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CHAPTER 6 -CMOSOPERATIONAL AMPLIFIERS
INTRODUCTION

Chapter Outline

6.1 CMOS Op Amps

6.2 Compensation of Op Amps

6.3 Two-Stage Operational Amplifier Design
6.4 Cascode Op Amps

6.5 Simulation and Measurement of Op Amps
6.6 Macromodelsfor Op Amps

6.7 Summary Chapter 6 D (l;lgfctional blockls orf Ci rC(iL_Jits)
. . . orm acompiex runction
Hierarchical Perspective: TT
The op ampsin this chapter represent an Blocks or circuits
example of areasonable complex circuit. (Combination of primitives, independent)
The blocks and sub-blocks of the last two o1
chapters will be used to implement the op Sub-blocks or subcircuits
. . (A primitive, not independent)
amp in this chapter. Fig. 601
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What isan Op Amp?

The op amp (operational amplifier) isahigh gain, dc coupled amplifier designed to
be used with negative feedback to precisely define a closed loop transfer function.

The basic requirements for an op amp:

« Sufficiently large gain (the accuracