 -3dB C D
When g, =0  (push pull and current source inverter):
R= L o w —O\l-”\z)lD ~ |
"1+ Ap BT C >

Example:

Find the —3dB frequency for the CMOS inverter using a current
source load and the CMOS push pull inverter assuming that ip = 1pA,

Cep1=Cep2=0-2pF and Cpp;=Cgp,=0.5pF

) ) W4 W,
Using the parameters of Table 3.1-2 and assuming that '—_1 =1 =1
2

Gives,
For the active load CMOS inverter,

g
0548 =~ = 3.124x106 rads/sec or 512KHz

For the push pull or current source CMOS inverter,

Ogd1 + O
0.gp <22 c 082 14.3x108 rads/sec or 2.27 KHz
g
2= = = 29155 Mrads/sec or 4.64 MHz
GD1

The reason for the difference is the higher output resistance of the
push pull or current source CMOS inverters
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NOISE IN MOS INVERTERS

Noise Calculation

ﬁ RL
Rs

M— . | 1 LR
. Lo O = O

onN
N

: : : : : 2
We wish to determine the equivalent input noise voltage, v, as shown
below:

Comments:
1.) 1/f noise has been ignored.

2.) Resistors are noise-free, they are used to show topological aspects.
Can repeat the noise analysis for the resistors if desired.
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Noisein an Active Load | nverter

 —Vm
&
O ERr S - v
ut — il 2
¢ oVouT ViN=0 %D
Vin o—O—":Ml 2 _
2 > Cout _ 2 B2 72
v Vss S = mlg_enl %D *n2
EngD
__ _ O 0.2 [
2 _ 2 %thgmz%merﬁ M
e~ 3T Han 02 [
[] [ &1 [T

Sec 32, Eq(15)

Uf noise: eﬁ =% ; B=constant for a process

Sec. 3.3, Eq (6)

_ A [2ZK'W
Om = L Ip

DK, 2 L]
G
o 2.2, P oLz Pmo Bp 0 dWly
% i 0 ONp mAWalaog By
2K | [ |:|
m
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Noisein An Active Load Inverter - (Cont'd)

Suppose the noise isthermal - Sec. 3.2, EQ,(13)

2 _8kT(1+n)
®n T T 3g,
7 8T 0 Omp?m(1+N2)9m1 @

+ [3 ([
3Im1 O E9m12%1+n 1D9m2m

2 8kT(1+ny) (1+rl 2)%P L H/Z E
%0 = T 3g,, (1+n1)HN L H E
1

| S —

| N —

or

To minimize thermal noise -

1. Maximize gain E?rlg

2K Wy

2. Increase gm1= L, D

Page VI.1-18
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Noise in Other Types of Inverters

Current Source Load Inverter -> same as active load inverter

Push-Pull Inverter-
——— VoD

o
—O—[we

VN o— e———oVout

S

— L Ve
1

Fout =
OUt ™ gys1 + Ogds2

eout = Omifoun? 1 + (Om2lou)? €

Vout = ~(Om1 + Im2)outVin

2
2 .
@* e %@ H, eee Bc"H
2 _ 20 enlszD 5K \By 2 ]
eq ~ n1 - ngDZ en1|:| WL gD
E 5 4 9m2D E E p Wals
0 Smin E KNWILZE E

L : 2
To minimize noise - Reduce e, and &,
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SUMMARY OF MOS INVERTERS
. Equivalent
AC Voltage AC Output Bandwidth (C~r=0 . '
Inverter Type Gain Resistance width (Cgp=0) input-referred mean-
sguare hoise voltage
p-channel
active load -Om1 1 Im2 VT(gll) V2.
sinking . g Crm1tCrcq+CrcntC N1 gm n2
Vertor Im?2 m2 BD1"“GS1"~GS2"~BD2
n-channel
?rt]'lz’i?]'oad “Om1 1 Im2*Imb2 V2 1(8&) 2,
PN +
inveﬂe% Im2+gmb2 I9m2*9mb2  Cgp1*CeD1*Ces2tCRD2 m2
Current
Souree |oad “Om1 1 Is1+9ds2 V2 1(3&)2 2,
— +
. eng 9ds19ds2 9ds1*9ds2  Cp1*Cep1*Ces2*CBD2 m2
Push-Pull - + 1 + o 2 (5
inverter (9m1*9m2) Ot C +ng31 Ji?sz e V210m1 V220m2
Jds179ds2 9ds1*9ds2 BD1"~GD1"~GS2"~BD2 \Om1tOm2/ \Om1tOm2
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KEY MOSFET RELATIONSHIP USEFUL FOR DESIGN

Assume MOSFET isin saturation.

. _KW ~ [ @b
1.) 'D=T(VGS_VT)2 o Ves= \|Kw/L - V7

2ip . KW
2) vps(sa) = "\ /7w ©F  ip(sal) = 5 Vpg(sat)?

IZIDKW KW
3) gm = L or gm = T (VGS - VT)
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V1.2 - DIFFERENTIAL AMPLIFIERS

Definition of a Differential Amplifier

Vi o0—m——»| +
Differential
Amplifier > oVouT
V2o 00— -
V1 +VoQ
Vout =Avp(V1~V2) £AycE—5 o
Differential voltage gain = Ayp (100)
Common mode voltage gain = Ay ¢ (1)
Common mode rejection ratio = Aﬂ (1000)
Avc
_ V og(out)
Input offset voltage = V g(in) = W (2-10mV)

Common mode input range = Vcyr~~ (Vsst2V<Vecmr<Vpp—2V)

Power supply rejection ratio (PSRR)
Noise
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VI.2-1 - CMOS DIFFERENTIAL AMPLIFIERS

N-Channel Input Pair Differential Amplifier

Vb
M3j |——| M4 |
ID3* |D4J louT Vour
iD1¢ iD2
VG1°_.|.—| ’:Ml MZI‘ |+—cVG2
VGs1 Ve
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P-Channel Input Pair Differential Amplifier

Vb
o))
+ +

VGs1 VGs2
Vero—| [ M1 M2 | |—oVa2

JiDlziD3 'Dzl iouT

—_—

——— —oVouT

MSZ‘ F—— ':M4
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Large Signal Analysis of CMOS Differential Amplifiers
J iD1 iD2 l
M1 M2
% 7

VGs1 _ VGs2
=
(1)- Vip =Vgs1 ~Ves2 = B N B

(2). lss=ip1 *+ip2
Solving for ipq and ip, gives,

2
- fdsso dsso B B2vip
@ ioa= 15 B0\ [ -

And
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Transconductance Characteristics of the Differential Amplifier

Circuit

9u/3u

Simulation Results

140uA

Vpp =5V

i

3u/3u
-

9u/3u

| vour 50K§

lim

3u/3u:_|
|

lioz
v

3u/3u :‘ }

| ': W3y

120uA

100uA

80uA
60uA

40uA

20uA

OuA

-5V

-3V

3V

a
<
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Voltage Transfer Curve of n-channel Differential Amplifier

Vbp

9u/3u |_—| ': 9u/3u 00 §

— VouTt

v+o— [ 3wau 3u3u_ | ——ov-

aua_]| | [ awa

[

1
=

Output Voltage

-5 -3 -1 1 3
Positive Input Voltage
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Voltage Transfer Curve for a p-channel Differential Amplifier

9u/3u:‘ | | ':9u/3u

v+ o—| ':Qu/fiu 9u/3uj |—o V-

— o VouT
50kQ
3u/3u:_’ —— ':3u/3u %
Vss
5
3 v-=1V
\ v- =0V

Q v-=-1V
g
o
>
5
o
5 -1
O

-3

-5

-5 1 3

Positive Input Voltage
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COMMON MODE INPUT RANGE

P-Channel Input Pair Differential Amplifier

Vb

- ——|'E5Vsos

VsG1 VsG2

Lowest common mode input voltage at gate of M1(M2)
VGi(min) = Vss t VGs3 * Vsp1 ~ VsG1

for saturation, the minimum value of vgn =Vvggg = V11l
Therefore, Vgy(min) = Vss + Vess ~ Vil

Iss
or, Va1(min) = Vss+ "\ B V1o~ IVril

VG1(max) = VDD ~ Vsps ~VsG1 = Vpp ~ Vsps B V11l
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COMMON MODE RANGE-CONT'D

Example

Assume that Vpp variesfrom 8 to 12 volts and that Vg = 0. Using

the values of Table 3.1-2, find the common mode range for worst case
conditions. Assume that Igg = 100pA, W4/L1 = Woll, = 5, Wyllg =

Wy/L, = 1, and vgpg = 0.2V. Include the worst case value of K' in the
calculations.

If Vpp varies 10 + 2V, then we get

'ss
Veimax) = VDD ~VsD5 ~ V14l

=8-0.2- \, (; -1.2=6.6-1.67 =499V
S
Veiming = \/; + V103~ V11l

100
xX18.7 +12-08=04+231=271V

Therefore, the input common mode range of the p-channel input
differential amplifier is from 2.71V to 4.99V
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8V

4.99v
Input Common Mode Range = 2.22V

2.71V

ov
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CMOS DIFFERENTIAL AMPLIFIER
Small Signal Differential Mode Gain
N-Channel input differential amplifier -

VbD
M4

M3 —— [*

[————° Vout

Vee—i ': M5
Vss
Exact small signal model -
D1=G3=D3=G4 fds1 lds2
S1=S2 —
célwid_(%z \ gm1Vgsl Om2vgs2 D2=D4 o
+ + + ] +_ +
1
Vgi Vg2 g_ms§ §Vgs4 l’d35§ v31=‘vsz =0 §rds4 Vout
rd53 /I gm4V934
o= — — — II _ S
S3 Vgsj_:-VgszD Vg =V =0 A
Simplified small signal model using symmetry -
D1=G3=D3=G4 .
1. Q2 \\ D2=D4 5
B3 ; ‘ °
Om1Vgsl Om2vgs2 l4s2 OmaVgsa
1
Fas3 Mdsi dst
S1=52=S3=-%4

Vgsl = 0'5Vid and VgsZ = —0.5Vid
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CMOS DIFFERENTIAL AMPLIFIER

Unloaded Differential Transconductance Gain
(R =0)

. _ _ 9m19ma(rgst |l Tasa) ~
lout = “9maVgss ~ Im2Vgs2 = 1 + Om3("gst Il Tds3) Vgs1 ~ 9m2Vgs2

If 9m3(rgst I 'as3) >> 1 93 = 9ma » @d Oy = Om2 = Img» then
lout = 9m1Vgs1 ~ Im2Vgs2 = Imd(Vgst ~ Vgs2) = ImdVid

. Kn'Wiss
lout = 9mdVid= \J— [ Vid

Unloaded Differential VVoltage Gain

or

(RL = )
O 2 KW
Out " ggsp +dgsa '9 " (AN +Ap) \/ Ik T'd
Example

If all WI/L ratios are 3um/3pum and | gg = 10pA, then

Img(N-channel) = 4/(17x10-6)(10x10-6) =13 pA/V
Omg(P-channel) = +/(8x10-6)(10x10-6) =8.9 uA/V

and
Vout . (13106
Vig (N-channel) = (0.01+0.02)10x106 86.67
Vout _ 2(89x106)
Vg (P-ohamnel) =16 570.02)10x106 - 2033
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INTUITIVE SMALL SIGNAL ANALY SIS OF MOSFET CIRCUITS

Principle: Consider only small changes superimposed on the dc conditions.

Technique: Identify the transistor(s) that convert input voltage to current
(these transistors are called the active devices). Trace the currents to
where they flow into the resistance seen from a given node and multiply
this resistance times the currents to find the voltage at this node.

Example - Differential Amplifier
Vbp

Im1Vin ¢ ‘gmlvin
2 o 2
M3 |__| ':M4 R
e——o0V,
gml"in‘ Tgmzvin ouT
2 2
— M1 M2 :_‘ -
V; .

out

Current flowing into the output node (drains of M2 and M4) is
Im1Vin ~ Im2Vin

lout=—>5  +7>
Output resistance, Rt, seen at thisnode is
1
Rout = las2llfasa = Jgo+Idsa

Therefore, the open circuit voltage gain is

Vout  9m1it9m2 = 9m1 9m2
Vin  2(9g2?9dsa)  9d2t9dss 942t 9dsa
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CMOS DIFFERENTIAL AMPLIFIER

Common Mode Gain

The differential amplifier that uses a current mirror load should
theoretically have zero common mode gain.

For example:
Vb
M1-M3-M4
M3~ ': M4
—o VouTt
V(_;1o—| ’:Ml M2 |—°VG2
M1-M2

Vss

T otal Common [T 0Common mode [ rCommon mode[
[J mode output [] = - output dueto o - Houtput dueto
0 duetovic [J (M1-M3-M4pahd HM1-M2path O

Therefore, the common mode gain will approach zero and is
nonzero because of mismatches in the gain between the two paths.
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CMOS DIFFERENTIAL AMPLIFIER

Consider the following differential amplifier -

Page VI.2-15

Vb
MBj | | ':M4
Voio ¢ ¢ oVo2
Vico—] ’:Ml M2 | F———Vic
Vees — [ M5
Vss
Use of symmetry to ssmplify gain calculations -
Vb
MBj | | ':M4
Voio ¢ ¢ oVo2
Vico—| ':Ml M2 | ———Vic
Veeo—] ':%XMS %XMS :‘ ——Veo
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CMOS DIFFERENTIAL AMPLIFIER

Small signal model -

Imbs1Vbsl

+
I’d33§ Vo1
Om3Vo1

o
+

+
Vic=Vg1 2rds5§\, sl§\

( Om1+Ombst) Vs
| —

e S
Om1+0Ombs1

fds3 Om3

o

§ Vo1

o

Writing nodal equations -

H0.59ds * 9ds1 t Imbs1HVs1 ~

Has1HVo1 = 9m1Vic

Page VI1.2-16

~

gml"'gmbs:l) Vs1

v
AMN—e

lds1

<—

9m1Vgl

“Hds1 * 9m1 * ImbsiHVo1 t HWds1 T 9ds3 T 9m3HYo1 = “9m1Vic

\Y

. ol .
Solving for — qives,
g Vic g

or

Vol ~0.50m199s5

Vi Hds3tIm3H0-99ds * Im1 t Imbs1 + 9ds1Ht 0-99ds19dss5
Vor  “059m19dss  ~9dss

Vic ng@ml * Ombs1H " 20m3
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COMMON MODE REJECTION RATIO (CMRR)

Differential mode gain Avd
Common mode gain  — A

CMRR =

For the previous example,

[gmlg
m30 2(9m1 + 9 29
ICMRR| = _ m1l mbs1) - ml
] Im19ds5 i Yds5 Yds5

! []
EngE}@ml + gmbsl%

Therefore, current sinks/sources with a larger output resistance(ryss)
will increase the CMRR.

Example

Let all W/L ratios be unity, Igg = 100pA, and use the values of
Table 3.1-2 to find the CMRR of a CMOS differential amplifier.

Om1 = V2X17(UA/V2)x100pA = 58.3uS
Uges = 0.01V-1 x 100pA =1pS
Therefore, |ICMRR| = 116
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CMOS DIFFERENTIAL AMPLIFIERS

Parasitic Capacitances

Vb
M3j‘ I I ';’M4
” Cyda — Cout
—Cv  |——oVout
VG10—| ': M1 MZI‘ I—OVGZ

Cr—

Vss

C+ = tail capacitor (common mode only)
Cpm = mirror capacitor = Cyyq + Cypy + Cysz + Cgan + Cp3
COUT = OUtpUt CapaCitor = de4 + dez + ng2 + CL

Small Signal Mode!

||
o] o °]
+ + 9miVgst + i +
Vgs1= Vgs2—= g
V?d/2 Vigl2 ’ § § g /T l l fi2g losA< ~ == Vour
I 13 Cum| gV | 9m2Vosd ouT
) ) dsl Om3| - g -
6 o

We will examine the frequency response of the differential amplifier
in more detail later.
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SLEW RATE

Slew rate is defined as an output voltage rate limit usually caused by
the current necessary to charge a capacitance.

e i =cvy
€1 =T
For the CMOS differential amplifier shown,

Vb

MS:I I ':lvm

+o—|':M1 M2 |—

lss
Slewrate=q

where C, isthe total capacitance seen from the output node to ground.

If C, = 5pF and | g5 = 10pA, then the SR = 2V/uS
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CMOS DIFFERENTIAL AMPLIFIERS

NOISE

Assumption:

Neglect thermal noise(low frequency) and ignore the thermal noise
sources of ryand rq .

Therefore:

2 g KF g

- i AF = = '28
Ind Coxl—zg ip (AF = 0.8 and KF = 10-45)
or
|2
2 nd 0 KF 0.
Vv = = i~ (AF-1)
nd = gm2 ﬁquCOXZWLH D
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Page VI1.2-21

(D-

Vi
r@-( ':Mi
[
M3

eq3

Vb
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CMOS DIFFERENTIAL AMPLIFIERS

NOISE

Total output noise current is found as,

2 5 2 52 52 5 2
lod = 9m1° V1 T 9m2° V2 T Om3° V3 t Oy V4

Define vﬁeq as the equivalent input noise voltage of the differential

amplifier. Therefore,
2 _ 52
lod = 9m1° Vneq
or

2 2 Um0 2 2 O
Vneq—V +V2+$DDV3+V4E

Where gy1 = 9m2 ad 93 = 9ma

Vbp It is desirable to
increase the
G) | oo transconductance
of M1 and M2 and
decrease the
o transconductance
- of M3 and M4.
| O 41 (Empirical studies
) _lo_ suggest p-channel
devices have less

M3 _ | ——— [_M4 =vour NoIse)
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CMOS DIFFERENTIAL AMPLIFIERS

Minimization of Noise

Vo = Vo + V2 +Egm352%v2 V2 ]
neq eql eq2 % 10 eq3 eqd

In terms of voltage spectral-noise densities we get,

2 2 Om3® 02 O
€y = en1+en2 Wm%g + en4D
Vf noise
Let 2 KF B
e &= 2fCOXWLK' ~ fWL

2 2
assume €y = €y ad e = ey

0 2 Uf U] ZBP DE]]- KN'BNU_]_Q ]
= O + - ]
Ceq (1) SW1L1DD KPBPS:BD 0

1) Since By = 5Bp use PMOS for M1 and M2 with large area.

I—1 . KpBp 1 2 2Bp
AMake <y gy 125 Oha e (U =7\ /Ay,
Thermal Noise
oW
_ D K '5_3
e (th) = K DN]_DD

1) Large value of gy,;.

L
2)|_—1 <1
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V1.3 - CASCODE AMPLIFIERS

VI.3.1-CMOS CASCODE AMPLIFIERS

Objective
Prevent ng of the inverter from loading the previous stage. Gives
very high gain.
Cascode Amplifier Circuit
— Vb
- Miller effect:
VGGZ"_‘ M3
¢ |nverter
Vout Cin= Ganx Cyqy
V o—{ M2
cet - Cascode
Cyan \ Cin= 3Cga1
+ V1 ZD
=20
Vino——| [ M1 V1 Vin T
— 1 Vg

Large Signal Characteristics

When V 5, designed properly,

Vout(min) = Yon1 + Von2
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CASCODE AMPLIFIER-CONTINUED

Small Signal Model

<‘> ' § Vout
ds3
o ¥

+
Vin <> V1 grdsl @
Om1Vin V\
c -
(gm2+amb52)vl
C lds2
| . W
+ ! + L ! +
! - e 1

O o= wmx |, Fwln) P e—wS
i gT'IlViI"I i ] gm2(1+r]2)V1 i i

Nodal Equations:
(Im1 ~SCDVin + (Im2 + Imbs2 * Jds1 + s + SC1 + SC)V1 ~ (dgs2)Vout =0

~(9ds2 + Im2 * Imbs2)V1 * (dds2 + 9as3 + SC3)Vout = 0
Solving for v i/Vi, gives

. (SC1-9m1)9m2(1+n)
$2(C3C1+C3C)+s{C1+C)(9dsr*9ds3) +Ca9ma(1+N)ErggsaIma(1+n)
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Small Signal Characteristics

Low-frequency Gains:

Vout ~Im1(9ds2 * Im2 * Imbs2)
Vin  9ds19ds2 * 9ds3(Im2 + Imbs2 * 9ds1 + Yds2)

_=Om1 _ \2K'Wy/Ly)lpy
Jds3 A3lp3

Also (see next page),

Vi _ ~20m1
Vin ~ Om2(1+np)

Gain Enhancement:

Vb
Vee2 o } I M4
M3
V —
IN o Vour out _ Om1

Vin  Yds3

Veer o——] l:MZ ’2K'W1

‘\II
12} Jla Vout _ L, V1
But Il = |2 + |4
Vin e—— I:Ml
Vss

I, =241, O x5 Gain enhancement
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Voltage Gain of M1.:

Vi~ “9m
Vin  9m2

?

What is the small signal resistance looking into the source of M2?
Consider the model below:

i /\4
_l> \/
<_)I_— gm2VgsZ

V1= Vs2 Mgs3

rd52

[}

Ve = (i1 + OmaVgea)Tds2 + 117ds3 = Mds2i1 + Im2(~Ve)Tds2 * 117 ds3
or
Vea(1 + Omorgsa) = 11(rgs * rdsa)

Therefore,
V2 Tds2tfds3 fds2*'ds3 1 O N 'ds3d

i1 "1+ dmafds2 9m2fdse 9m2n0 Tds2O
Some limiting cases:

R=

1
rgsg =00 R:g_mZ

2

rds3 = g2 D R= O
and

Fds3
Im2lds2

Therefore, the gain vj, to vy is

rds3 >> rdSZ [ R=

Vi ~Om1(9ds2 * Yds3) _ —20m1 _ —20m1
Vin  (9m2 * Imbs2)9ds3  Im2 + Imbs2 Im2




Allen and Holberg - CMOS Analog Circuit Design

CASCODE AMPLIFIER-CONTINUED
High Resistance Driver for the Inverter M1-M2

:71 1.
o Qs+ Gam N | N, |
|

— 1
—= v T
M3

+
+
in¢ R1§ Ci==v1 ng1<> Cs0/— Rs Vout

R1= (043 + 9gst) T R3=(9gs1 + 9ge2) L
C1=Cgs1 t Cpaz t Chas + Cyaz + Cyaa

Co=Cya1r  C3=Chr t Chap t Cyao + C_
Vout(s)
iin(s) -
[] GOmi00 [©Om1
[ 1(538 Sl _%

Page VI1.3-5

Eﬂ“E?l(Cfsz)+R3(CZ+C3)+9m1R1R3C2§+(C1C2+C1¢3+C2C3)R1R352

[]
[]
[]
[]
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Note:
S SO 0l 10 &
dg=1+as+bs?2=( - —ql - =1-s3— + +—
© @L P P D1 P2 PPz

If Ipol>> Ipg| , then

S £ 1 _.a
d(s)~1_p_1+@ or |p1=-3 and [po= b

Using this technique we get,

-1 -1
P1~ R1(C1+C3)+R3(C2+C3)+gmIRIR3C2 = g ;R{R3C,

(Miller effect on C, causes p; to be dominant; Cyy = 9m1R>Cyq1)

_ “OmCo
P2~ CC+C.C3+CCq
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CASCODE AMPLIFIER - CONTINUED

How does the Cascode Amplifier solve this problem?

Vpp
Q M5
Vasso—| B
M 2—o Vout
VGGzo—| P
Md<—]| —
o— 1 i \\
gds3+gds4\ lin ||
4|—> <
— m M1
'_
M3
Vss
ngl )
|
|| AN o,
+ + y
iin C‘) r1§V1 <‘> C ::vé r2 <>C3:: § Vout
- OmV1 - | gma2(1+n)v2 ra i

r1="ro= (9gs3 + dsa)t
Co=Cye + Cap + Cyp1 + Cyaz

-1 1
2= Hds1 ¥ 9m2(1 +1n)H ~ o
C3=Cyd2 * Cap2 + Cyds *+ Caps + CL

0 Gm2 0-1

1
+gdS5D :gdSS

o= F——
3 N9ds1 9ds2 0
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Cascode amplifier with higher gain and output resistance

Vbp

D2

L
VG<33o—| — 7 { ( ~
,\IE 9m2V1<> §> fd32§ <> <> ;
—o Vot Ombs2 Om3Va

Ombs3 V4|  I'ds3

Vout

—
Veeze— =y Gl DI=S2
M2 > ¥ R .
< =las3
Vin o—] = Vin > Vi gfdsl rd%v“
Il Om1Vin \ -
Vss o - 0
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VI.4 - OUTPUT AMPLIFIERS

Requirements

1. Provide sufficient output power in the form of voltage or current.
2. Avoid signal distortion for large signal swings.

3. Be efficient.

4. Provide protection from abnormal conditions.

Types of Output Stages

1. Class A amplifier.

2. Source follower.

3. Push-Pull amplifier ( inverting and follower).
4. Substrate BJT.

5. Negative feedback (OP amp and resistive).
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CLASSA AMPLIFIER

Vop

«

Va2 o—| M2

of| Jou

Vino—{ M1 ::CL §RL

Ves — L
KnW,

lou™ =50, (Vb ~ Vss~ V1) 2l
KpW2

lout "= 2, (Voo ~Veez ~ VT2l 2 < oyt

lloutl determined by:

L Ovgy

Llloutl =CL ot =C_ (dew rate)
_ Vou(peak)

2. lgyel = R,

. PR. O Voulpeak) 2
Efficiency = = =

= 0 <25%
supply E(VDD + Vss)g

1 1 :
= = t aly |
Fout Ogs1 + Ogs2 _ 2Mp (typically large)
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SOURCE FOLL OWER
N-Channel Push Pull
—71 VoD —T1— Vo
vino— [, M1 — [, M1
AR T Vour VIN o—— —°Vour
Veso—y [ M2 B VP!
—LVss —LVss

Large Signal Characteristics

VouT = VIN ~ VGs1

Maximum Output Swing Limits

VouT(MAX) =Vpp - V11
(V11 greater than V1 because of vgg)

Single Channel Follower:
VouT(MIN) = Vgg

Push Pull Follower:
VouT(MIN) =Veg + V12l
(VT2 greater than V1 because of vgg)
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SOURCE FOLLOWERS

Small Signal Characteristics
Single Channel Follower (Current source and active load):

C1
- - - —
A Om1Vin | +
Vin < <‘> §rdsl > § M2 ~T C2 Vout
Om1Vout )
Ombs1 Vou Om2Vgs2 |
[ - ‘o)

Small Signal Voltage Transfer Function:

Vout 9m1
Vin  9as1t9ds279m1 7 Imbs1TIm2

where gm2 =0if VGSZ = VGG

Example:

If Vpp= ~Vss =5V, oyt = OV, ip = 100pA, and 1= :%t% ,
then;

Vout 41.23

Vi = TRTRAL2(140. 27284123 ~ 0-4309 when vgs, = VouT

Vout 41.23
Vi, - 1+1+41.23(1+0.2723) - 0-7Plwhenvgsy =Vag

vout
Approximation gives = = 0.786 (dgs1= 9ds2 = 0)

Output Resistance:

1
" Ods179ds2tIm1Imbs1 T Im2

rOUt where gm2 =0 if VGSZ= VGG

rIOUt =10.5 KQ (VGSZ = VOUT) and rOUt = 18.4 KQ (VGSZ = VGG)
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SOURCE FOLLOWERS

Push Pull Source Follower

Modd:
Ci
‘gmlvin y Om2Vin | +
1 1 ==¢C
Vin < gm1V0§> <>gm2V0§'> §rdsl§mg lds2 m T 2 Vout
| -
° o]

Small Signal Voltage Transfer Function:

Vout _ 9m1 * Im2
Vin . 9ds1 T 9ds2 * Im1 * Imbst T Im2 * Imbs2

Example:

If VDD = _VSS =5V, VouT = ov, iD = 100|JA, and \% = %HL:’?I
then,
Vout 41.23 + 28.28 - 0.81
Vi, 1+ 0.5+41.23(1+0.2723) + 28.28(1 + 0.1268)
Output Resistance:

r = L =11.7KQ

OUt " g4s1 * 9ds2 * Im1 * Imbst ¥ Im2 + Imbs2 '
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PUSH-PULL INVERTERING CMOS AMPLIFIER

Concept-
Vop —
M2
+
Vi g
VINo—— o Vout
+
ViR —
ML == =
Veg — |

I mplementation-

Vb

S N | T KPR

—i M2 M4 }—o Veea CL

M7 | —— | wms
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PUSH-PULL SOURCE FOLLOWER

Vbp

|+ M2 [: lout
——

Vir —
- 1
VIN Lm{l‘__ lCL Rz/ "

VGG6_|[: M6

VIN _|[: M3

@)
L
Py

Page VI1.4-7
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USE OF NEGATIVE FEEDBACK TO REDUCE ROUT

Vb

error M2
amplifier

\
T lout
— o Vout

VN ©
IN \

Use of negative feedback to reduce the output resistance of Fig. 6.3-4.

Vb
4| M2
R1 R2 |
out
VIN o /\/\/\, /\/\/\, * o Vout

Use of resistive feedback to decrease the output resistance of Fig.6.3-4.
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V1.5 - SUMMARY

» Analog Amplifier Building Blocks

Inverters - Class A

Push-Pull - Class AB or B

Cascode - Increased bandwidth

Differential - Common mode rejection, good input stage
Output - Low output resistance with minimum distortion
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SECTION 7 - COMPARATORS
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VIl. COMPARATORS

Contents

VI.1 Comparators Models and Performance
V1.2 Development of a CMOS Comparator
V1.3 Design of a Two-Stage CMOS Comparator
V1.4 Other Types of Comparators
VI.5 Improvement in Comparator Performance
A. Hysteresis
B. Autozeroing
V1.6 High Speed Comparators

Organization

Chapter 7
CMOS
Comparators

CIRCUITS
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VIlI.1 - CHARACTERIZATION OF
COMPARATORS

What is a Comparator?

A comparator is a circuit which compares two analog signals and
outputs a binary signal based on the comparsion. (It can be an op amp
without frequency compensation.)

Characterization of Comparators

We shall characterize the comparator by the following aspects:
* Resolving capability
» Speed or propagation time delay

Maximum signal swing limits

Input offset voltage

Other Considerations
Noise
Power
Etc.
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VOLTAGE COMPARATORS

Definition of a Comparator

Vour
Ve
Noninverting
Vour
Von
MoH whenVa =2Vp
Vourt = E > Va- Ve
DVOL when Va < VB
VoL
Inverting
Vour
EVOL when Va =2 Vg VoH
VouTt =
D\/OH when Vp <£VB > \/a- Vg

VoL
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COMPARATOR PERFORMANCE

1. Speed or propagation time delay.
The amount of time between the time when Va - Vg =0 and the

output is 50% between initial and final value.

2. Resolving capability.
The input change necessary to cause the output to make a transition
between its two stable states.

3. Input common mode range.

The input voltage range over which the comparator can detect
Va=Vg.

4. Output voltage swing (typically binary).

5. Input offset voltage.
The value of Vour reflected back to the input when V a is physically

connected to V.
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APPROACHES TO THE DESIGN OF VOLTAGE
COMPARATORS

Open Loop

Use of a high-gain differential amplifier.
VoH - VoL
resolution of the comparator

Gan =

Regenerative

Use of positive feedback to detect small differences between two
voltages, Va and VB. |.e., sense amplifiersin digital memories.

Open Loop - Regenerative

Use of low gain, high speed comparator cascaded with a latch.
Results in comparators with very low propagation time delay.

Charge Balancing

Differential charging of a capacitor. Compatible with switched
capacitor circuit techniques.

Type Offset Voltage Resolution Speed (8 bit)
(Power supply)
Open-loop 1-10 mV 300uV (£5V) 10 MHz
Regenerative 0.1 mV 50uV (£5V) 50 MHz
Charge

Balancing 01mv smV (5V) 30 MHz
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COMPARATOR MODELS - OPEN LOOP

Zero Order Model

Mode

£{Vp- V) Ve

EVQH for (Vp-VN) 2 0

fo(Vp-VN)=D
oL for(Vp-VnN) <O
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COMPARATOR MODELS - CONT'D

First Order Modd

Transfer Curve

Vour
A
Von
V
:IL t > \Vp-Vp
Vi
VoL
Model
Vp .
+ +
f](VP - VN) Vo
VN -

VoH for (Vp-VN)2VH
fy (Ve - VN)= E\V(VP- VN) for ViL £ (Vp-VN) £ VIH

VoL for(Vp-VN)<SVL
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COMPARATOR MODELS - CONT'D

First Order Model with Offset

Transfer Curve

VoH

—f— > Vp-V
/" B
VoL ——

First Order Model with Offset

TV oS

f{Vp- Vi Vo

Time Response of Noninverting, first order model

VoH -
Vout _ : - Vout+ Voo
| 2
VoL :
|
ViH :
|
Vp-Vy . tp ) v=ViHt Vi
. : 2
Vi
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VIl.2 - DEVELOPMENT OF A CMOS
COMPARATOR

SIMPLE INVERTING COMPARATOR

<|
@A I

Fig. 7.2-1 Simple inverting comparator

Vop T [e— AVIN—>]

Vo

|
Virp

VN

Fig. 7.2-2 DC transfer curve of a simple comparator

Low gain [0 Poor resolution
VTrp = fHV DD H+ process parameters
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CALCULATION OF THE TRIP POINT, VTRP

Vo
A & - Vo=Vin+ Vg

1 9"
Voo Vbp Q. Y

VIN°—|li M2

VB|Ago—|l: M1 Veias- V11 -

1 Vss
Vss VSS
Operating Regions-
VDS1 2VGSs1 - VT " VO-Vss2Vplas-Vss-VT1
Vo 2 VBIAS- VT1
vsp2 >VsG2- [VT2|  © VDD -vo=VDD-VIN-|VT2|

VO S VIN + |VT2|

Trip Point-

Assume both M1 and M2 are saturated, solve and equate drain
currents for VTrp. Assume A = 0.

. KN W1 2
iD1=> T, VBIAS-Vss- V11
. KpW?2 2
iD2= % T, /DD - VIN - V12|~

KNn(W1/L1) !\

ip1=ip2* | VIN = VTRP=VDD-[VT2| - \/KP(WZ/LZ) (VBIAS - Vss - VT

Wip W2
l.e. Vpp =-Vss =5V, Veias = -2V and KN%_—lg = KPEIL—ZD

[l
VTRP = 5-1-(-2+5-1) = 4-2 = 2V
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COMPARATOR USING A DIFFERENTIAL AMPLIFIER

Vbp

t
M3” | M4

— —o Vo
—M1 M2 4
Vp 0—”1_— —_HII—OVN
VBIAS°_||: M5
Vo
A
VoH=Vpp| - oo
Vou| =~~~ .
i M1& M2in
| saturation
|
|
|
|
I
|
I Vp - VN
7T ’( Ay )

Gain is still low for a comparator
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DERIVATION OF OUTPUT SWING LIMITS

Voo VP > VN
M3|| [ ma
1. Current in M1 increases and
— | —o Vo current in M2 decreases.
:i M1 M2£|2 2. Mirroring of M3-M4 will
vpo—|1|<_— —_H'qVN cause vo to approach Vpp .
L 3.VoH = VDD - VDs4(sat)

! lss T , |4
l —TL VoH =VDD - Ba
Veias—|| . M5 4

. 15
VOH' = VDD - A [
Vss OH DD Kp(W4/L4)
VP < VN Vou' = VDD - A o

Assume vy isafixed DC voltage
4. Finaly, vo * Vpp causing the
1. vo starts to decrease, M3-M4 mirror mirror M3-M4 to no longer be
isvaidsothat 11 =12 =1sg/2.
2.VoL =VN-VGs2 + VDps2
when M2 becomes non-sat. we have (I2=14=0,13=11=15)
Vps2(sat) = Vgsz - VT so that

vaidand VoH = VDD.

VoL =VN - VT2

3. For further decrease in vo, M2 is non-

. g
and therefore the Vgs» can increase 11 still equals 12 due to mirror

allowing the sources of M1 and M2 to D
fal(asvp fals).
4. Eventually M5 becomes non-sat and |5

starts to decrease to zero. M2 becomes a
switch and vo tracks Vsp(Vpss) dl the

way to Vss.
0 VoL =Vss.
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TWO-STAGE COMPARATOR
Combine the differential amplifier stage with the inverter stage.

» Sufficient gain.
» Good signal swing.

Vbp
e

« II:M6
— M1 M2l

V QPO
e A — v Vo
M5
M8:]} lt |[:|v|7
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VIlI.3 - DESIGN OF A TWO-STAGE CMOS
COMPARATOR

DC BALANCE CONDITIONS FOR TWO-STAGE
COMPARATOR

* Try to keep all devices in saturation - more gain and wider signal
swings.

» Based on gate-source and DC current relationship. 1.e. if M1 and M2
are two matched devices and if Vgs1 = Vas, then Ip1 = 1p2 or vice

versa

W1
Let S = L_l :
M1 and M2 matched gives S; = Sp.
M3 and M4 matched gives S3 = $4.
aso, 1 =12 = 0.5Is.

From gate-source matching, we have

Vess =Ves7 I7:|5%§ and lg =14 %@ ~ Assume

Vess =VGss
For balance conditions, 1g must be equal to |7, thus
Is 57 _S6
la S5~ <4

I
Since ﬁ = 2, then DC balance is achieved under the following:

§-2-Si “V =0"*' M4 is saturated
S~ S DG4 = .
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SYSTEMATIC OFFSET ERROR
Vpp =10V
+ +
KN = 24.75 pA/V?2 20 | | 20 5y
Kp = 10.125 HA/V2 10 —I ME 1077 M6 o
VTN =-VTp=1V " 20"—”:10
AN = 0.015V-1 —10 oL sy
Ap = 0.020V-1 IIE VeI Ve Vo =5
M1 M2 iy
20w,
| =10 3V I—10
M ] M5 |\/|7'[:10
Vss=0V

Find Vos to makeig =17

(1) Find the mismatch betweenig and iy

17l +ANVDS7TOONTIL7O

1 + (0.015)(5)

i5 ~ El + )\NVDSSEHNS/LSD
ie [+ ApvDsegWelleO

=1+ (0.015)(3)
1 + (0.02)(5)

ia ~ El + ?\PVDS4DEW4/L45
i5=2i4

1+

(0.02)(2)

[ 17 =(2.029)(2)i4 = 2.057i4 and ig = 2.115i4

(2) Find how much vess must be reduced to makeig =i7
AVGse = VGSe(2-115i4) - vGse(2.057i4)

2Le

Avess ="\ | We ig #/2.115 - 4/2.057H = 14.11 mV

(3) Reflecting Avgss into the input

2 KN(W2/L2)

Ay(diff) = 5\ - )\4D

I5

Avgss  14.1 mV

U Vos=Z2(dif) = 89.9

=0

157 mV

(1) =1.029

(2) =2.115
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DESIGNING FOR COMMON MODE INPUT RANGE

VDD -
+
L
VSG3_“_. S |
_['M3 vg1(min) = Vss + Vpss + VGs1
l5/2 _ I5
Voo t vgi(min) = Vss + Vpss + VTi(max) + \/2—[31
Vor—_
oy M1 Vost vgi(max) = Vpp - VsG3 - Vpei(sat)
Vaest o+ I5 .
v's vgi(max) = Vpp - 23 |VT3(maX)| +VT11(min)
v L
BIAS ™ Voss where Vpga(sat) = -VT1
M5 -
Veg—| __~
Example

Design M1 through M4 for a CM input range 1.5 to 9 Volts when Vpp =
10V, Iss = 40pA, and Vss = OV. Table 3.1-2 parameters with VTN P| =
0.4 to 1.0 Valts,

|
vGi(min) = Vss + Vpss + \/é + Vr1(max)

15=0+01+ %‘i—A +1 (assumed Vpss = 0.1V- it probably more

reasonable to assume 31 is already defined and find (35)

KNW1 W1 W»
= = 2 —_ = =
BL=—p, - =250 JAN H D =T, =470 H

I
vgi(max) = Vpp - \/% - [V13(max)| + VT1(min)

KpW3 W3 Wy
= = 2 —_ = =
Ba=—, =250 HAIV H s 31.25 H

L4
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GAIN OF THE TWO-STAGE COMPARATOR

+o

+
Om1Vid rdQ% rds4%vl OmeV1 rdsG% Fds7§ Vout

Vid = VP - VN

0 9mi ED
E@dsz + 9ds4DE@d36 + Jds7

KK Y
NP 1 mlen

- (A2 + Aay(Ae + )\7)\/I1I6

Av

Av

. W1 We L .
USln@JL—1 =5, Te = 5 AN = 0.015V-1, Ap=0.02V-
and Table 3.1-2 values;

2 NAD(@B)(B)(5B) 106 = 95199.10-6

(0.015+0.02)2'\/I1I6 '\/Illa

AV=

Assume 11 = 10 gA and g = 100 HA

Ay = 3010

VoH - VoL
Ay

then VoH - VoL = ﬁ - 3000 = 15 Volts

= Resolution = 5 mV (assume)
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PROPAGATION DELAY OF THE TWO-STAGE

COMPARATOR
Vbp
signal swing
less than the
|\/|3:l| . |I:M4 output +
: Vess
« —| M6
V°N_|I— M1 M2—||_‘\{P L ‘iﬁkey node
— — CL1 ° Vo
= Wi
::CL2
M5
Vaias _Il_ Il:M?
—_ Vss -
Vess = Vpp-p + Vpe2oH
iC:CgT\t/ , At =
Av
av V -V
C5 Aty = CLp 2 TRP3 - Vss
LRPW6 oD - vp - Vb2 - V162 - |
) 02 Lg (VDD -VP-VDG2- [VTe)? - 17
At
—
V1RrP3
-V
Vep Aty- = o, Y22~ VTRP[]
Vv DEWUL 50, []
SRR Oi70Wsa'® O
At
i .
Slew rate = source/sink

CLi

[]
[]
[
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CALCULATION OF COMPARATOR PROPAGATION DELAY

Find the total propagation delay of +5V
the comparator shown when the input 10
vp goes from -1 to +1 in 2ns. Assume M3j|—10'—||:'\/|4 ig
1
the trip point of the output(next stage) Ve CL1=0-3pF
—_T__| M6
IS zero. Po Ij |
VN (M1 M2E"_° T * 6 y
= £|E 2 Vp C|_2: ©
Total delay = 1st stage + 2nd stage = 10 10pF
del del
¥ ¥ I5:20uA® I7=40qu> I
At = Aty + Aty =
(VDo(to) - VTRP2)
1= Is CL1,
vpo(to) = 5 because vp = -1V
2l7
VTRP2 = VDD - VGS6, VGSs = V16| + 1\ /m
Vgegsg =1+ /28% =258V ‘VTrRp2 =5-258=242V
B [0.3pF0
0 Aty = (5 - 242) 50 A0= 38.7ns
A2 =|v (t)-o|DCL2 H-sH 2 A
2= |YOU0 A6 - 170~ °He - 170
Kps OWe] .
l6=—5 G/ pD - Vpo(min) - |Vre|?

[VDo(min) is an optimistic assumption based on vpsp = 0]

. I5
Vpo(min) = vps2(=0) - vGs1 + VN =-VT1 - Kz - L7
10-6
lg = % (45 - (-1.77) -1) 2 = 533 pA
_ 10 pF _

At = Atg + Atp = 139 ns

Second order consideration: Charging of Csp of M1 and M2
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SIMULATION OF THE PROPAGATION DELAY

Sv T T T
\
"\ 10
\ 10
i \
\
\ VN
\ r}?
v \ L
\
24 -~ - - - -
\
i \
1lv

-1.54vf - - - -

Sv

COMPARATOR PROPAGATION DELAY
VDD 100 DC 5V

VSS110DC -5V

VN 10DCOV

VP20 PULSE(-1 1 ON IN IN 500N 1U)
M13155MNMOSW=20U L=10U

M2 6255 MNMOS W=20U L=10U

M3 3310 10 MPMOS W=10U L=10U
M4 6 3 10 10 MPMOS W=10U L=10U
M558 11 11 MNMOS W=10U L=10U
M6 96 10 10 MPMOS W=40U L=10U
M7 9811 11 MNMOS W=20U L=10U
M8 8811 11 MNMOS W=10U L=10U
CL1600.3PF

CL290 10PF

1S08DC 20UA

'MODEL MNMOSNMOSVTO=1KP=17U
+LAMBDA=0.015 GAMMA=0.8 PHI=0.6
'MODEL MPMOS PMOS VTO=-1 KP=8U
+L AMBDA=0.02 GAMMA=0.4 PHI=0.6
TRAN 2N 300N

PRINT TRAN V(6) V(9) V(2)

PROBE

END

Ons 50ns

100ns

200ns 250ns

300ns
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SMALL SIGNAL PERFORMANCE

Page V1.3-8

R1% Ci= Rz% Co=—

+o

Vout

L
Vout(S) A oWp1Wp2
Vin(8) (S + Wp1)(S+ Wp2)
1
Wpl = RiCy
__1
Wp2 = RoC,
Ao = gm1gm2R1R2
Example - (Fig 7.3-4)
] — 1 — 1 —
I5= 20pA " Ry = g—=——— = 1577 = 3.33MQ
= L = 1M
Wpl = (0.3pF)(3.33MQ) ~ ~VITPS
|7 = 40pA ‘ Ry = 1 Sp— = 833KQ
7= MA T R2 75066 + gds7  40pA(.03)
_ 1 _
Wp2 = (T0pF)(833K Q) ~ 120KPS

Om1 = 26Us, gm2 = 50.6us‘ Ao = 1099
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TWO-STAGE, CMOS COMPARATOR

General Schematic

Vb
b
. II:M6
R T
M8_] IJMS [om7
L>|
Y

Key Relationships for Design:

iD = %(VGS -VT)2| O ip(sat) =% [vDs(sat)]2
or

vps(sat) = ‘\/Zi Déﬂ)
Also,

dm = V2BID
where

="



Allen and Holberg - CMOS Analog Circuit Design Page VI1.3-10

COMPARATOR DESIGN PROCEDURE

1. Set the output current to meet the slew rate requirements.

N\
"=~
2. Determine the minimum sizes for M6 and M7 for the proper ouput
voltage swing.
2lp
vps(sa) =\ 5~

3. Knowing the second stage current and minimum device size for M6,

calculate the second stage gain.

Ay = -Om6

Jds6 + Jds7
4. Calculate the required first stage gain from A2 and gain specifications.

5. Determine the current in the first stage based upon proper mirroring
and minimum values for M6 and M7. Verify that Pgiss IS met.

6. Calculate the device size of M1 from A1 and Ips;.

Ax = -Om1 d _ /2K'W/L
"~ Odsl * Ods3 9m1 = IDs1

1

7. Design minimum device size for M5 based on negative CMR require-
ment using the following (Ips1 = 0.51pss):

/l
vgi(min) = Vss+ Vpss + E—? + VT1(Max)

2lpss
where Vpss = Bs - V pss(sat)

8. Increase either M5 or M7 for proper mirroring.

9. Design M4 for proper positive CMR using:

IDs5
vei(max) = Vbp -\ [ g5 - |VTos|(max) +VT1

10. Increase M3 or M6 for proper mirroring.

11. Simulate circuit.
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DESIGN OF A TWO-STAGE COMPARATOR

Specifications:
Avo > 66 dB Lambda = 0.05V-1 (L =5 um)
Pdiss < 10 mW Vpp=10V
CL=2pF Vss=0V
tprop < 1 ps Recall that 3 = —KLW
CMR=4-6V

Output swing isVpp - 2V and Vss + 2V

1). For tprop << 1 ps choose slew rate at 100 V/us

dv
0 I7=CLl—g— = (2101 (100-10°6) = 200 pA

2). Size M6 and M7 to get proper output swing,

M.
_ 27 2(200pA) Wy
2V > vpsy(sat) = \/; - \/17.OuA/V2(W7/L7) - 77 >.88
2(lout+l?). OUT+I 7) 2(400pA) We
2V > vpse(sat) = ’\/8 OHA/VZ(WG/L@ ~ Te >12.5

_ Ome O -1 [, /ZKP'We N
3)- A2= Ods6 + Ods7 _ CAN + APH loLe 10

4). Ayvo =A1A2=66dB =2000 -~ A1 =200
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COMPARATOR DESIGN - CONT'D

5). Assuming VGs4 = VGss, then 4 = % l6
choose Sg4 =1 which gives g = % (200pA) = 16.0 pA
AssumeS5=1WhichgivesI5=2—§ I7:%};3—A =34 pA
andl4=% s = 17 pA

Choose 14 =17 pA to keep Vrv ratios greater than 1.

W4  We 017 0
Ls ~ Le 2000

Pdiss = 10(17 + I5) =2.34 mW < 10 mW

1 ‘ /ZKN'Wl W1 14
= = 2_ =
6). A1 A1+ A Is2L7 — L1 [(AL+Ag)Aq 2KN' 200

W1 .
O I 200 (Good for noise)

0 15=34 uA =1.06=10

7). Vbss = vai(min) - Vss- \/;5:51 - VT1(max)

_ (34) _
Vpss=4-0- \/2(17_0)(200) -1=290V

_A [25 _ . [2(34y) W5
VDSS‘\/; “Namwss ~ Ts 7%

_ls o _34 _
8). S5= 1 S7=15qG (5:88) =10 -

5
L_5_ 1.0
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COMPARATOR DESIGN - CONT'D

|
9). Vgi(max) = Vpp - \/% - |VT03|(maX) +VT1(min)

Is
B3= N
VoD - Vei(max) - |VTo3|(max) + Vra(min)2
B 34 pA B 6
“(10-6-1+0.52 = 27610
W3 (2.76)(2) W3 Wy
B 8

L3 =0.69 T3 - 1La > 0.69

O

w
(Previously showed L—:’ > 1.06 so no modification is necessary)

10). Summary
W
Wrawn = H—@L _16)
Design Ratios Actual Vaueswith 5um Proper Mirroring
minimum geometry and Lp =0.8um
Wi _W2 W1 _W2 1000 680
L1 Lo — L1 Lo~ 5 5
Wa _Wa _ Ws W4 _5 34 .5
3 g 10 (s L4 °5 5 5
Ws _ Ws _ 34.5
We We  62.5 60
L_6 =125 L_6 =75 5
W7 Wz 30 30
L_7 = 5.88 L_7 =5 5

I
N
PIL

(Need to adjust for proper mirroring) [
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VIl.4 - OTHER TYPES OF COMPARATORS
FOLDED CASCODE CMOS COMPARATOR

Circuit Diagram

Vbp
MP3|.J MP4 1]
MP8 |} 1‘=|_ I_|
el
MP12 MP13
—o Vout
MN1 MN2 |
fI:MNZS MN10 MN11
. vp 06— F—ov1 > Be
MN24;li—! MN7 _.lMNQ ;MN5
Vss

Small Signal M odel

1 1] 3
Om12 Til Om13 J I2
i i ot Vout
Om1V2 Om2V1 2 1 )
where

Rout = (rds59m11rds11)||((rds4llrds2)9ma13rds13) =

_ 1
" Ods50ds11  (Qds2+9ds4)9ds13
gmil Om13

The small signal voltage gainis

] Im1tgm2 v
[Qds50ds1l  (Jdso*+Qdsa)dsta[] "
T gmiz Om13 L]

Vout = Fout(i2-11) = (m2+9Im1)RoutVin =

where Vvin = v1 - V2.
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FOLDED CASCODE CMOS COMPARATOR - CONTINUED
Frequency Response

Small signal model-

|
C 2
= = r Vout
out
Om1V2 9m12 Om2V1 )
0

C1=Cgs12 +Cps12 + Cpc3 + CeD3

+0

where

C2=Cgs13+CBs13+ Cpc4 + CeD4
and C3=Cpaci11 +CsbD11 + Cb:13 + CBD13 + CLoad

AvDow3
AVD(S) -~ s + w3
where

1
routCs3

w3 =

Typical performance-

Ip1= 1p2= 50pA and Ipa= 1p4 = 100A, ~ot = 12 = Wi W13
D1-1D2— |~'l D3—=1D4 — p- ) I—l_l—Z_I—ll_l—l3

=1, assume C3 = 0.5pF, and using the values of Table 3.1-2 gives:

Om1=0m2 =09mi11=41.2uS  gm13 = 28.3uS
Ods5 = Jds11 = 0.5US  gdsa = gds13 = 0.25uS

Therefore, royt = 121MQ, w3 = 16.553krps, and Aypo = 4,978
resulting in a gain-bandwidth of 13.11MHz.

_ _C3AV _ 05pFx10V _
Delay = AT = 1—— =359, ~ =50nS
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OPEN LOOP COMPARATOR - MC 14575

A A
BIAS——s—{| M1 —| M6

-o—|E> M2 M3<—jf—o+
— Il:M7 1

M4_|——{[ M5

1

Performance (Iset = 50 pA)

Rise time :
Ealltime - 100 ns into 50 pF

Propagation delay = 1 s
Slew rate = 2.7 Volts/us
Loop Gain = 32,000

Comments

The inverter pair of M8-M9 and M10-M11 are for the purpose of
providing an output drive capability and minimizing the propagation delay.
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CLAMPED CMOS VOLTAGE COMPARATOR

\bp \bp
A A

MS:II II:MG

Drain of M2 and M3 clamped to the gate voltages of M4 and M5.

M6 and M7 provide a current, push-pull output drive capability
similiar to the current , push-pull CMOS OP amp.

Comparator is really a voltage comparator with a current output.
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VIl.5 - COMPARATORS WITH HYSTERESIS
HYSTERESIS

Why Hysteresis?

Eliminates "chattering” when the input is noisy.

Comparator with no Hysteresis

V.
Comparator "
threshold J A
A// 4 A/\/
/v 14 Y _>
Time
Comparator
output

N\

| |

Comparator with Hysteresis

V
out /_,f '/ A

Vree y  Vigp, COMparator

L | » output \

j -
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VOLTAGE COMPARATORS USING EXTERNAL FEEDBACK

Inverting
VouT
A
VOH: >
Vvgo———- :
L —o VouT ' VRerR2
Va - A |?+R2V
W\' : >\/g
R, — VorRy |
Rl% bRy
+ :
TV e A —
= —p] -
R1+R>
Noninverting
VouT
A
R2
R /\/V\' VoHT - < <
1 |
VlNo_l\/\/\’ va + : A VRE Ri*R;
Vg - :
.‘/ > VN
+ |
-=-_VREF Y '(Rl)VoEL
ANav)
VOLIF —p
- Rl) 40
(Rz Vo
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COMPARATORS WITH INTERNAL FEEDBACK

Cross-Coupled Bistable

R
P

\ 4

BlAs—||:M5

Vss

(1). Positive feedback gives hysteresis.

(2). Also speeds up the propagation delay time.
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AUTO ZEROING OF VOLTAGE COMPARATORS

Model of the Comparator Including Offset
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GENERALIZED AUTO ZERO CONFIGURATION

i
VINT o rl—
(P1°—|l:T Vos VouTt
VIN- © l *l-
iTL Caz
)

Good for inverting or noninverting when the other terminal is not
on ground.



Allen and Holberg - CMOS Analog Circuit Design Page VI1.6-7

Noninverting Auto-Zeroed Comparator

Ll

1
=
- ﬁ (P1°—|l:1 +\ Vout

VINo© j_l_ CE\Z *
v2 :I|—°‘P1

Inverting Auto-Zeroed Comparator

gl
[
}f [+
o3 L -

VouT

|
o |:_ J‘—

Use nonoverlapping, two-phase clock.
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VIl.6 - HIGH SPEED COMPARATORS
Concept

Question: For a given input change, what combination of first-order open-
loop comparators and a latch gives minimum propagation delay?

+ o— ] _°Q

VIN Cy G, G Ch Latch

—\—
n first-order, open-loop comparators

with identical gains, A

Concept:
voltkage
High (
Output L
Level | A =input voltage ,
change Latch—./, .-~ )
1.7 n-
vou=e"T A —»f 1" vou= ATL- (1+ e a
A 7 : 5
AN~ ; 4
AN -2 l 3
Oy B sl vou= AL-(L+Dey A
l : : — ot
AAL - - / | , vout=A(1-e“")A n=1
Propagation delay time = t3 + t|. for n=3
Answer:

tp(min) occurs when n=6 and A=2.72=e

I mplementation:

n=3 and A=6 gave nearly the same result with less area.
[Ref: Doernberg et al., “A 10-bit 5 MSPS CMOS Two-Step FLASH ADC”JSSC April 1989 pp 241-
249
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HIGH SPEED COMPARATORS-CONT'D

Conceptual |mplementation-

/ / 4 / N\
tod——+ =+ I+ = — Q
\_/IN | ] Jk—|' ] i>|k“ ] i>|k LatCh -

I /""2 I / 1 / Q
N\ \ \_ N\
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VIl.7 - COMPARATOR SUMMARY

» Key performance parameters:
Propagation time delay
Resolving capability
Input common mode swing
Input offset voltage

* Types of comparators:
Open loop
Regenerative
Open loop and regenerative
Charge balancing

* Open loop comparator needs differential input and second stage

» Systemative offset error is offset (using perfectly matched transistors)
that is due to current mirror errors.

» For fast comparators, keep all node swings at a minimum except for the
output (current comparators?).

» Key design equations:

2KW|D
D=5 2|_ (VGS'VT) Vps(sat) = K(W/L) and gm =

» Positive feedback is used for regenerative comparators.

» Use autozeroing to remove offset voltages (charge injection is limit).

» Fastest comparators using low-gain, fast open loop amplifiers cascaded
with alatch.
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VIlIl. SIMPLE CMOS OPERATIONAL
AMPLIFIERS (OP AMPS) AND OPERATIONAL
TRANSCONDUCTANCE AMPLIFIERS (OTA'S)

Contents

VIl Design Principles

VIII.2 OTA Compensation

VI3 Two-Stage CMOS OTA Design

Organization

Chapter 8
Simple CMOS Op
Amps
COMPLEX
| .
CIRCUITS 4 +

il

DEVICES

=)
=
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Op Amp Characteristics

Non-ideal model for an op amp

\%
1

R
icm
CVRR
Vo OV N _
(A .
os Ridg =" id I deal
\ | +
1
icm bl

Boundary Conditions Requirement

Process Specification See Tables 3.1-1 and

3.1-2
Supply Voltage +5V +10%
Supply Current 100 uA

Temperature Range Oto 70°C

Typical Specifications

Gain >80 dB
Gainbandwidth > 10 MHz

Settling Time < 0.1 usec

Slew Rate > 2 V/usec

Input CMR >+2V

CMRR > 60 dB

PSRR > 60 dB

Output Swing >2 VP-P

Output Resistance Capacitive load only
Offset <+ mVv

Noise < 50nV/AJHz at 1KHz

Layout Area < 10,000 square um
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Frequency Response

AvO

=-1)(=-1)(=-1) -

P1 ) (pz ) (IO3 )
Gain, dB -6dB/oct

GB w2
w3
0dB
N
wl Frequency \

180 _\
Phase (degrees) \

90

N\

Phase margin \

?

Frequency
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Power supply rejection ratio (PSRR):

M(v =0)
_AVpDQ _Avd(S) _ vin VP
PSRR = vourd *Avd(®) = Aps(S) — Vout

V—pS(Vin=0)
Common-mode input range (ICMR).
Maximum common mode signal range over which the differential

voltage gain of the op amp remains constant.

Maximum and minimum output voltage swing.

Slew rate:
Slew rate = max%
10V
5|
ov [
-5V|
-10\

Ops 2Us 4us 6uS 8us 10us
Time
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Settling Time

Vout(®

14

121

06}

041

0.2}

Upper tolerance

\ —
N\ e
~— Lower tolerance
Settling
time
4 6 8 10 12 17

Time (sec)
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Design Approach

Design
[ Specifications j @ [ cpralysis j

Modify

Specifications:

 Gain » Bandwidth

» Output voltage swing * PSRR

o Settling time « CMRR

» Power dissipation * Noise

* Supply voltage e Common-mode input range

e Silicon area
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Design Strategy

The design process involves two distinct activities:
Architecture Design

* Find an architecture aready available and adapt it to present

requirements

» Create a new architecture that can meet requirements
Component Design

» Design transistor sizes

» Design compensation network
If available architectures do not meet requirements, then an existing
architecture must be modified, or a new one designed. Once a satisfactory
architecture has been obtained, then devices and the compensation network

must be designed.
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Op Amp Architecture

Vbp

T
M3 M4 Ilt
M6

M1 M2
) |E | a| + Compensation|— Vout
IBiasl

M7

.
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Compensation

In virtually all op amp applications, feedback will be applied around the
amplifier. Therefore, stable performance requires that the amplifier be
compensated. Essentially we desire that the loop gain be less than unity
when the phase shift around the loop is greater than 135°

IN A ouT

ouT A
IN  1+Ag

Goa:1+AB>0
Rule of thumb: arg[AB] < 135" at mag[AR] =1
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Graphical lllustration of Stability Requirements

AB| (dB p=1
ABI (dB) -6dB/oct
pd
\ -
0dB I
wl w2
Frequency / -12dB/oct

1800_\
Arg[AR] \

90° ] \
o AN

Frequency
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Step Response of Two-Pole System
Impact of placing w, at different locations:

stability
Date/Time run: 04/08/97 19:45:36 Temperature: 27.0
I A/\3
1.0V - ———— —o—
w1 = 1000 rps
| Case1: wp=1x 106 rps
0.5V -
Case2: wp=0.5x106rps
| Case3: wp=0.25x 106 rps
ov‘ 77777777777777777777777777777777777777777777777777777777777777777777777 1
5us 10us 15us 20us
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Types of Compensation

1. Miller - Use of a capacitor feeding back around a high-gain, inverting
stage.
» Miller capacitor only
» Miller capacitor with an unity-gain buffer to block the forward
path through the compensation capacitor. Can eliminate the RHP
zero.
* Miller with a nulling resistor. Similar to Miller but with an added
series resistance to gain control over the RHP zero.
2. Self compensating - Load capacitor compensates the op amp (later).
3. Feedforward - Bypassing a positive gain amplifier resulting in phase

lead. Gain can be less than unity.
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Miller Compensation

VbD

T

e

Ca—— c M6
v M g M2 0
- o—‘% ?_“_C"" A °Vout
IBiasl T Cl
YJ M7 T CL
:ll | ||:
| |;_,[ |
Small-signal model
1 1
Tds2 dsa ds4 Ce Tds6 Vds? ds
Y
y c + ImaV1 " +
1%¢ % MJ_ Vl % 1 ¢ Vm¢ % :Cl ¢ %/ :CL s
Tds1 T . I3 Im2—- ImeV2
Simplified small-signal model
1 1
gdsZ:Fg\ds4 Ce 9467 9ds7 9ds7
|
+ +\ I\ +

5
o)
2
<
5

<
N
\ |

i . — C —
1
) i Ime"2 %
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Analysis

Vo(9) (@m)(@miD(RD(RiD(L - sCc/Imir)

Vin(® ~ 1+ §R(C1 + Co + Ri|(CL + Co + gmIIRIRCd + 2RIR|[C1CL + Co(C1+ CL)]

g—-—1
PLEgm R Ry Ce

. -Oml1Cc
P25€C + CC.+ CiC,

“Omll

P20C
_ Ol
Zl = C_c
where
9ml = 9m1 = Im2 Imil = 9m6
1 1

R Rj|

~ Ods2* Ydsa " 94s6 Yds7
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Miller Compensation

|AB| (dB)

p=1

-6dB/oct

~

After compensation

N

/ Before compensation

GB

'

180°0—

Arg[AB]
900

N

wl
Frequency

Before compensation

w2

v

Phase margin

N\
AN

-12dB/oct

/

After compensation

rd

Frequency
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Conditions for _Stability

* Unity-gainbandwith is given as:

1 O_ 9ml
GB = Av(0)[p1l = (ImigmiIRIRI) - EgmuRlRIICcD (r:nc

» The requirement for 45° phase margin is:

Arg[AR] = +180° - tan1HH - tan-1iw D tan- 1%5 45°

pllm P2l
Let w = GB and assume that z > 10GB, therefore we get,

GBQ [GBD GBO
+ o _ -1 - '1 = ©
+180° - tan H_Dpllm tan-1 H_DIO2| tan EI—DDZ 0 45
or

135° = tan-1(Ay(0)) + tan- 15—5 + tan-1(0.1) = 90° + tan- 1§G—BB +5.7°

393 =~ tanlPon 0 2o = 0,818 0 [|p,| = 1.22GB
dpala ~ Ipol

* The requirement for 60° phase margin:

| p,| = 2.2GB if z 2 10GB
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* |f 60° phase margin is required, then the following relationships apply:

Omil _ 10gmi
énc > Ccm O | 9mit > 10gm
Furthermore,
Oml| >2-29ml
Co Ce

which after substitution gives:

Cc > 0.22C2

Note;
Ol = 9m1= 9m2 @d Imi| = Ime
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stability
Date/Time run: 03/21/99 17:35:40 Temperature: 27.0

Phase margin = 45 degrees’

Phase margin = 60 degrees

stability
*vin 1 0 de 0 ac 1

vin 1 0 pwl(0 0 In 1 1 1)

rfix 1 0 1k

*el 2 001 31.62

el 2 015 31.62

rl 2 3 1k

cl 3 0 0.5u

*cl1 3 0 1.05u

e2 4 03 0.31.62

xr2 4 5 1k

c2 5 0 0.0007u

*.ac dec 10 10 100meg

.tran 0.1n 10u 0 10n

.probe .

* C2=.0007u and Cl=.5u gives 45 deg phase margin

* C2=.0007u and Cl=1.05u gives 60 deg phase margin
.end

Parasitic pole, w,, held constant
while dominant pole, w;, is moved.
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Eliminating RHP Zero

M3 j]}_ li M4

Vout

M1 M2 Cc
—k — —
Rz Vout
— C||
Vb
= [ w7
M5
N
Rz Ce
- | £
+ + —WW I\ +
Vi i e gy
n Iml Vin V2 R G Gmil Vo Ry Ci

sC

Vi 0 SCe O
Vin+ o5 +sC\V, + V|-V, =0
OmiVin* R+ SOV + B R SCchE( 1 = Vo)

sCe

Vo 0 ]
V] + 52+ SCp Vg + Vo -
ImiVi+ R+ SCVor e SCch%( o

These equations can be solved to give

Vo(S) {1 -9(Co/gmi) — RLCcl}
Vin(® 1+ bs+cs2+ds3

where

a=0mamIRRy

Vi)=0

b=(Cy +CR +(C + CHR + g RR 1 Ce + R,
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c=[RR(CC) + CLC + CCy)) + RCA(RC + R Cyy)]

d=RRRLCCC,

If R, isassumed to belessthan R, or R;; and the poles widely spaced, then the roots are

-1 -1
Ul ]
P1 (1+gmR)RC.  ImiRIRCe
—_ C —_
0, 00 Omi1Cc R Omil
C| C|| + CCC| + CCC” C||
3 -1
P3 = RC
and
1
Zl =
Ce(Mgmi - Ry
By setting
R, = 10

The RHP zero movesto infinity
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| mplementing Compensation Resistor

M3 j}— [ M4 M6
-
M1 M2 Mz Ccl
. — 3
T VOUT
T Qi
R [, M7
M5
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Two-Stage Operational Amplifier Design

VbD
:II Il: Il'_’ M6
M3 | M4 Ce
)I o Vout
- o—||: M1 M%—_II—‘ J‘CL
Vin :I:
+ 6 =
VI;ias Iﬁ M5 IEM?
- v

Important relationships:
Im1 = 9m2 = 9mi» 96 = Imit> 9ds2 + 9asa = Gy, ad dyss + 9gs7 = G-

Is

SlewrateSR:C—C

Om1 _ 20m1
Jas2 * Odsa  15(A2 + Ay)

First-stage gain A, =

Im6 _ Im6
Jase * Jds7  le(A6 + A7)

Second-stage gain A, =

Gain-bandwicth GB = 71
C

Output pole py = Cg—:ﬁ

RHP zero z; = gcﬁ
C

. 5
Positive CMR Vinmax) = Vbp ~ \/B:B = V103l(max) + VT1(min)

(1)

(2)

3)

(4)

(5)

(6)

(7)
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. 5
Negative CMR Vipmin) = Vss + \//3:1 +VTy(max) + Vpgs(sat) (8
. 2lps
Saturation voltageVpgsat) = T 9

All transistors arein saturation for the above relationships.

The following design procedure assumes that specifications for the following parameters
are given.

Gain at dc, A(0)

Gain-bandwidth, GB

Input common-mode range, ICMR
L oad Capacitance, C

Slew-rate, R

Output voltage swing

Power dissipation, Pgjss

Noo h~wdF

Choose a device length to establish of the channel-length modulation parameter A.

Design the compensation capacitor C... It was shown that placing the loading pole p, 2.2

times higher than the GB permitted a 60° phase margin (assuming that the RHP zero z; is

placed a or beyond ten times GB). This results in the following requirement for the
minimum value for C..

C. > (2.2/10)C,

Next, determine the minimum value for the tal current |5, based upon Sew-rate
requirements. Using Eq. (1), the value for |5 is determined to be

5= SR(Cy)

If the dew-rate specification is not given, then one can choose a value based upon settling-
time requirements. Determine avalue that is roughly ten times faster than the settling-time
specification, assuming that the output slews approximately one-half of the supply rail. The
value of |5 resulting from this calculation can be changed later if need be.

The aspect ratio of M3 can now be determined by using the requirement for positive input
common-mode range. The following design equation for (W/L)3 was derived from

Eq. (7).
S3= (WIL) =
= 3 = ; -
(K'3) [Vpp ~ Vin(max) = [Vrozl(max) + Vr1(min)]2
If the value determined for (W/L)3 is less than one, then it should be increased to a value
that minimizes the product of W and L. This minimizes the area of the gate region, which
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in turn reduces the gate capacitance. This gate capacitance will affect a pole-zero pair which
causes asmall degradation in phase margin.

Requirements for the transconductance of the input transistors can be determined from
knowledge of C; and GB. The transconductance g, can be caculated using the following

equation

gm1 = GB(C)
The aspect ratio (W/L); is directly obtainable from g,,;; as shown below
2

91
1= Wb = )9

Enough information is now available to calcul ate the saturation voltage of transistor
MS5. Using the negative ICMR equation, calculate Vg using the following relationship

derived from Eg. (8).

ds 2

Vpss = Vip(min) = Vgs - %D = Vr1(max)

If the value for Vpg5 isless than about 100 mV then the possibility of a rather large (WI/L)5
may result. This may not be acceptable. If the value for Vpg; is less than zero, then the
ICMR specification may be too stringent. To solve this problem, Ig can be reduced or
(WIL)1 increased. The effects of these changes must be accounted for in previous design
steps. One must iterate until the desired result is achieved. With Vpg; determined, (W/L)g
can be extracted using Eq. (9) in the following way

S5 = (WiL)s = %

For a phase margin of 60°, the location of the loading pole was assumed to be
placed at 2.2 times GB. Based upon this assumption and the relationship for [py| in Eq. (5),
the transconductance gy, can be determined using the following relationship

Ime = 2-2(9m) (CL/Cp)

Since S isknown as well as gg and gz, assuming balanced conditions,

lg can be calculated from the consideration of the “proper mirroring” of first-stage the
current mirror load of Fig. 6.3-1. For accurate current mirroring, we want Vg, to be equal
to Vg, Thiswill occur if Vg, isequa to Vg Vg, Will be equa to Vg if
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(WL)e, _ [$eO
lg = (W/L)4I1 = @%'1

Choose the larger of these two values for Ig (Eq. 19 or Eq. 20). If the larger value is found
in Eq (19), then (W/L)g must be increased to satisfy Eq. (20). If the larger valueis found in
Eg. (20), then no other adjustments must be made. One also should check the power
dissipation requirements since | will most likely determine the majority of the power
dissipation.

The device size of M7 can be determined from the balance equation given below

el .. e
S7= (WIL)7 = (WIL)5 [ 2= Ss [0

The first-cut design of al W/L ratios are now complete. Fig. 6.3-2 illustrates the above
design procedure showing the various design relationships and where they apply in the
two-stage CMOS op amp.

C @™

Vss
Figure 6.3-2 lllustration of the design relationships and the circuit for
atwo-stage CMOS op amp.

At thispoint in the design procedure, the tota amplifier gain must be checked against the
specifications.
__ (2O
' I5(A2 + A)le(A6 + A7)

If the gain istoo low, a number of things can be adjusted. The best way to do thisis to use
the table below, which shows the effects of various device sizes and currents on the
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different parameters generaly specified. Each adjustment may require another pass
through this design procedure in order to insure that all specifications have been met. Table
6.3-2 summarizes the above design procedure.

Dependencies of device performance on various parameters

Drain M1 and M3 and Inverter Inverter Comp.
Current M2 M4 L oad Cap..
|5 |7 WI/L L w L W6/L6 W7 L7 CC
Increase DC (l)1/2 (l)1/2 (T)1/2 1 1 (T)J./Z 1
Gain
Increase GB ()12 ()12 l
Increase RHP (T)llz (T)1/2 !
Zero
Increase  Slew 1 |
Rate

Increase C_ !
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Design Procedure:

This design procedure assumes that the gain at dc (A,), unity gain bandwidth (GB), input
common mode range (V;,(min) and V;,(max)), load capacitance (C,), slew rate (SR),
settling time (Ty), output voltage swing (Vgyt(max) and Vg(min)), and power dissipation

(Pgiss) are given.
1. Choosethe smallest device length which will keep the channel modulation parameter
constant and give good matching for current mirrors.
2. From the desired phase margin, choose the minimum value for C, i.e. for a 60°
phase margin we use the following relationship. This assumes that z> 10GB.
C.>0.22C_
3. Determine the minimum value for the “tail current” (Ig) from the largest of the two
values.
Vpp + [Vd
o n1op2et Vsdo
0O 2Ts O
4. Design for S3 from the maximum input voltage specification.
I
=— > —>1
K'a[Vbp ~ Vin(Mmax) = [Vygal(max) + Vry(min)]2
5. Veify that the pole of M3 due to Cygz and Cggy (=0.67W3L3Cqy) will not be
dominant by assuming it to be greater than 10 GB
9m3
> 10GB.
2Cys3
6. Designfor S, (S)) to achieve the desired GB.
gz
m2
9m =GB - Ccl S =1
7. Design for S from the minimum input voltage. First calculate Vpg(sat) then find Ss.

VD$(Sat) = Vin(mi n) - VSS_ ‘\/Z_S:L - V-|—1(max) =100 mV

2
= K's[Vpss(sat)]2
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10.

11.

12.

13.

Find gmg and S by the relationship relating to phase margin, load, and compensation
capacitors, and the balance condition.

Ome = 2.20m2(CL/Cp)

Cdculatelg:
l6 = (Se/S)la = (S/SY(15/2)

Design S; to achieve the desired current ratios between I and | g.
S7=(le/15)5
Check gain and power dissipation specifications.

A = 29n 296
Y I5(A2 + A3)le(A + A7)

Paiss=(Is +16)(Vpp *+ [Vsd)

If the gain specification is not met, then the currents, |5 and |, can be decreased or the
WIL ratios of M2 and/or M6 increased. The previous calculations must be rechecked
to insure that they have been satisfied. If the power dissipation is too high, then one
can only reduce the currents |5 and I . Reduction of currents will probably necessitate
increase of some of the W/L ratiosin order to satisfy input and output swings.
Simulate the circuit to check to see that all specifications are met.
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Example: Design of a Two-Stage Op Amp

Using the material and device parameters givenin Tables 3.1-1 and 3.1-2, design
an amplifier similar to that shown in Fig. 6.3-1 that meets the following
specifications. Assume the channel length isto be 1um.

A, > 3000V/V Vpp = 2.5V Vg =-25V

GB = 5MHz C, = 10pF SR> 10V/us

Vot range = £2V ICMR =-1to 2V Paiss < 2MmW
Solution

Calculate the minimum value of the compensation capacitor C,
Cc > (2.2/10)(10 pF) = 2.2 pF

Choose C,, as 3pF. Using the slew-rate specification and C; calculate Is.
5 = (3 x 10'12)(10 x 106) = 30 pA

Next calculate (W/L)3 using ICMR requirements.

30 x 10
6 7= 15
(50 x 106)[2.5 — 2 - .85 + 0.55]

(WIL)3 =

O = /2 % 50x10°6 x15x10°6 x 15 = 1504S
Therefore
(WIL)3 = (WIL)4 =15
Check the value of the mirror pole, p;, to make sure that it isin fact greater than
10GB. Assumethe C, = 0.4fF/um?2. The mirror pole can be found as

O VK Sl

P3=2C s~ 2(0667)WaLsCoy

= 15.75x10%(rads/sec)
or 2.98 GHz. Thus, ps, isnot of concern in this design because p; >> 10GB.
The next step in the design isto calculate gy
Oy = (5 % 108)(2m)(3 x 10'12) = 94.25uS
Therefore, (WIL)q is

2
It 94.25)2
(WIL); = (WIL), = ZKn,“Nll = 2.110_15 =279=30

Next calculate Vp g
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Vs = (=1) = (<2.5) =\ /M 85=0.35V
D% ' 110% 1063 '

Using Vpg calculate (W/L)g from Eq. (16)
2(30 x 10-6)
(50 x 10-6)(0.35)2
From Eq. (20) of Sec. 6.2, we know that
O = 109, = 942.5US

(WIL)g = =4.49=45

Assuming that g, = 942.5uS

942.5 x 10-6
(WiL)g= 15 ————=94.25
150 x 10-6

Using the equations for proper mirroring, | g is determined to be
lg = (15 x 10-6)(94.25/15) = 94.25 pA
Finally, calculate (WIL)7

4.25 x 10-6
(WIL); =45 paclat i SIPYPYA

030x106 O
Check the V ,(min) specification although the W/L of M7 is so large that thisis

probably not necessary. The value of V,(min) is

Vo (0U) = Viso(sal) =\ |22 __ 348y
min CbSATE T N 110x 1414

which is much less than required. At this point, the first-cut design is complete.
Examining the results shows that the large value of M7 is due to the large value of
M5 which in turn is due to a tight specification on the negative input common
mode range. To reduce these values the specification should be loosened or a
different architecture (i.e. p-channel input pair) examined.

Now check to see that the gain specification has been met
B (2)(94.25 x 10-6)(942.5 x 10-6)
V30 x 10-6(.04 + .05)38 x 10-6(.04 + .05)
which meets specifications.

=19,240
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|X. HIGH PERFORMANCE CMOS AMPLIFIERS
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IX.1 IMPROVING THE TWO-STAGE ARCHITECTURE
Amplifiers Using an MOS Output Stage
PUSH-PULL CMOS OTA
This amplifier is a simple extension of the seven-transistor OTA
studied in Section 8.

Vbp
@
VDD—<_|—||M9 1 M7||_ Voo
— —
¢ Vout
— M1 M2l
— Vbp —e +
—1p i c
1l
| M8 — —C
HI ¢ ¢ IH
— M6
—, =
> | I
M3 M4
small-signal equivalent circuit:
Ce
Il Vout

omvi B O rlévl gmevi () Ot T rzé * gm;AiVi

1

where gm1 = gm2, 1 = 0ds6 *+ 9ds7

——— 2=
Jds2 + Jds4 2
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Amplifiers Using an MOS Output Stage - Continued

Network equations:

[g1 + S(C1 + Cp)]v1 - SCeV2 = OmaVi

Im1AIVi
[g5 +SC]v1 + [g2 + S(Ce + CL)V2 == 5 —

i
A| isthe current gain from M1 to M7: A =%
_ -Omeé
A
02 O
_ 9192
P1= gmeCe
_"9m6
P2="c—
_ Im19mé6
AV =" g107

To guarantee that the zero staysin the left-half plane, A} > 2
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Amplifiers Using an MOS Output Stage - Continued

Example:
Vbbp Vbp
— M M7,
Vbp 1i| 2 II:— Vbp VDD_HIMQ M7IE Vop
M1 M + Vi) M2 +
—p— Voo == —i= = c
[ |_°
i CL — C. .
e =T @ | Sl
1
- L [ M \/ M6 ]
— e
RERLE M3 M4
Push-Pull (A = 3) Standard (A = 0)
140 —
120 —
100 —
Gain(db) B
Push-Pull phase
60 —
Standard gain
40 -
20 — Pu'sh-PuII
gain
0 Standard phase
-20 T T T T T 1
10t 102 10° 10* 10° 10° 100 10® 10°

Frequency
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IX.2 Two-Stage Cascode Architecture

Why Cascode Op Amps?

» Control the frequency behavior
* Increase PSRR

» Simplifiesdesign

Where is the Cascode Technique Applied?

» First stage -
Good noise performance
Requires level tranglation to second stage
Requires Miller compensation
» Second stage -
Self compensating
Reduces the efficiency of the Miller compensation

Increases PSRR
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Power Supply Rejection Ratio (PSRR)

Definition:

~Ug=0)

PSRR* = Av(Vdg=0) _ Vin
Add(Vin=0) ~ Vout, 0
vdd Vin=0)

Calculation of PSRR:

AddVdd
V ’o) Vout
Ay(v1 -v2)
Vout = AddVdd + Av(V1-V2) = AddVdd - AvWout
Vout(1 + Av) = AddVdd Extends bandwidth beyond GB
!
Vout = Add Add _ 1 Vou _ KAdd  Add

vid 1+ Ay = Ay ~ PSRR* Vad _ 1+KAy T Ay
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Intuitive Interpretation of Positive PSRR for the Two-Stage OTA

1) The M7 current sink
causes Vgsg to act likea

battery.
I——| 2.) Therefore, vqd
M3 4 |
L I\I/I6 couples from the source
I
M M2|—| T~ to gate of M6.
H|_|— —I_lbl}—Jj —oVou  3) The path to the output
= = Is through any capacitance
M5 M7 from gate to drain of M6.
+o I |[:
| |
VBias
+
Ves =
;|:_ 4.) Resultant circuit
model- — o Vou
Vi @ Ce %Rout
Must reduce C¢! Vout
Vi
A 1

0dB RoutCc -

-60 to Other sources of

-80dB |/ PSRR beside C¢
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Intuitive Interpretation of the Negative PSRR for the Two-Stage OTA

B
;VDD
M3 M4 I
I M6
II'C
— M1 M2 - C
'flﬂ— —HIT:F —0 Vout
LM Eai >
M5 M
— |
+[ 5 |
VBias__;_
Vss
Vss;:
Two mechanisms of vss injection:
M5 or M7 +i55 M
[ 4
V 'CE_
VBias__ Ves Bla"-'
= v L VSS_B
i VSS_—_

Transconductance injection

Capacitance injection
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Intuitive Interpretation of the Negative PSRR for the Two-Stage OTA -

Continued

Transconductance injection:

Vour
Path through the input stage: Vss
Not important as long as A
20to _|
CMRR s high. 40 dB
Path through the output stage:
Vout = issRout = 9m7VssRout
0dB
Vout R 1C \
E — gm7Rout out “~out
Frequency dependence -
010
Rout - R
out outll%ﬂum
Capacitance injection:
T
Vg ng7 Rout
Vout
Vss
A 1
0dB RouCod7 -
-60 to First stage
-80dB|  / transconductance
Injection

Reduce Cyg7!

Ll V]
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Problems with the two-stage OTA:
 Insufficient gain
» Poor stability for large load capacitance
» Poor PSRR

These problems can be addressed using various cascode structures.

We will consider several approaches:
» Cascoding the first stage
 Cascoding the second stage

» Folded cascode
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First Stage Cascode

Vpp
— M3 M4 —
Vbp —<-I|—4|I->— Vbp
— —
Vep MC2 1—
{?— Vbp
lj Vo1
VBN
2
= MC3 MCl—I
1< >
M1 M2
|_
V —
BIAS —||_
Vss

ro1 = (Omc2rdsc2)rds4 || (Omeirdsc1)rds2

Gain = gm2ro1

Omcldsc
2

Overall gain increased by =

Requires voltage translation to drive next stage

Requires additional biasing for cascode devices

Common-mode problem at drains of M1 and M2
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First Stage Cascode - Continued

Common-mode i mprovement:

_|
Vbp —<-II IP— Vbp
_l

Vgp MC2,I—
||.>_

Vss

Common-mode circuitry (M9) maintains Vs of M1 and M2
Av = gm1rol

ro1 = (Omc2rdsc2)rds4 || (Omeirdsc1)rds2

-1
P1=Clro
Om1
GB = Ay|p1| = CL

Output range of this amplifier is poor when used by itself. It needs an
output stage to be practical.
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First Stage Cascode - Continued

Implementation of I

VDD
> ..
lem
Vepo
Vss—>| > || &— Vss
--------------- MC3 MC1
Vin ool oo Vin Vin, g v Ves —P|f—o Uin
2 | 2 2 — o 2
Vss M1
........................................ ‘
Is+lcm
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Level Translator for First Stage Cascode

VDD

1
1
<
N

W

MC1 4”‘__

MC2

[ 1
|
1

)

VBIAS

VSS
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Improved PSRR For Two-Stage OTA

Use cascode to reject C¢ feedforward

[ Vbp
el
3 | M4 e
V |
Va1 o—] M8 | X
B MO'H Cc
” +—o Vout
o—|_M1 MZ’:ll—o‘F
g I
M5
Vs o ||_ Il:w
Vss

+PSRR is reduced by M9

Disadvantage -

: . 1
Miller poleis larger because R1 = Imo

positive input common mode range is restricted
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Complete Two Stage Cascode

VDD
M3 :II M4 I: -
VBP MC2 Il: Mo
— [ wn
CP MC1 4”‘__
MC3 — (==
Il =]
M9 VSS
—Af= —i—
M1 M2
VBIAS M7
Il__. M5 ——|l__,

VSS
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Second Stage Cascode

VDD

VBP MC6

MC5
M1 M2 V%l:
M7
VBIAS |
[ ws —,

VSS
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LOAD COMPENSATED CASCODE AMPLIFIER

- VDD -
[z sy
M9 VDD—“—”—‘ |->—VDD
VDD—:|—|I ’_l M6I|-|: VDD
— —
MC2
MC3
Vep |t—
— |
Ve Voo - —fa— e
M1 M2 MC1
Is
MliJ VBN—||<—VSS
VB|AS—||<—
M8 _|I M |\/|7I|_
>l [y
Vss
dm2
Avi= dm4 E Om2
1 L Ay = 2gma) (9m6 * gme) Ro
Av2 =5 (gmé + gmg)RoH]
where
Ro = (Imc2rdsc2)rdss || (9meirdsc1)rds7 and M7 = M8
Or,

+ O
Ay = @D m12(_31m2D KRq

where
_ We/Le _ WollLg
K=Wals =~ Walls
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Design Example

Pertinent design equations:

louT
R="a

__9m2
Ay = 2(9ma) (Om6 + Im7) o

_ 9m2(gmé + gm7)
8 = 2AgmaCL

15
Vin(max) = VDD - \/3:3 - [VT3l(max) + V T1(min)

Vin(min) =Vss + Vpss + \/E—Sl + VT1(max)
Specifications:

VDD =-Vss =5V

SR =5V/usinto C. = 50pf

GB =5 MHz

Ay > 5000

CMR =3V

Output swing = =3V
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Design Procedure

1.) Design for maximum source/sink current
Isource/sink = CL(SR) = 50pf(5V/us) = 250 pA

2.) Note that -
Max. louT (source) = % I5

Max. louT (Sink) = Max. loyT (source) if S3 = Sg,
Sg=Sg and S7=Sg

3.) Choose |5 = 100 pA

[0 Sg=Sg=2.5S54=25853

4.) Design for £ 3V output capability
a.) Negative peak
Let Vpsci(sat.) = Vpsr(sat.) = 1V
under negative peak conditions, Ic1 =17 = 250 HA

Divide 2V equadly,

_ / 217 / 2Adct / 27 500 PA
H2v= KN'S7 * KNSc1 2 KN'S7 2\/17 HA/V2 S7

0 S7=Sc1=294 -> Sg=S7=29.4
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b.) Positive peak, divide voltage equally,

VSD6=Vepca =1V, > 2V = A\ oo 44 2 = o |28
Sb6 = ¥sbez = A, " VKPS \VKpSc2 ~ “ \KPSs

0 Sg=Sc2=625 -> S3=54=25

5.) Design of Vgpand VN

a) VBN (Assume max. louT (sink) conditions)

:J lout(sink) = 250 pA

MC1| -3
VBNo—||I<_— 5V
’ Vbsc1 = Vesci - VTei (ignoring bulk effects)
1=Vegsc1-1 --> Vgsc1 =2V
"__”:W 0 VeN = -2V
B

b.) Vep (Assume max.
louT (source) conditions)

—— +5V

____”t
+4

|_
Vgp o—|t
MC2 J | ouT(Source)= 250 A

| +3V

Vpsc2 =Vase? - [VTe2| (ignoring bulk effects)
Vscge2=2V 0O Vpp=+2V
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6.) Check max. Vin influence on S3 (1)
I5 .
Vin (max) = Vpp - \/8:3 - IV T03Imax + VT1(min)
+3=+45- 100 uA -12+0.8

100 pA
A
8 l</—2(1.6V)2

Sz = = 4.88 (Use Sz = Sy = 25)

With S3 = 25, Vi (max) = 3.89V which exceeds the specification.

7.) Find gm1 (9m2)
a.) Ay specification
Om1 EgmG + Om70

Ay = gma O > EJ R

gma = \[212KpSs = 141.1 ps

gme = \2l6KpSe = 353.5 s

Om7 = \217KN'S7 =353.5 us

Omcl = Om7

Omc2 = Omé6

1

fds6 = l'dsc2 = W =04 MQ

Fds7 = rdscl = j 7\N =0.8MQ

Ril = (Omc1rdscirds?) || (Ome2rdscardss) = 45.25 MQ

0
0 E&Tl 07 S 1226.24 MQ || 56.56 MQ) > 5000 V/V

0 gmi>44ps
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b.) GB specification

dm1(Im6 + 9m7),

GB = 20 (50pF) = 101106 rps
_(1on 106)(174(1)17 1 (:)L(é/fzi)(so 1012) _ o7 s
0 S1=Sp —Ig%— 231
gmiégmf’;gm?%R - 132171 D7O7HS§45 25MQ) = 71,080

8.) Find Ss from Vip (min)

|
Vin (Min) = Vss + Vpss + \/B:i + VT1(max)

-3=-5+ VDS5 + 100 pA +1.2

LA
17551
) 100 )
VDss = 0.8 - A /—(17)(231) = 0.8 - 0.1596 = 0.641
2(100 A
VDS (sat) = 0.641 = JTJ_AM
__2a00uA)
S5 = T7nANV2(0.641)2 ~ 280
9.) VBIAS-
KN’ 28 6

I5= (VBIAS + 5 1)2—1OO|.1A

VBias = 0.411 - 4 = -3.359V
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10.) Summary of design -

$1=5 =231 S7=S8=5c1=294
S3=54=25 Vep=2V

S5=28.6 VBN = -2V

S6 = S9 = Sc2=Sc3=625 VBIAS =-3.359V

11.) Check on power dissipation
Pdiss = 10(Ig + I5 + 17) = 10(125pA + 100pA + 125pA)
= 3.5mwW

12.) Design W's for lateral diffusion and simulate
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X.3 FOLDED CASCODE ARCHITECTURE

Principle

151 151

<
Vgpo I YE | M4

———o Vout=0m1RoutVin

Vin 0—||:M1 M2:]|—o Viy

¢|
o s
1.

Vss

Currents in upper current sinks must be greater than | to avoid zero
current in the cascode mirror (M5-M8).

Advantages
Good input CMR.
Good frequency response.

Self compensating.
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Folded Cascode OP Amp
Vpp
VB3
o IE 3 Il<__M4
°—|'I‘_— — o+ Vv o—|lt M14
— . B3
M1 Vour
? II‘_ IltMg o
— M8 L G

VBl°—|l:|\/|5

Vg2

M10

W[l
o

| |
T M12 'IIMB

Vss

High gain, High speed, cascode amp
GB = 10 MHz, Aypc = 100 dB
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XI. 4 DIFFERENTIAL OUTPUT OTA'S

|mplementation Using Two Differential-1n, Singled-Ended Op Amps

o +
_ 8 l R R
+
Conceptual Implementation of Differential In-Out OP Amp
Vbp
— — — —
+ 0—|t ﬂl— VDD—<—I_||— Vbp ﬂl I oVBias
Vin Ve
¥ - +
o N > o Vou o !
CL =— —C_
I Common j_:
= *—> mode <o -
feedback
|
@ - ’GP
Vss
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Schematic of a Fully Differential 1n-Out, FoldedCascode Op Amp

Vpp = +5V
MP1A
g >
MP1 || | © Vpiast
. | MP2A
Vbp —<-|_||— Vbp ﬂl 0 Vpias2
MP2 I\
T v
vV
I° a
+ o—| = ==
y l: T | mnza
IN =
* VSS—NI— VSS—N}—r—O VBIAS3
MN2 A
MN1 MN1A
Ves — > vss—ni—l‘ VSS—N}—r-o Veiass
—
s NI —
= MN3A




Allen and Holberg - CMOS Analog Circuit Design

Evolution of Class AB Amplifier

Vbp Vbb
LLJ:TH - e
ik o] l: Vout :I o vin | Vour
j|_° ViN Vin o—] [t
ety J=
Vss combine Vss
M17_:] M12 Mll'“_.szo_”jﬂm
ero—|_>|v|1 M2 ||—o Vin
Vin 0—| 4_I\?-<M4; |—o ViN
Ml{l oVer —|[:|v| 10 Mg |—— [I/I 13

Problem: DC levels of input voltages incompatible
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Ly Ly
|v|17_|l }lj/llz M11 ||
M5 M6
VBUT V|+NC I I M1 MZ_I :I
M7 & }{ Ly M8
= | M3 M4 —
10 IO
M18:l| [ M10 M ||

DC problem solved, but amplifier has low gain and requires CM

feedback
L)
M17" ||
> VB1
AV
s
YUt | vive—i5

}lj/llz

| M1

M7

| M3

e

L)
Mlill

M4 ||

M8

<
~

IlI/IlS

Gain improved using cascode
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IX.5 LOW POWER AMPLIFIERS

General
Objective is to minimize the dc power dissipation.
Typical applications are:
1. Battery powered circuits.
2. Biomedical instrumentation.

3. Low power analog "VLSI."

Weak Inversion or Subthreshold Operation

Drain current -

. WO gvesy
ip = %L_% ID eXp%ﬁgl +1vpsg)

Small signal parameters -

aip .
Om =i rds = (A\ip)-1

Device characteristics -

i [
ID D
A /
~ 100nA
100nA -
weak
inversion Ves <Vt

= VDS
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Op Amp Operating in Weak Inversion

Consider the two-stage op amp with reduced currents and power
supplieds,

Ay, = Im2gm6 _ 1
V' (0ds2*0dst) (0ds6+0ds7) | non(KT/0) 2( 12+ (I6+17)
where,
~Om1 D1 _2lp1 _ m1kTQO
GB="C “(nkTigc a4 SR=—¢" =2GBE=
Vb

M1 M2
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Design Example

Calculate the gain, unity-gain bandwidth, and slew rate of the previous
two-stage op amp used in weak inversion if:

ID5 = 200nA np=15 Ap=0.02v-1
L =10 um Ny =25 AN = 0.01V-1
C =5pF T=27C

1
AV = [15)(25)(0.026)(2)(0.1+0.02)(0.01+0.02)

= 5698

_ 100-10-9
~ (2.5)(0.026)(5-10-12)

GB = 307.69Krps or 48.97KHz

SR = 2(153.85-103)(2.5)(0.026) = 0.04V/us

If Vpp =-Vss = 2.5, the power dissipation is 0.2uW assuming Ip7 = I ps.
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Push-Pull Micropower Op Amp

First stage clamped (low gain, low bias current)-

Vbp
|
M?;‘)\‘ ’—{M4
M1 M2l
|
VBo—|| M5
Vss

Gain enhancement for Push-Pull Micropower Op Amp

}—l M10

T—|

M1l

M1

M12 r}

M2

M5
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Push-Pull Cascode Micropower Op Amp

Vb

—>
M:L‘!—‘ ’—1 M4
M8 || :

Ay = VtZ()\PZnP + )\NZnNZ)

self-compensating

Low power << 1 pW

| * || M6
Vg1
_| M1 M2 I— o | VoD
‘ ‘ M10
Vgoo— le——\V/ 5™
) VB°—| J\/|5 M1l =
M9 1 [ ™7
Vss
1 1
N np
= 10,000
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Micropower Op Amp

Vbp
@: M5j: M7 M8l :tMG <_I\_/I10
~ M16 e
Vg Vi Mli‘l | t [ M18
N o mMaly | J100nA
vi —| v U
" 17:1 . M19
M2 ]
Veias—t |—|_> I E/IM a
MEI : [ M12
JlZOnA 20nAl 20nAJ
Vss
Pdiss = [VDD-V ss|(260nA)
Vo = Vadmolo - VbIm1oro = Imofo(Va-Vp) ; 9m9 = 9Im10

where

and

lo = (r'ds109ma8rds18)ll(rds129maiords19)

np 1 + kO

(Va-Vb) = Va-Vp=po B HV2 - V1)

(See following pages)
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Small-Signal Analysis

‘ OmaV2

Va Vb

Om3aV1 J ggir]r-ﬁ J Om8Vb gm7Va¢ gir]r;eg
Va -V dm3 v dms
a="v1 dms b dm5s
v v dm4 dm7
b =-V2 dm6 4 gme

v Om3 _gm8
19m5 dm5 H
dm4 H dm3 Om49ms
Vo—— -1 -

v H 9m6 _ Y1gms * V2 gmsgme
a- 0 4 9m8 ] - _9m79m8

[] dm5 [] Im59m6

[l 9m7 L []

[ "Om4 i [l
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gm3
H -1 Vlgm5 H

9m7 yoomd gm4 H gm4 ‘v Im39dm?7
Vb = 9m6 “Imé _ 9m6 L gmsgme
] 1 9m8 ] ~9m79ms8
[] dms [] Im59m6
0 gy 0
U “gma -1 []
0 Om3 dm4dm8d O 9Im4 Im39m70
Vo Ve = %Vlng tv2 9m59m6% DGV Om6 Vi Om59m6L]
a~ Vb Om79m8
" Om59m4

On3 =0m4 =9dml ; Im5=9m6 = dmil ; 9m7 = 9Im8 = Imll|

Then
O  O9ml dmigmilig 0O 9 ImIigmliiQ
ey 3Yigmn * V2 gmi12 4 §V2gmn T VL gmi2 O
a~V¥b= gm mi112
gmi12
Defing: 20l _
amll
9ml OmI O
(27D g (1+K _ mi 10
VasVb= 1-Kk2 (V2o V) Tk
Va-vp=omL B L B,y
a Vb=gor o - kg(V2 - V1)

Consider dc currents under balanced condititions:
la=16+17

I3=Il5+1Ig
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(980 570
8= o5 17715 5
ls Sg : : :
=== 0
6 - S in W.l. gm is proportional to |
lg S8 _ 17 _S7_
6 % < 15 % K

Since under balanced conditions
I3=14; la=1l5
l4=1g (1 +Kk)
I3=15(1+Kk)

Again, sincegm | in weak inversion, then

l6
Oma U le(1+Kk) or gma=—F(1+Kk)

and

Om3 O I5(1 + k)
snce

l6

gm3=0gm4 =gm U ogm = —F(1+K)

Also
l6

Om4 =0mil = — T
then

Om _ONp O

gmil DnNg(l th
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finally:
\Y; -Vb—n—PEIL * kDV2 - V1
1+ Kk
S 1ok (V2o vy
Therefore,

A+kO
Vo = 9m9 Mo HVid
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OTA CURRENT OVERDRIVE

Need large sinking and source currents without having to have large
guiescent currents.

One possible solution uses "tail current boosting" -

Assumethat S3 =S4 =S11 = S13, S18=AS17, S15=S16=S17 = ..

'ZJ ’\4 o1+ 15-19)

4

o

T

M15 |—| M16 M17 |}=—| M18 M9 )—Enlo M19 |} - -

> > -

Wig _ \Wa7
Lig L17
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Principle in Achieving Current Overdrive

Differential amplifier transconductance characteristics -

[10(Overdrive)
2

l10(overdrive)

[10(normal)

[10(normal)

|

|

|

|

|

T

|

|

|

|

|

|

2 |
|
|
|
':

= VIN

W/

[10(overdrive) T

|
|
|
|
|
|
|
|
|
|
',
T \/ l10(overdrive)

e B
W I10(normal)
= B
Positive feedback -
. Imin) = 110 _ 110 - o
iouT (Max mm)"l- Loop gain ~ - 9m189m13 - _9m13
dm17 9mi4 gm9
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A Dynamically Biased Micropower Op Amp

o VpD
MEII jIMll M1z jl IE/ls Ma} =||:M13 M14|||: III/ISA
I P
(M1 w2 Vep DASB
[vaur
,ulo
I\/IEII—0 MIEll-%[@e Mlill-%[@lS MEII—'-IEm MEI""'IEZO MEII—AEZZ -|D/|6A
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Parametric Overdrive Curves for Dynamically Biased Op Amp

2 1 1 1
A=2
A=15
lout 1| A=1 -
10 A =03
A=0
O 1 1 1
0 1 2

VIN/NV¢
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|X.7 - DYNAMICALLY BIASED AMPLIFIERS

Dynamic circuits take advantage of the fact that many applications
are synchronously clocked resulting in periods of time where the circuitsis
not functioning.

Will examine:

- Dynamic or switched resistors

- Dynamically biased amplifiers

- Dynamically biased, push-pull, cascode op amp

Two Phase Clock
(]
A
@ Switches fp——————— — - = = p———— — — —
on ‘ \ ‘ |
@ switches _
off i 7 3 il T /T
()
A
@ switches - — - — - p———— - - - — —
on
@ switches -
off O T 2 Z 5> T

A Switched Res stance Redlization

¢ Ul
D

Pretune ()

circuit

J_G‘,<—Vss <— Reer
C
T° s o

Switched resistor
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A Continuous Time Resistor Realization with Increased Signal Swing

‘_
O
+*D
Ve = o1 Pami
+ — la——Vsg
D2 M2 S1 Vps <+—RpeT
G2
— VC
- -
.S
O

Implementation of the Continuous Time Switched Resistor Realization
using Dynamic Techniques

9 T .
Ce
s T | fe——Vss
Pretune M2 <~ Reer
circuit
> J_ N— fa——Vss
@ | T Ce 1 o

Switched resistor
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Dynamically Biased Inverter

Vbp
Cg —=
—| M2
i
%) @ lD
7 o VouT
o Cos
P |(
¥ I -
VIN
_ / ® ———Vss

During phase 2 the offset and bias of the inverter is sampled and
applied to Cos and Cg.

During phase 1 Cos is connected in series with the input and
provides offset cancelling plus bias for M1. Cg provides the bias for M2.
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Dynamic, Push-pull, Cascode Op Amp

Simplified schematic -

+
VBZ (7] (7]
M8 |—— 4 || M4
M7 M
Vpp —— | M l ->—3 Vbb
p— 0
(7] 0]
1 <¢> Vin © / / oViy —oVourt
p— %
M2
VSS& | M | ja—— Vss
] ()
M5 | d s [ M1
Vg1
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Dynamic, Push-pull, Cascode Op Amp - Cont'd

Phase 1 Clock Period

*VDD
MS':I:
M7
VDD—<:—||——f\—— - -
+ _ _ vt
L, Vop - VB2 - ViN

—— ] 4\

Vst — A
ss—2hs

l——o V|+N

Vin - Vss - Va1

=

Phase 2 Clock Period

Vin - Vin + (Vob - Ve2) 2’—4: M4

* Vbbp

— — __r\—Nl3|E VDD

+
Vb - Va2 - Vin L T=C2

VIN e—

ViN- Vss- Vei— _s»—T= C1

- __r\—M2|E Vss

Vin - Vin + (Vss + Ve1) J

e
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A Dynamic Op Amp which Operates on Both Clock Phases

Vb
R %
|
M8 || o o —1| M4
/ 7/ N
)
M7 M3
Vbp ——= | > | —— VDD

Ej ! o
Rs § Vi o— o o DR VAN f——oVouT
/ / )
C—— p— )
M2
VSS&V | > > | f—— Vss
® (]
N S /.
J
M5 |1 o o —1| M1
/ /
Vss

1.6 mW dissipation Settling time = 10 nsinto 5 pF
GB = 130 MHz with C. = 2.2 pF 1.5 pm technol ogy

Used with a 28.6 MHz clock to realize a 5th order switched capacitor filter
with a cutoff frequency of 3.5 MHz.
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X. CMOS DATA CONVERTERS

Contents

X.1 Characterization and definition of D/A converters
X.2 Voltage scaling D/A converters

X.3 Charge scaling D/A converters

X.4 Voltage and charge scaling D/A converters

X.5 Other types of D/A converters,

X.6 Characterization and definition of A/D converters

X.7 Serial A/D converters

X.8 Medium-speed A/D converters

X.9 High-speed A/D converters (Flash, two-step, multiple pipe)
X.10 Oversampled A/D converters

X.11 Examples of A/D converters, limits of A/D converters

Organization

Chapter 10
D/A and A/D
Converters
SYSTEMS

I ) A

COMPL I

CIRCUI TS 4 +

= (=]
=) =) =
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Importance of Data Converters in Signal Processing

ANALOG
SIGNAL PRE-PROCESSING DIGITAL POST-PROCESSING ANALOG
(Speech, —{ (Filteringand analog (et PROCESSOR | gf (Digitd toandog  (—-ouTPUT
SEensors, to digital conversion) (Microprocessor) conversion and SIGNAL
radar, filtering)
etc)

CONTROL

ANALOG A/D DIGITAL DI/A ANALOG
I |
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A/D and D/A Convertersin Data Systems

Page X.0-3

~ Transmission links

Analog computer ™ X
Y Magnetic tape recorders
C_uc;jlo ggngs > > Computer memories
Pcln eo sgnas - > Paper tape recorders
Ch\griri s;uégli —> Anaog |™ Real-time processor
. . Sample to . | Digital Comparators
Synchros/resolvers Multi-t el and | pigi a o :>< System and process
Pressure cells > * | plexer Digit - [ System controls
Thermocouples . |P Hold |Converter | : )
Strai P Numerical machine
B rz ngages ) ¢ controls
P;' tg% ltinli : ° Minicomputers
Eto OMUILIPHEr | > Miroprocessors
¢ J \. Etc.
Reference
Transmissionlinks =~ ~ Audio systems
Magnetic tape recorders | | ~ Controllers
Computer memories > ~ Actuatprs
Paper tape recorders > . CRT displays
etmepons |7 [ Diga o o
omparators igit to , - :
sysemandprocess  >+| System| * | analo g ! Filter st Amplifierfes < Hybrid computers
controls . * | converter Analog meters
Numerical machine . . Transducers
inicomx - ° Xov potirs
inicomputers -
Miroprocessors > > Modems
Etc. J \\ Etc.

Reference
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X.1 - CHARACTERIZATION AND DEFINITION OF
CONVERTERS

General Concept of Digital-to-Analog (D/A) Converters

Reference

l

by —»]

bl —P

gz —™| Digita-to-

s Analog [— VoutOr iout
- Converter

bN 1;

vouT = KViegD or iout =KlyefD

where
K = gain constant (independent of digital input)
b b b bN-
D= 2—,(\)|+2|\|—1_1+2|\|—2_2 + ot % = scaling factor

Vref (Iref) = voltage (current) reference
bn-1 = most significant bit (MSB)
bp = least significant bit (L SB)

For example,
o by b2 bn-1 0
VOUT=KVref%N + SN-T + 2N-2+ ceee + 2—1 E
1 N-1
= KVret 57 ) bj2
j=0
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Basic Architecture of a D/A Converter

Continuous Time D/A Converter-

Voltage Vref Scaling DVres Output Vout = KDVref
References [ ™ Network ™ Amplifir [—>
Binary Switches
bg by by b1
Clocked D/A Converter-
Vref
by —» >
b, —» —
b, — ==
° . - | Do Vout| Sample V:)ut
. Latch . to P and —
analog
. . hold
. . | converter
bN-l_. —
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Classification of D/A Converters

Done by how the converter is scaled-

D/A Converters I

Serid Pardld
] v L
Charge I Voltage I Charge I Current
y y
Voltage and Charge I
Slow Fast

Page X.1-3
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Static Characterization of D/A Converters

Ideal input-output D/A converter Static Characteristic -

1.000

0.875

0.750
1LSB

0.625 |deal
analog f

tput
0.500 A

0.375

Analog Ouput Value

0.250

0.125

0.000
000 001 010 011 100 101 110 111

Digital Input Code

\Y
Anideal LSB change causes an analog change of ZL,\?f
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Definitions

Resolution isthe smallest analog change resulting from a1 LSB digital
change (quantified in terms of N bits).

Quantization Noise isthe inherent uncertainty in digitizing an anlog value
with a finite resolution converter.

Infinite resolution analog output
- finite resolution anal og output

v v
0.5LSB 05 - Rer _ TREF
2N 2N+1

Digital Input Code

'O 5LSB | _0 5 VREF — -VREF
000 001 010 011 2N 2N

Dynamic range (DR) isthe ratio of FS to the smallest resolvable
difference.

2N -1
£S VREF TN N
DR = TSB change ~ 1~ 1
VREF 5N

DR(dB) = 20 log1o(2N - 1) 06N dB

Signal to noise ratio (SNR) for a sawtooth waveform
Approximating FS = LSB(2N -1) DLSB(ZN),

oN
SNR = Full scale RMS value a2 W12 N
~ RMSvalue of quantizationnoise = _1 =~ 2
V12
mfed . O Rf6 O
SNR (dB) =20 IOglOE%Z_EZN E: 20 |0910%2_ %+ 20 log10(2N)

= 20 10g10(1.225) + 6.02N = 1.76 dB + 6.02N dB
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Definitions - Continued

Full scale (FS) is the the maximum DAC analog output value. It is one LSB
less than VREE .

2N -1
FS=VR0er—5N

A monotonic D/A (A/D) converter is one in which an increasing digital
input code (analog input) produces a continuously increasing analog output
value (digital output code).

Offset error isa constant shift of the actual finite resolution characteristic
from the ideal infinite resolution characteristic.

Gain error is a deviation between the actual finite resolution characteristic
and the ideal infinite resolution characteristic which changes with the input.

Integral nonlinearity (INL) is the maximum difference between the actual
finite resolution characteristic and the infinite resolution characteristic.

Differential nonlinearity (DNL) is the maximum deviation of any analog

output changes caused by an input LSB change from itsideal change of ;—ﬁ



Normalized analog output
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3-BIT D/A CONVERTER ILLUSTRATION
A
VREFT- """~~~ "~~~ "~~~ T~ ~
7 |deal D/A conversion
T —
8 |
3l |
|
1LSBI | |
51 | |
. L
|
r 14 |deal o
z analog | | | |
"é‘ 3] output : | | :
< 8 | | I |
o | | ' I |
| | | ' I |
SR
1 O
—— I I
8 | ' ' : | ' :
: ! ' | ! ' |
O . 1 I 1 | : >
000 001 o010 011 100 101 110 111
0 1 2 3 4 5 6 7 8
8 8 8 8 8 8 8 8

Digital input, code and fractional value

|deal relationship
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! A
4 1L e
8 I 8 I
: [ Gain Error :
I (—
5 | I 5L \ |
8 Lo 8 N |
Lo : ) I
3 Lo : 3| I :
| | | | |
Offset 8 L Lo 8 . Lo
Error | | | |
j_ | | | | | |
r o T T = R A
I I I I I I
% I I T % I [ T
T 000 001 010 011 100 101 110 111 000 001 010 011 _100 101 110 111
Offset Error Gain Error
S S
e _I_ 5 Nonmonotonigity :
8 Nonlinearity | 8 |
\ | —1 |
| |
| |
5 | I 5 | I
8 | | I 8 | | I
| I I | I I
3 | | | I 3 | | | I
8 I | 8 I |
| | I | I I | I | I
| | I I I I | I I I
1 | | | I I 1 I | | | I I
8 I I I I I I 8 I I I I I I
I | | | 1 | 0 I I | | | 1 |
001 010 011 100 101 110 111 000 001 010 011 100 101 110 111

Linearity Error Nonmonotonicity
(Due to Excessive Differ-
ential Nonlinearity)

Typical sources of errors
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Page X.1-9

Integral and Differential Linearity for a D/A Converter

D/A Converter with £1.5 LSB integra nonlinearity and +0.5 LSB
differential nonlinearity

A
10] P
7

of 05LSB P .
- + s @
m 8_ N /’
9 °.
a1 A o
g’ o .7
o] 5 e
2 5l e 15LSB
5 o—L
O - v
21 |
< L " Ideal

2 7

.’ =
1 -
7
- 1 1 1 1 1 1 1 1 1 1 -
&)00 0001 0010 0011 0100 0101 0110 0111 1000 1001 1011

Digital word output

D/A converter with £1 LSB integral nonlinearity and £1 LSB differential

nonlinearity

Analog output (Ideal LSB)

A Ideal.
10 o’

9 0LSB ne

8- \ , —

Ve

- / .

7 P A

a 7 1LSB

.'4

5 R
q A

| 2LsB | L7

3 Y

. 7 .

T oo

1 P e

- 1 1 1 1 1 1 1 1 1 1 -
8000 0001 0010 0011 0100 0101 0110 0111 1000 1001 1011

Digital word output
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X.2 VOLTAGE SCALING CONVERTERS
3-BIT VOLTAGE SCALING D/A CONVERTER

Assume that by=1,b; =0,and b, =1
MSB: b,

LSB: b,

bO 0 bl 1 b2 b2
1 1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1 1
)4 1 1 1 1 1
1 1 1 1 1 1
1 1 V4 1 1 1
1 1 1 1 1 1
1 v 1 1 1 1
1 1 1 1 1 1
1 1 1 1 Vi 1
1 1 1 1 1
'd L | | |
1 1 1 1 1
1 1 1 J | 1
1 1 1 1 1
L A | | |
1 1 1 1 1
1 1 1 1 1
I I 1 1 1 ——oVouTt
)4 1 1 1 1
1 1 1 1 1
1 1 Vi 1 1
1 1 1 1
1 v 1 1
1 1 1 1
1 1 1 1
1 1 1 / |
/ 1 1

1 1

: g

/

VREF VREF 11
VouT =g (D+0.5) = T(ZDH') = 0.6875VREE = 1_6VREF
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3-BIT VOLTAGE SCALING D/A CONVERTER - CONT'D

Input-Output Characteristics:

A

VRer[

000 001 010 011 100 101 110 1 > Input

Advantages.
Inherent monotonicity
Compatible with CM OS technol ogy
Small areaif n < 8 hits
Disadvantages:
Large areaif n > 8 bits
Requires a high input impedance buffer at output

Integral linearity depends on the resistor ratios
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Page X.2-3

3-BIT VOLTAGE SCALING D/A CONVERTER WHICH MINIMIZES

THE SWITCHES

Require time for the logic to perform

—° VouT

by by b,
3-to-8 Decoder
:/ o
| IR T T R
o
I y_ o
S
| | | | |
| V4 1 1 1 |
| | | |
| | | |
A
Lo
| | |
s
L
| |
I/ |
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Accuracy Requirements of a \VVoltage Scaling D/A

Find the accuracy requirements for the voltage scaling D/A converter as
a function of the number of bits N if the resistor string is a5 micron wide
polysilicon strip. If the relative accuracy is 2%, what is the largest number
of bits that can be resolved to within £0.5 LSB?

Assume that the ideal voltage to ground across k resistorsis

kR
Vi = NR VRer

The worst case variation in Vi is found by assuming all resistors above

this point in the string are maximum and below this are minimum.
Therefore,

_ KRminV per
~ (2N-k)Rmax + kRmin

VK
The difference between the ideal and worst case voltages s,

Vi VK| _

kR KRmin |
2NR  (2N-k) Rmax + kRmin|

VRrer VREF| B
Assuming that this difference should be less than 0.5 L SB gives,

KR KRmin | 05
oNR (2N-k)Rmax+kRmin| oN

Expressing Rmax as R+0.5AR and Rmin as R-0.5AR and assuming the

worst case occurs midway in the resistor string where k=0.5(2N) and
assuming that 5 micron polysilicon has a 2% relative accuracy gives,

05 0.5(R- 0.5AR) | _|1aR| _1 N
> "0.5(R + 0.5AR) + 0.5(R- 0.5AR)| ~ |4 R| =2
AR 1 _
0 ‘F <oNg oo 0.25(0.02)| <05(2N) O N=6
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R-2R LADDER DAC's

Configuration:
A R B R C R R

VW . W\/ . k\/\/\/ —_— -

2R§ 2R 2R 2R 2R 2R

— il
iVREF
Equivalent circuit at A:
R A
Wy 0
bO VREF p
2 -
Equivalent circuit at B: )
R R R
—AWAMT—S AWy 3
2R +
+ _ bO bl \/
C) bo Vrer y B C) (T"'?) REF
T 2 by Vrer -

Finally, the equivalent circuit at Q:
AWV * M\ Ovout

R Q R
bp ., b1 b Biy-1
) N ot s Tt )VREF
R

sign bltI by
= = Vrer
+

L\

O
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X.3 CHARGE SCALING D/A CONVERTER
Binary weighted capacitor array:

C C C VouTt
2N-2 2N-1 2N-l

—T —T —_T o +

C C
4

C/——\ 2/——\

s N

v r r | capacitor

Operation:
1) During @1, al capacitors are discharged.

2.) During @2, capacitors with bj = 1 are connected to VRer and
capacitors with bj = 0 are grounded.

3.) The resulting output voltage is,

B N-1C  bn-2C/2  bn-3C/4 boc/(z'\"l)mD
VOUT_VREF%JZC t—>5c t T t 7 2C O

If Ceq. is defined as the sum of al capacitances connected to Ve, then

Vout = B¢ H Vrer

r .
N

+ Ceq.

V J— Vout
REF<> 2C-Coq
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Other Versions of the Charge Scaling D/A Converter

Bipolar Operation:

Charge al capacitors to VRer. If by = 1, connect the capacitor to
ground, if bj = 0, connect the capacitor to VREF.

Will require an extra bit to decide whether to connect the capacitors
initially to ground or to VREF.

Four-Quadrant Operation:

If VRer can have xzvaues, then a full, four quadrant DAC can be
obtained.

Multiplying DAC:

If VRerF is an analog signal (sampled and held), then the output is the

product of a digital word and an analog signal and is called a multiplying
DAC (MDAC).



Allen and Holberg - CMOS Analog Circuit Design Page X.3-3

Influence of Capacitor Ratio Accurcy on No. of Bits

Use the data of Fig.2.4-2 to estimate the number of bits possible for a
charge scaling D/A converter assuming a worst case approach and the
worst conditions occur at the midscale (1 = MSB).

The ideal output of the charge scaling DA converter is,

Vour _ Ceq.
Veee €

The worst case output of the charge scaling DA converter is,

Vour _ Ced (min
VREF %C - Ceq_ amax)*' Ceq_(min)
The difference between the ideal output and the worst case output is,

Vour V'OUT| _|1 Ceq.(min) |
Veer Veee| |27 (2C - Ceq))(max) % Ceq.(min)|

Assuming the worst case condition occurs at midscale, then Ceq, = C

[

Vour V'OUT| _ ‘1 C(min) |

ViRer VREF| T2 C(max) - C(min)|

If Cmax) = C + 0.5AC and C(min) = C - 0.5AC, then setting the
difference between the ideal and worst case to 0.5L SB gives,

0.5(C(max) = C(min)) - C(min)
C(max) + C(min)

< 0.5(1/2N)y
or
1
C(max) - C(min) < 7 (C(max) + C(min))

or

1 acl _ on lac] | 1
ACSZNZCD ‘ZC < 2% 0 ‘C 52N-1

A 50um x 50um unit capacitor gives arelative accuracy of 0.1% and N
= 11 bits. It is more appropriate that the relative accuracy is a function of
N. For example, if AC/C = 0.001 + 0.0001N, then N=9 bits.
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Increasing the Number of Bits for a Charge Scaling D/A Converter

Use a capacitive divider. For example, a 13-bit DAC-

LSRArray MSB Array

I's N r N
1.016pF (Attenuating capacitor) - .
I{ VouT
Jir Jor Jor Joor oo Lian b Lo Joe e Dor T |

64pF
| 1pF
0 1 FZ 3 b_4 b5 b6 b_7 8 Fg bl 'Fl b_]_2
bo by, /bo bs, /b be /b7 [bg /by /big |b11 b1 +VRerp

\
]

b 5
NN 7
Vrer
2 +hiCiVRer = & *h Ci VRer
= _ VR= - _—
"L e R i:ze 127
An equivalent circuit-
1 1 _64 _
64 6—1D C—63~1016
|[ o+
I 1l 63 1
1.016pF 64" 64 127 \
== 64pF == 127pF Vour =1 63 1 VR + 1 63 1 v
N N 64" 64 T 127 64" 84 " 127
o ey 127 1
°° T 1VYRY VL
12 5
+biVRerCi +biVREFCi
vz ) BEEEG gy,< ) EEC
i=6 1I=0

or

: E
*V er E biCi
Vout = 128 biCj + _EIE



Allen and Holberg - CMOS Analog Circuit Design Page X.3-5

Removal of the Amplifier Input Capacitance Effects

Use the binary weighted capacitors as the input to a charge amplifier.

Example of A Two-Stage Configuration:

J_ VREF

Il

I\
|0

I(

I\
AO

I

1
N[O

It

I\

@]

[

-

Lo
I
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X.4 - VOLTAGE SCALING-CHARGE SCALING DAC'S

VREF
T .
> Revy
) gl
S =
2 Ry T vaur
/. N\
Ci1 Cy2 C Co
> Rehg S -7 = CTR T
27°C|l  2*?%c
I |

<
I
SN
N
- - -
=~
I
©

J kl)AJ JS(kZ)A : :
Jls(kl)B )S(kz)s )lsls )Sos

W
Y
&
P

Advantages.

* Resistor string is inherently monotonic so the first M bits are
monotonic.

» Can remove voltage threshold offsets.
» Switching both busses A and B removes switch imperfections.

 Can make tradeoffs in performance between the resistors and
capacitors.

» Example with 4 MSB's voltage scaling and 8 LSB's charge scaling:
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Voltage Scaling, Charge Scaling DAC - Cont'd

Operation:

1.) Sk, S, and $S1B through Skp are closed discharging all
capacitors. If the output of the DAC is applied to any circuit having a
nonzero threshold, switch Sg could be connected to this circuit to cance
this threshold effect.

2.) Switch Sgis opened and buses A and B are connected across the
resistor whose lower and upper voltage is V'ggr ad V'gee + 2MVipee
respectively, where

. o b1 b2 bm-1 0
Veegr=Vref M * o1t om2 Tt o1 O

o

N
9]
J
N
O
|

J
N
(@)
||
/1
@]
||
/1
(@]
||
/1

—— N V
> ouT

SRS S S :
Vier O -

2MV Rer

3.) Final step is to determine whether to connect the bottom plates of
the capacitors to bus A (bj=1) or bus B (bj=0).

Ce |

J’(S N 2 M+K-1

Ry N y _ Zb.z-(M+K-|) vV

2V"VREF Ke . Ceq —T— VOUT ouT = I REF
- i=

=0 l
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Charge Scaling, Voltage Scaling DAC
Use capacitors for MSB's and resistors for LSB's
VouT
—————— o
2NIC | 2N-2C 2N-3C VrRer —T-C
« v < A
\
=R
VRer— i
REF Switch network <R
1 =R
MSBs - L SBs
|
|
|
|
=R
=R
_/

* Resistors must be trimmed for absolute accuracy.

. LSB's are monotonic.
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X.5- OTHER TYPES OF D/A CONVERTERS
CHARGE REDISTRIBUTION SERIAL DAC
s, Prechargeto nitiall
ifh ="1" T nitially
VRer \/VREF if by 1 Red;/\ﬁf[lct?]utlon discharge S, Cl=C2
/ J bo=LSB
S3 S1 Sa _
N\ I8 A . J/ b]_ = NLSB
+ + 1
= Cl——=V C2——=V -
Precharge C1 c © .
to ground if | bn = MSB
b ="0" — =

Conversion seguence:

4 Bit D/A Converter

1 5

3/4 1

Vc1/VRer 1/2-
1/4 4

INPUT WORD: 1101

13/16

1 5

3/4 1

Vcol/VRer 1/2-
1/4 4

Comments:

LSB must go first.
n cycles to make an n-bit D-A conversion.
Top plate parasitics add error.
Switch parasitics add error.

Close S V-, =0

Start with LSB first-
Close S, (bo=1): V1= Vger

Vv
Close S;: Vi = % =Vc2
Close S;(b,=0): V=0
VRer

Close S;: Vg, =V =
Close S, (b,=1): V(¢ =Vger

S
Close Si: V¢ =V =g Vrer
13

Close S1: Vi =V =7 Verer
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ALGORITHMIC SERIAL DAC

Pipeline Approach to Implementing a DAC:

12 12
0 —=(3) >
bO
LSB
VREF
le b b [l
— Nl 1 N2 D 0 _-N
VOUT(Z)—%Z—Z 4 27t o7 Veer

where b, =1 or O

Approaches:
1.) Pipelinewith N cascaded stages.
2.) Algorithmic.

bi 1V e
Vout(d) =7 05.-1
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Example of an Algorithmic DAC Operation

Realization using iterative techniques:

A
+ —
VReF (Bit"1") + Sample
s and > °Vout
B h hold
0 o~ | O
(Bit IIO")

N

Assume that the digital word is 11001 in the order of MSB to LSB. The
steps in the conversion are:

1.)Vou7(0) is zeroed.

2.)LSB =1, switch A closed,
Vour(d) = Ve

3.)Next LSB = 0, switch B closed,
Vout(2) =0+ 0.5V
Vour(2) = 0.5V e

4.)Next LSB = 0, switch B closed,
Vour(@) =0+ 0.25V
Vour(3) = 0.25V e

5.)Next LSB =1, switch A closed,
Vour(4) = Vger + (U8)V e
Vout(4) = (98)V ger-

6.) Finaly, the MSB is 1,
switch A isclosed, and
Vout®) = VREF + (9/16)V g
Vout(®) = (25/16)V ger

7.) Findly, the MSB+1 is O (always last cycle),

switch A is closed, and
Vour(6) = (25/32)V ger
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X.6 - CHARACTERIZATION OF ANALOG TO DIGITAL CONVERTERS

General A/D Converter Block Diagram

| X Digita | _
X(t) —= 1 —— Ir,_,_rr Progr y(kTN)

Filtering Sampling Quantization  Digital Coding

A/D Converter Types

1) Seid.
2.) Medium speed.
3.) High speed and high performance.

4.) New converters and techniques.
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Characterization of A/D Converters
Ideal Input-Output Characteristics for a3-bit ADC
_________________________________________ |
|
/o
111+ :
Ideal A/D conversion 7 i
/ I
o 110+ - i
o) ) |
% 101k Normal :
= quantized / |
= value \ ) |
S 100}k (x /2LSB) ~ ldea i
5 / transition I
s / !
=]
5 ol - i
y I
010} i
’ |
p 1LSB | Ideally
001} I quantized
P 1 2 3 4 5 6 7 ' analo
0 /4_8-><-8-><-8-><-8-><-8-><-8-><_8 l inputg
000 ] ] ] ] ] ] ]
lrs 2ps 3rs 4rs Sps 6ps 7F
3 S 3 S 5 S 3 S 5 S 5 S 8 S FS

Normal quantized value (+ LSB)
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Digital output code

Digital output code

111

110t

101}

100t

011t

010}

001}

000

111

110t

101}

100t

011t

010}

001}

000

Page X.6-3

Nonideal Characteristics of A/D Converters

7 |
v Z |
/
| deal > ,
. 4 |
/o
Z |
)/ l
|
-V |
/ / |
/ |
£ |
2 |
1 / 1 1 1 1 1 ]
1Fs 1Fs SFS FS
4 2 4
Analog input value
Offset Error
_________________________ ]
|
|
s
4
l
|
Ided |
|
|
\ |
/ \ :
Nonlinearity |
|
|
|
i
1Fs 1Fs SFS FS
4 2 4

Analog input value
Integral Nonlinearity

Digital output code

Digital output code

111

110t

101+

100 |

011t

010}

001}

000

111

110t

101 f

100

011

010f

001f

000

_________________________ ]
/ 7|
|
7
Gain error A 7 !
/17 |
/ |
71 |
< |
AR |
/ Ideal |
|
!/ i
Vi |
4 :
1 1 1 1 1 1 1 ]
1Fs 1Fs SFS F

4 2 4

Analog input value
Scale factor (gain) error

"""""""""""""""""""""""" /)
/ |
4 |
Ideal I
\ :
T
b
Missed l
Z codesdueto |
7 excessive :
= differential [
; ; I
4 P nonlinearity :
’.
1Fs 1Fs 3Fs F

4 2 4

Analog input value
Differential Nonlinearity
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Sampled Data Aspect of ADC's

S-H command

Output valid for
A/D conversion

Amplitude

Tsample=ts* ta
ta=acquisition time
ts = settling time
tADC =timefor ADC to convert analog input to digital word.

Conversiontime=tg+tg+ tADC.

Noise = kET V2 (rms)
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Page X.6-5

Vl(t) ) VO(t)

Sample and Hold Circuits
Simple
) RN
V| o yd \\-l'/
—=Cq
Improved
/
B ()
(i N
0 \ Az
A 1 Ve +
V| +
—=Cq
Waveforms
A
Vo(t)
|
g / i
S | _ .
Switch | Switch | Switch
<— closed —'= open > closed —
(sample) i (hold) | (sample)
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X.7 - SERIAL A/D CONVERTERS

Single-Slope, A/D Converter

VIN*

NI

I —
Ramp Vr - — | counter
VRer generator Vi
] I
|
Reset i Output
|
: ;t
0 NT
Interval
counter
A
I
T
(o,
clock

»  Simplicity of operation
e Subject to error in the ramp generator

* Long conversion times
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Page X.7-2

Dual Slope, A/D Converter

Block Diagram:
1
Vi o——""—— .
| Postive
2 >| integrator
-VReFo—/—
|
|
|
|
|
! Digital
control
\
Counter
Operation:

Binary
output

1)) Initially vint = 0 and vjn is sampled and held (Vin* > 0).

2.) Reset by integrating until vint(0) = Vth.

3.) Integrate Vi~ for Nref clock cyclesto get,

N refT

Vint(t1) = vint (NygfT) =K JVin dt + Vint(0) = kNyef TV *+ Vi

0

*

4.) The Carry Output on the counter is used to switch the integrator from V; , to -V REF.

Integrate until vint isequal to Vth resulting in

vint(ta + t2) = vint(t1) + k

*
O KNref TV;p, + Vith - KV geeNoutT= Vi O

NoutT +tq

[-Vrerdt =Vih

t1

*

N
out _
VREF Nref _Vin
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Waveform of the Dual -Slope A/D Converter

* Very accurate method of A/D conversion.

« Requiresalongtime-2(2N) T
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Switched Capacitor Integrators

Noninverting:

I I .

/

o)) / I \cpz I\ +

va(t) _‘R/ % @ ] _-'_ Vo(t)  fsignal << foiock
o o

Operation:

(o,
+

Assume non-overlapping clocks @1 and @. During @1, C1 ischarged to vi[ (n-1) Tj
giving acharge of g1 (n-1) T} on C1. During @2, the charge across C1 is added to the charge
dready on C2 which is g2[ (n-1)T] resulting in a new charge across C2 designated as
g2(nT) . The charge equation can be written as,

Gp(NT) =a[ (1) T} +ag[ (1) T]
or

C2v2( nT) =C2vy [ (n-l) T] +Cqvq [( n-l) T]

Using z-domain notation gives

Covo(z) = C22'1v2(z) + Clz'lvl(z)
or
H _v2(z _Cigzl g
D=V CR -1
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Replacing z by éWT gives,
. C10 ejwl D C eiwl
H(dWT) = 1Y el 1% E

02[1E erTD Cz% erj

_wo D(wT/) O

1
0 if f<<fc==
T o @in(wT2)g | T

exp(-jwT/2 =

€&

Mag. error  Phase error

. dX - gjX
where wg = C1/( TC2) , Sinx = 5
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Magnitude Plots of the Switched Capacitor |ntegrator

_ e
000—2“
wlh 2nf nf 71w
2 T2 Tfc T oe
Log Plot-
10 _ » ‘
T i
(% 2 |
w)(sd"?) |
[H(gx) dB O | N
W=0.50x i
| W ., | -
100.1 0w 1 2 3 45
Mo
Linear Plot-
10 ‘
8:
5|
H(e) :\ ‘((00 %T Y
‘| | lsi)] (o]
B /‘/ wl
2 ‘
- e
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Switched Capacitor Integrators - Cont'd

Inverting:
C1 C2
o /. I |( o
+ ® { ® I\ +
va(t) 0] 0] . Va(t)
o o

By asimilar analysis, one can show that

HEYT) = Jw—(s L iff<<fe=UT

Settling Time and Slew Rate of the Op Amp

Important when the op amp plus feedback circuit has two or more
poles or the op amp has a second pole.

%y
‘ ‘ ‘ !

$2)
/ \ | \ - {

Vout Sew Rate
A -
> {
Settling Time
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X.8-MEDIUM SPEED A/D CONVERTERS

Conversion Time= NT

Successive ApproximationArchitecture:

Conditional
Input gate
; Comparator ‘
:
D/A Output
o—»| Converter register ~— | Shift
Reference register [ Clock
Output
| End of
Start & ¥conversion
Successive Approximation Process:
Vo
A
e — T ——
0.5VRer E
0 2 3 4 5 6 T
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A Voltage-Charge Scaling Successive Approximation ADC

T

R1 /SF
R2 X |
I 2K'1CJ—--- ZCJ— CJ— CJ— fl*
I' > Sa ;g ;E ;E A%
Sren [ | [ Te
$ Rav Capacitor switches  Clock
I o1t
Resistor t Successive approx. register
\VA switches .|  and switch control logic
n <
=15 ¥
(M + K) bit output of A/D  Start
Operation:

1.) With Sk closed, the bottom plates of al capacitors are connected through switch Sg to
Vin®. (Automatically accounts for voltage offsets).

2.) After SFisopened, a successive approximation search among the resistor string taps to
find the resistor segment in which the stored sample lies.

3.) Buses A and B are then connected across this segment and the capacitor bottom plates

are switched in a successive approximation sequence until the comparator input
voltage converges back to the threshold voltage.

Capable of 12-bit monotonic conversion with a DL of +0.5L SB within 50us.
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A Successive Approximation ADC using a Serial DAC

Y ' Data storage
- register
S2 precharge L y A
' : D/A control
Vig S[e)r/lzl <« 3discharge register
r converter | Slchargeshare
(Fig. 10.3-1) - A reset
o— Shift left
St Sequence and Parallel datatransfer
Clock o——»] control logic Shit right
Conversion Sequence:

1) Assumefirst K MSB's have been decided so that,

Digital d= L+ L + ...+ _1 +

2) Assume (K + 1)th MSB is 1 and compare this anadog output with Vin* to
determine ay_k -

3.) Storeay .k inthe DATA storage register and contiune.
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CHARGE REDISTRIBUTION SERIAL DAC

Prechargeto

S fh =" e Initially
Vier C a— VRerifbi="1 Redsll\s/ti?c l?]utlon discharge S,
S 51[ Sa J Cl=C2
» $ N——— bo=LSB
. + + — b]_ = NLSB
= Cl=—/—=V C2=—/—=V -
Precharge C1 c ©
to ground if ) .
b ="0" = = .
bn = MSB
Conversion seguence:
4 Bit D/A Converter
INPUT WORD: 1101
1-
3/44 13/16 Close &4 V2 =0
Vc1/VRrer 1/2- Store with LSB first-
144 Close Sp (bo=1): Vc1=VREF
VREF
5 T 2| I Ll T ES T I8 T Close S]_ VC]_ ) - VC2
Close S3(b1=0): Vc1=0
N Close Sy Ve = Vg = —REF
34- e ose Si: Ve1=Ve2=—
VealVrer 1/2- Close Sp (bp=1): V1 :5VRE|:
U4- Close S1: Vc1=Vez = 8 VREF
———— Close Sp(b3=1): Vci1=VREF

Close S1: Vc1=Ve2 = % VREF
Comments:
e LSB must go first.
* ncyclesto make an n-bit D-A conversion.
» Top plate parasitics add error.
» Switch parasitics add error.
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Seridl ADC Waveform for an Input of (13/16Vref)

Ve1/Vief

Vol Vet

Page X.8-5

A
1 ——— - ———— - - e gp— e - ——
3. I . . I I D O N I O o ==
4
1. N I I I I I ] I B
2
N [ I I I B
4
] ] 1 ] ] ] 1 ] 1 ] ] 1 ;t/T
01201234020 23 4560 23 456 78
A\ e J A\ v J A\ v J
1 bit 2 bits 3 bits 4 bits
A
0 gy g g
3
4 -
1. ] I I - I
2
Y IO I I ] [ DU S R
4
] ] 1 ] 1 ] ] 1 ] 1 ] ] 1 ] ] 1 » t/T
01201 23140 23 4560 23 456 7 8
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A 1-BIT/PIPE PIPELINE A/D CONVERTER

Single Bit/Stage, N-Stage Pipeline Converter

» Converter in 1 clock cycle using storage registers

* Requires N comparators

» Dependent upon passive component linearity

» Canuseeror correcting agorithms and self-calibration techniques

Block Diagram of the 1-Bit/Pipe A/D Architecture

MSB b

* 2 A\
Vin ‘/—Z\ 7

Page X.8-6

LSB

+1

ith stage

hj =+1if Vj-1>0
Vi=2Vj1-biVref  wherely - v 1 <0

Output of the n-th stage can be written as:
\Y k AV EN]E k A Eb b %V
N = iVin - j =0i + DN -Vref
l_l ' DZ O l_l J [ ! O
i=1 O=10=i+1 O O

where Aj and bj are the gain and bit value of the ith stage



Allen and Holberg - CMOS Analog Circuit Design

Graphical Examplesillustrating operation

Example 1

3/4
1/2
1/4

-1/4
-1/2
-3/4

B=1

Example 2

3/4
1/2
1/4

-1/4
-1/2
-3/4

B=0

x2 -VREF

34
172 —
/4 X

-1/4 —

-1/2

-3/4 —

-1
B=1

34 —
172 -VREF

1/4 —

X2

-1/4 —

-1/2 —

-3/4

1 —
B=1

3/4
1/2
1/4

-1/4
-1/2
-3/4

3/4
1/2
1/4

-1/4
-1/2
-3/4

X2

+

-VREF

B=0

X2 -VREF

¥

B=0

3/4
1/2
1/4

-1/4
-1/2
-3/4

3/4
1/2
1/4

-1/4
-1/2
-3/4

X2

[

Page X.8-7

x2 +VREF

+VREF

B=1
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IDEAL STAGE PERFORMANCE

Vi Vi1

ith Stage Plot of: =2 Vier

b;

Vief

by, bj41] [10) [11]

1.) bj+1 must change at 0, and £0.5Vef. (when Vij-1=0 and £0.5V e f)
2.) bj must change at Vj=0.
3.) Vj cannot exceed Vyef.

4.) Vj should not be less than Vyef when Vij-1=£Vef.
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IDEAL PERFORMANCE

Example

AssumeVin" = 0.4V and Vyef = 1V

Stagei Input to theith stage, Vij-1 Vij-1>0? Biti
1 0.4 Yes 1
2 2(0.4000)-1 = -0.200 No 0
3 2(-0.200)+1 = +0.600 Yes 1
4 2(+0.600)-1 = +0.200 Yes 1

Results for various values ov Vin.

Vin b(i) v(i+1) b(i+1) v(i+2) b(i+2) v(i+3) b(i+3) v(i+4) b(i+4) v(i+5)
-1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1

-0.9 -1 -0.8 -1 -0.6 -1 -0.2 -1 0.6 1 0.2
-0.8 -1 -0.6 -1 -0.2 -1 0.6 1 0.2 1 -0.6
-0.7 -1 -0.4 -1 0.2 1 -0.6 -1 -0.2 -1 0.6
-0.6 -1 -0.2 -1 0.6 1 0.2 1 -0.6 -1 -0.2
-0.5 -1 0 1 -1 -1 -1 -1 -1 -1 -1

-0.4 -1 0.2 1 -0.6 -1 -0.2 -1 0.6 1 0.2
-0.3 -1 0.4 1 -0.2 -1 0.6 1 0.2 1 -0.6
-0.2 -1 0.6 1 0.2 1 -0.6 -1 -0.2 -1 0.6
-0.1 -1 0.8 1 0.6 1 0.2 1 -0.6 -1 -0.2

0 1 -1 -1 -1 -1 -1 -1 -1 -1 -1

0.1 1 -0.8 -1 -0.6 -1 -0.2 -1 0.6 1 0.2
0.2 1 -0.6 -1 -0.2 -1 0.6 1 0.2 1 -0.6
0.3 1 -0.4 -1 0.2 1 -0.6 -1 -0.2 -1 0.6
0.4 1 -0.2 -1 0.6 1 0.2 1 -0.6 -1 -0.2
0.5 1 0 1 -1 -1 -1 -1 -1 -1 -1

0.6 1 0.2 1 -0.6 -1 -0.2 -1 0.6 1 0.2
0.7 1 0.4 1 -0.2 -1 0.6 1 0.2 1 -0.6
0.8 1 0.6 1 0.2 1 -0.6 -1 -0.2 -1 0.6
0.9 1 0.8 1 0.6 1 0.2 1 -0.6 -1 -0.2
1 1 1 1 1 1 1 1 1 1 1



Allen and Holberg - CMOS Analog Circuit Design Page X.8-10

Output Voltage for a4-stage Converter

1

08 | | / i N

06 | L/ AL/

04 | LA sy VaE
/ i
|

o2 b JIL/] Ay
o b/ LWL
o2 by N DAL AL
04t vally [/l
06 EIL AL LT I/ A1 :
s LML /0
a1 Ve / V. /

-1 -0& -0€ -04 -0z 0O 02 04 06 08 1

VIN
(Volts)

Inputs (Volts)
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RESOLUTION LIMITS OF THE 1-BIT/STAGE PIPELINE ADC
1st-Order Errors of The 1-Bit/Stage Pipeline ADC

» Gain magnitude and gain matching (k1)

Offset of the X2 amplifier and the sample/hold (k2)

Comparator offset (k3)

Summer magnitude and gain matching (k4)

Summer offset (k5)

[lustration:

Vi=AjVi-1+VOSi - biAgVref

- orlif Vi-1> k3 =2V OCi
where b = 51if Vj-1 < k3 =+VOCi

Aj = dl gain related errors of the ith stage
VS = system offset errors of the ith stage
VOCi = the comparator offset of theith stage

Ag =the gain of the summing junction of theith stage
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Generdlization of the First-Order Errors

Extending the ith stage first-order errorsto N stages gives.

V k AjV EN-]H A A %/ Vv %
N = iVin + Y OSi + VOSN

|—I Dz [l rl JD 0
i=1 O=10=i+1 O O

IoN [0 0

'VrefDZ O HAjD\sibi + AsNbND

=o' U H

D=10=i+1 O O

Assuming identical errorsin each stage gives.

N |
VN =ANVin+ §(AN-i)VOs - Vref [ (AN1) Aghi[]
i=1 1 [

Assuming only the first stage has errors:

N
VN =A12N-Win + 2NV st - Vier2N-1Asib - Vief » (2N) b
=2

Page X.8-12
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|dentification of Errors

1. Gain Errors

2N(AA/A) <1| O N=10 O % <735

[llustration of gain errors
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|dentification of Errors - Cont'd

2. System Offset Errors

Vref
VOS< 2_N

For N=10 and Vef = 1V, VOS < 1ImV

[llustration of system offset error
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Identification of Errors - Cont'd

3. Summing Gain Error

AAs 1
As “oN

AA 1
For N=10, - < 1024
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|dentification of Errors - Cont'd

4. Comparator Offset Error

The comparator offset error is any nonzero value of the input to a stage where the stage
bit is caused to change. It can be expressed as:

Vi =2Vij-1- bjVref
where

o o+1if Vi-1>VOCi
bi = H1if vi-1 < Vo

[llustration of comparator offset error:
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SUMMARY

1.) The 1-bit/pipe, pipeline converter which uses standard components including a sample
and hold, an amplifier, and a comparator would be capable of realizing at most an 8 or 9 bit
converter.

2.) The accuracy of the gains and offset of the first stage of an N-Bit converter must be
within 0.5L SB.

3.) Theaccuracy of the gainsand offset of a stage diminishes with the remaining number
of stages to the output of the converter.

4.) Error correction and self-calibrating techniques are necessary in order to redlize the
potential resolution capability of the 1-bit/'stage pipeline ADC.
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Cyclic Algorithmic A/D Converter

The output of the ith stage of a pipeline A/D converter is
Voi = (2Vo,i-1- biVREF )z'1

If Voj is stored and feedback to the input, the same stage can be used for the
conversion. The configuration is as follows:

Comparator
Voi

X2 - > .

Sample *1 i +Viet
and = <
hold =4 o—— Vref
Practical implementation:
Comparator

Va
. >+ ;
X2 y A
+ -l - I
ref : VO - lllll

+1 i /
Vo o\ S Ve
Sample >
a.r]d ‘—/ \_/ _i \ VO - IIOII

hold SlI
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Algorithmic ADC - Example

Assumethat Vin" = 0.8VREE. The conversion proceeds as;
1) 0.8VREF issampled and applied to the X2 amplifier by S1.
2.) Vg(0) is 1.6VREF (b1=1) which causes -V REF to be subtracted from V 5(0) giving
Vp(0) = 0.6VREF
3.) Inthe next cycle, Vg(1) is 1.2VREF (b2=1) and Vp(1) is 0.2V REE.
4.) The next cycle givesV g(2) = 0.4V REF (b3=0) and Vn(2) is 0.4V REF.
5.) The next cycle gives V 5(3) = 0.8VREF (b4=0) and V(3) is 0.8VREF.
6.) Finally, Vg(4) = 1.6V REF (b5=1) and Vp(4) = 0.6V REF.

0 Thedigital wordis11001. [  Vanalog= 0.78125VREF.

Va/V REF VbN REF
A

2.0

16}
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Algorithmic A/D Converters-Practical Results

* Only one accurate gain-of-two amplifier required.

» Small arearequirements

» Sow conversion time- nT.

» Errors: Finite op amp gain, input offset voltage, charge injection,

capacitance voltage dependence.

Practical Converter

12 Bits

Differential linearity of 0.019% (0.8LSB)
Integral linearity of 0.034% (1.5LSB)
Sample rate of 4KHz.

Page X.8-20



Allen and Holberg - CMOS Analog Circuit Design Page X.8-21

SELF-CALIBRATING ADC's

S1
MAINDAC TO SUCCESIVE
cJ_cJ_ CJ_ cJ_ z J_ COME>~—> 1 pPROXIMATION
N 2l el REGISTER
> > >
Vref | 7 l) |\
GND —

- REGISTER

_____ % CALIBRATION ADDER

SUBDAC DAC

DATA REGISTER

SUCCESSIVE CONTROL —
APPROXIMATION LOGIC .
REGISTER D
VsN’ v\VsN—l

DATA OUTPUT

Main ADC isan N-bit charge scaling array.
Sub DAC isan M-bit voltage scaling array.
Calibration DAC isan M+2 hit voltage scaling array.

Thisis an voltage-scaling, charge-scaling A/D converter with (N+M)-  bits resolution.
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Sdlf-Calibration Procedure

During calibration cycles, the nonlinearity factors caused by capacitor mismatching are
calibrated and stored in the data register for usein the following normal conversion cycles.
The cdibration procedure begins from MSB by connecting CN to VREF and the

remaining capacitors CN X to GND, then exchange the voltage connection as follows:

. 0 Vx
i

CNn —— —— Cnx CNn—— —— Cnx

fo) _ = (o]
VREE VREF

whereCNX =C1B + C1A + ... + CN-1

Thefina voltage V x after exchanging the voltage connectionsis

CNX -CN
VX = VREFENx+CN

If the capacitor ratioisaccurateand CNX =CN O VX =0,

otherwise Vx # 0. Thisresidual voltage Vx isdigitized by the calibration DAC. Other less
significant bits are calibrated in the same manner.

After dl bits are cdlibrated, the normal successive-agpproximation conversion cycles
occurs. The cdibrated data stored in the data register is converted to an anaog signa by
caibration DAC and is fed to the main DAC by CCAL to compensate the capacitor

mismatching error.
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Self-Cdlibrating ADC Performance

Supply voltage = 5V
Resolution of 16 bits
Linearity of 16 bits
Offset less than 0.25 LSB
Conversion time for 0.5 LSB linearity:
12 usfor 12 Bits
80 psfor 16 Bits.
RMS noise of 40 pV.
Power dissipation of 20 mW (excludes logic)

Areaof 7.5 mm (excludeslogic).
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X.9-HIGH SPEED ADC's

Conversion Time=T (T = clock period)
* Hashor parald

» Timeinterleaving

* Pipeline - Multiple Bits

* Pipeline- Single Bit
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FLASH A/D CONVERTER

VRer Vi = 0.7Vrer
o
1
%VREF > + 1
>R -
§V N +
g v REF ) 1
SR ;
gVREF > + 0
=R - Digital
4 S decoding
8VREF 1 * O | network
=R ;
gVREF ) + 0
<R )
2
—8VREF S + 0
SR ;
1
g VREF > + 0
3" '

Fast conversion time, one clock cycle

Requires 2N-1 comparators

Maximum practical bitsis 6 or less

6 bitsat 10 MHz is practical

Page X.9-2
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Time-Interleaved A/D Converter Array

Use medium speed, high bit convertersin parallel.

P
> SH > N-bit A/D
4
> SH > N-bit A/D
V.
" No X Digital
| j word
l ' out
*TM l
> S/H > N-bit A/D
A/D Converter No.1 .
.A/D Converter No.2 l .
i A/D Converter NoM : _
T1 T2 Tm Ti+Tc T2+ Tc v+ Tc t
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Relative die size

320

160

80

Relative Die Size vs. Number of Bits

Succ. Approx.
Array

40 (m- WAY)

: :
20 !

q :
10}

4 5 6 7 8 5

# of bits
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2M-BIT, PARALLEL-CASCADE ADC

» Compromise between speed and area

Page X.9-5

e 8-bit, 1M Hz.
Gain=2M
* + R
Vin© @ > Vin
- 4
Vref Vref
+ +
— - I 4 ) W o
= 3 = >
l—1] - M1 -
= ¥ Digital = h
decoding
< I network < I
| > | >
5 L N PN 5
\ - A~ = DA |\N
. [Converter
y y
oM _ 1 M MSB's oM _ 1
equal equal
resistors resistors
and and
comparators comparators

Digital
decoding
network

\ \
M LSB's
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Conversion of Digital back to Analog for Pipeline Architectures

Use XOR gates to connect to the appropriate point in the resistor divider resulting in the

anal og output corresponding to the digital outpuit.

Vref *
Analog © Vip®
Qut ' |
é + | 1
¢ MN— -
JTL /T T\ OGC
S + 1
P M _
JTL N /T 1: i@
= > o
1T
T A A 0@(:
= n 0
1T
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X.10 - OVERSAMPED (A-Y) A/D CONVERTER

NYQUIST VERSUS OVERSAMPLED A/D CONVERTERS
Oversampling A/D converters use a sampling clock frequency(fs) much higher than the

Nyquist rate(fN).
Conventional Nyquist ADC Block Diagram:

O [\ [ L [ ek e
Filtering Sampling Quantization Digital Coding
Oversampling ADC Block Diagram

X(t) — : - __ /_ ~| Modulator - Delgiilfpear‘ﬁon L o y(KTN)
Filtering Sampling Quantization Digital Coding

The anti-aliasing filter at the input stage limits the bandwidth of the input signal and
prevents the possible aliasing of the following sampling step. The modulator pushes the
quantization noise to the higher frequency and leaves only a small fraction of noise energy
inthe signa band. A digital low passfilter cuts off the high frequency quantization noise.
Therefore, the signal to noiseratio isincreased.
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ANTI-ALIASING FILTER
The anti-aliasing filter of an oversampling ADC requires less effort than that of a

conventional ADC. The frequency response of the anti-aliasing filter for the conventional

ADC is sharper than the oversampling ADC.
Conventional ADC's Anti-Aliasing Filter

A
fB
: > f
fN/2 fSZfN
Oversampling ADC's Anti-Aliasing Filter
A
fg
T Y T > f
fN/2 fN f5/2 fS

fB : Signa Bandwidth
fN : Nyquist Frequency, f = 2fg
fs : Sampling Frequency and usualy fg >>fy

fs
"N

So the analog anti-aliasing filter of an oversampling ADC isless expensive than the

conventional ADC. If M issufficiently large, the analog anti-aliasing filter issimply an RC
filter.

M : Oversampling ratio,
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QUANTIZATION

Conventional ADC's Quantization

The resolution of conventional ADCsis determined by the relative accuracy of their
analog components. For a higher resolution, self-calibration technique can be adopted to

enhance the matching accuracy.
Multilevel Quantizer:

output (y)
y

i
/

ideal curve
/

= input (X
= put (x)

e

NN NN,
TNTNLN YN

The quantized signa y can be represented by
y=Gx+e
where,
G=ganof ADC, normaly =1
e = quantization error
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Conventional ADC's Quantization - Cont'd
The mean square value of quantization error, €, is
A2
A2

1
2 =% [ex)2dx =55
mSA A 12

where

A = the quantization level of an ADC (typically VI;,\,EF)

When a quantized signal is sampled at fs (= 1/1), al of its noise power foldsinto the
frequency band from O to fg/2. If the noise power is white, then the spectral density of the
sampled noiseis
P D1/2
E(f) = erms%g% = ems V2T

where
1=Ufg and fg=sampling frequency

The inband noise energy ng is

fg

2
2  #BO &ms

2 _ [ 2205y = o2 _
No = {) ES(N)df = s (21BT) = €mg Fsg ™
_ Crms

The oversampling ratio M = ﬁ

Therefore, each doubling of the sampling frequency decreases the in-band noise
energy by 3 dB, and increases the resolution by 0.5 bit. Thisis not avery efficient method
of reducing the inband noise.
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OVERSAMPLING ADC

fg fo
\ A A
on T SA LOW-PASS|  2fg
analog _— | » | DECIMATOR L -
Input MODULATOR FILTER dFu)% 't\il

Oversampling ADCs consist of a Y A modulator, a decimator (down-sampler), and
adigital low passfilter.

> A modulator

Also caled the noise shaper because it can shape the quantization noise and push
majority of the noise to high frequency band. It modulates the analog input signal to a
simple digital code, normally is one bit, using a sampling rate much higher the Nyquist
rate.

Decimator

Also called the down-sampler because it down samples the high frequency
modulator output into alow frequency outpuit.

L ow-pass filter

Usedigital low passfilter to cut off the high frequency quantization noise and
preserve the input signal.
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First Order > A Modulator

Sigma-Delta (3 A) Modulator

Page X.10-6

The open loop quantizer in aconventional ADC can be modified by adding a closed
loop to become a Y A modulator.

fs
X(t) - Integrator > A/D > Yi
D/A |=
M odulator Output
input signal N
— modul ator
S output
[}
g N
= | i
<EE N f
\ I
0 0.5 1

Time (ms)
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First-Order Y A Modulator

—— D@ Deley (1@ - Yn
P
Ry
Accumulator Quantizer
Yn=Wn+eén
1)
Wn+1=9n+tWn=Xn-Ynt+Wn
=Xpn -(Wn + €n) + Wn=Xn - €n
)

Therefore, wn = Xp-1 - €n-1, which when substituted into (1) gives
Yn=Xn-1%(en-en-1)

The output of 3 A modulator yn is the input signal delayed by one clock cycle xp-1,
plus the quantization noise difference e, - en-1. The modulation noise spectrum density of

en-en-1is

; il 1l
NG = E()|1- 271 = E(f)|1-e-JwT| = 2E(f) sin%;—% = 2erms\[ 2t sin%*z’—g

Plot of Noise Spectrum
2 _

15

i signal baseband

N(f)/E(f)

05

(@]

-

[us]
NlG"

Frequency
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First Order > A Modulator-Cont’d
The noise power in the signal band is

g

& T2
0
- £|N(f)|2df - J&%erms\/ﬁ sin%*zf% df
0

J @erms\/g (T[fT)%2 df

0
%‘)—D EALin P iy ~
where sin sin 2fan sin dso ™ T T
if fg>>f
Therefore,
f
B T[2 3
(2tfp)
2 rms
nt = (203 erms(fjf df =
where, fg>>fpg
Thus,

Tt m ...
No = ermsﬁ %fBTg/Z = ermsﬁ M 3/2

Each doubling of the oversampling ratio reduces the modulation noise by 9 dB and
increase the resolution by 1.5 hits.
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Oversampling Ratio Required for a First-Order A3 Modulator
A block diagram for afirst-order, sigma-delta modulator is shown in the z-domain.
Find the magnitude of the output spectral noise with V|N(z) = 0 and determine the

bandwidth of a 10-bit analog-to-digital

converter if the sampling frequency, fs, A =rms value of
is10 MHz. V12  quantization

noise
+
Solution Vin(2) + 1 + Vou(2)
Z_

1
Vout(2) = erms * Ez,_lg[Vin(Z) - -

Vout(2)]
or

=

-1 ,
Vout(2) = gz_g ermsif Vin(@ =0 - Vout(@ = (1-z1)erms

- . Lot 2 . Lot
IN()| = E(f) FiL - efotd = 26f) sn%*z’—g - 2\/% erms sn%*z’—g

The noise power isfound as

fB
e [ 2
ne(f) = (f)|N(f)| df = JDE?\/;ermS%sn e
0

it
Let sn%%gzmT if fs>> fg. Therefore,

fg
2 2 s 2 [B®
no(f) = 4%25Berms ()2 (J) f2 df =3—eims HsH

or

8
no(f) =°\/3 T™erms HsH =10
Solving for fB/fs gives (using A in e,,g termis equal to VREF)

B myI2V30 1 (F°
fS — mv8 m 02107
fB = 0.007576-10MHz = 75.76kHz.

=[0.659x10-3]2/3 = 0.007576
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Decimator (down-sampling)

The one-bit output from the > A modulator is at very high frequency, so we need a
decimator (or down sampler) to reduce the frequency before going to the digital filter.

fs fp
y
f YA LOW-PASS 2fg
andlog_® DECIMATOR | .
Input MODULATOR FILTER | digital
PCM
Removes the Removes the
modulation noise out-of-band
components
of the signal
from modul ator to low-passfilter
B ——— + -
Xn yn
REGISTER
fs
N fs N
Yn =y z Xn ,whereN = D - down-sampling ratio
N=0

The transfer function of decimator is

N-1
H(Z) = % :% .zoz'i =
i=

1-zN
1-71

(o = ST
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Frequency Spectrum of the Decimator

- sinc(TfNt
(el = 21T
sinc(TiT)
10
0] oo Quantization Noise
Signal
Bandwidth
-10
%)
S
L -20
=
i=
g -30
-40 /
//
D Frequency —25

fD = intermediate decimation frequency
When the modulation noise is sampled at fp, its componentsin the vicinity of fp
and the harmonics of fp fold into the signal band. Therefore, the zeros of the decimation
filter must be placed at these frequencies.
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Page X.10-12
Digital Lowpass Filter
fs fo
Y \ y
— SA LOW-PASS|  2fg
analog _~ || DECIMATOR | -
Input MODULATOR FILTER dFi%ital
M

FIR or IIR digital low passfilter

10

Magnitude (dB)
¢
=

-11 : (

4000 Frequency (Hz)




Allen and Holberg - CMOS Analog Circuit Design Page X.10-13

After Diqital Low Pass Filtering

0
~ -50[
m
=
[}
o
2
'€ -150
g
-100[ guantization noise
1
0 Frequency (Hz) 1000
Bit resolution
From the frequency response of above d_i agram, the signal-to-noise ratio (SNR)
SNR = 10l0g10 ]C;‘La' (dB)
z noise(f)
f=0
and

SNR(db)

Bit resolution (B) = 60B
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System block in time domain and frequency domain

digital
PCM

2fg

—

FILTER \ igi
Frequency

LOW-PASS

[ »| DECIMATO

Frequency

fs
Time

SA

anal og fB

/' nput MODULATOR 7
Time
Frequency
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Second-Order Y A Modulator

Xn

+z

Page X

10-15

Second order Y A modulator can be implemented by cascading two first order Y A
modulators.

A

DELAY

INTEGRATOR 1

INTEGRATOR 2

Yn=Xn-1+(en- 2en-1+en-2)

QUANTIZER

The output of a second order Y A modualtor yn isthe input signal delayed by one
clock cycle xp-1, plus the quantization noise difference en - 2en-1 + en-2. The modulation
noise spectrum density of en - 2en-1 + en-2 is

. 0
N() = E0)|1- 21 2 = |1 - edoon| 2 = aeqr sinZ%*ZEE

Noise Spectrum

N(f)/E(f)

4

signal baseband

2nd order N(f)

first order N(f)

Frequency
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Second-Order YA Modulator- Cond’d

The noise power in the signal band is
2 A2 2 A
TE TE T
No=e |\/|-5/2:\/7 M-52= — M52 fc>>¢
0= erms_ = 2\/5 2\/1—5( ) s-~To

Each doubling of the oversampling ratio reduces the modulation noise by 15 dB and
increase the resolution by 2.5 bits.

Higher-Order > —A Modulators
Let L = the number of loops. The spectral density of the modulation can be written

0 iy
INLO)= erms V2t E@sin%*ﬂmu

02 M
Thermsnoisein thesignal band is given approximately by
No = &ms o= \/Tl (2fg) L+05

Thisnoisefalls 3(2L+1) dB for every doubling of the sampling rate providing L+0.5 extra
bits.

as

Decimation Filter

inc(fNT)H+1
A filter function of MQ— is close to being optimum for decimating the
sinc(mft) [

signal from an Lth-order A—2 modulator.

Stability

For orders greater than 2, the loop can become unstable. Loop configuration must
be used that provide stability for order greater than two.
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The modulation noise spectral density of a second-order, 1-bit AX
modulator is given as

4A 2 . [
o=\ fE

where A is the signal level out of the 1-bit quantizer and f5 = (1/1) = the

sampling frequency and is 10MHz. Find the signal bandwidth, fB, in Hz if
the modulator is to be used in an 18 bit oversampled ADC. Be sure to state
any assumption you use in working this problem.
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Circuit Implementation of A Second Order S A Modulator

VRer
T h~— Vker
T 12 T 1152
/SZC 3 1| /Sé 3 1
1 1
S1 Y S1 4
0—/—.—| - —O—|
IN ; 0 OUT
St 3 = 3 | =
o1 4 S| o |
2 \s3 I \s> \s3 I
||C2 J_ “CZ
) ) Vv
4'/_ REF

N
~—— VREF

Fully differential, switched-capacitor integrators can reduce charge injection effect.

Circuit Tolerance of a Second Order > A Modulator
1. 20% variation of C1/C2 has only aminor impact on performance.
2. The Op Amp gain should be comparable to the oversampling ratio.
3. The unity-gain bandwidth of Op Amp should be at least an order
of magnitude greater than the sampling rate.
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SOURCES OF ERRORS IN 2 A A/D CONVERTERS

1. Quantization in time and amplitude
Jitter and hysteresis
2. Linear Errors
Gain and delay
3. Nonlinear Errors

Harmonic distortion
Thermal noise
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Comparison of the Various Examples Discussed
Type of No.of [No.of |Dependent |Resolu-| Speed |INL/DNL | Area | Power
Converter | Cycles | Compar [ on Passive |tion (LSB's) (mW)
Conver- | ators Components
sion
Flash 1 2N-1 Yes Low High N/A Largest | Largest
Two-Step 2 31 Yes 10bits | 5Ms/s | +3+06 | 9% | 350
Flash mils?
o 1 after _ 3600
Pipdine initial 3 Yes 13 bits | 250ks/s | £1.5/+0.5| (|2 15
delay
Oversampl-| g4 3 Yes 16bits | 24kHz | 91dB | 723K | 110
ing mils?
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X.11 -FUNDAMENTAL LIMITS OF SAMPLING A/D
CONVERTERS

kT/C Noise

Assume that the ON resistance of a switch is R and the sampling
capacitor is C and that the time to charge the capacitor fully is

1
T=7 =10RC (1)

O VrefO
Set the value of the LSB %: 2r—,\e|f|5 egual to KT/C noise of the switch,

Vief KT
N SNT (2)

Solve for C of (1) and substitute into (2) to get

Vel Vref
oot = 10KTRfe O 2Naffc = 3
02N O ¢ ¢ T J10kRT (3)

Taking the log of both sides of (3) gives
N =-1.67 log(fc) + 3.3 log(Vref) - 1.67 log(10kRT)

or

N =32.2 + 3.33 IOg(Vref) - 1.67 IOg(Rfc)

(At room temperature)

KT/C Noise

Comparison of high-performance, monolithic A/D converters in terms
of resolution versus sampling frequency with fundamental limits due to
KT/C noise superimposed.
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Fundamental Limits of Sampling A/D Converters - Continued
Maximum Sample Rate

Assume that the maximum sample rate is determined by the time
required for the amplifiers and/or sample-hold circuits to settle with the
desired accuracy for high resolution. Further assume that the dynamics of
these circuits can be modeled by a second-order system with a transfer
function of

A(s) wWn?
A(0) ~ s2 + 2lwns + wn2

If wn = GB of the circuit and if the system is underdamped, then the step
responseis given as

Vo(t) B Le-(GBtO 5
AQQ) - 1- g\/l:D sind/1-22 GBt + @F

This response looks like the following,
2 I~

1.5

If we define the error (x€) in vg settling to A(0) as the multiplier of the
sinusoid, then an expression for the settling time can be derived as

1 0 e(GBt O 1 21{GB

s=omiee "I gen U et T o1
&V1-20
For reasonable values of {, fsample can be approximated as

nGB _ GB
fsample~ 10 ~ 3
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Aperature Uncertainty (Jitter)

A problem in all clocked or sampled A/D converters.

Page X.11-3

Vin
A
Clock
Analog-to- . AV
Analog dlgltal DIgIta' {\
In T converter Out f — Slope = %‘t“
» 1
—» AT (e
dvin
AV =dopex AT = ot AT
Vyef/2N
AT = Aperature uncertainty = dA\X - = d\r/eifn/dt
dt
Assume that vin(t) = Vp sin wt
rovinQ
Odt 0 =wVp
max
_ Vref 1 Vigg 1
AT = 2N X (A)Vp - ZN(JL)Vref 2N
Therefore, AT = 1 __1
’ —2rf2N T mf2N+1
Suppose f = 100kHz and N = 8, AT = m = 6.22ns
6.22ns 622ppm

Clock accuracy = 10.000ns -~ 0-06% = ——
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X.12 - SUMMARY OF A/D CONVERTERS

Typical Performance Characteristics

A/D Architecture

Typica Performance Characteristics

Seridl 1-100 conversions/sec., 12-14 bit accuracy,
1 _ ONT requires no element-matching, a stable voltage
fc — reference is necessary
Successive 10,000-100,000 conversions/sec., 8-10 hits of
Approximation untrimmed or uncalibrated accuracy, 12-14 bits
1 NT of trimmed or calibrated accuracy
fo ~
High Speed 1 to 40 megaconversions/sec., 7-9 bits of
T e 1 <NT accuracy, 10-12 hits of accuracy with error
fc correction and other techniques

Oversampling

8,000-600,000 conversions/sec., 12-16 bits
accuracy, requires linear integrators but no

1 T precision passive components, minimizes noise
fc and offsets
Conclusions

* Thebest A/D converter depends upon the application

* Both resolution and speed are ultimately limited by the accuracy of the

process

* High resolution A/D's will be more oriented toward "signal averaging"
type converters, particularly with shorter channel Iengths
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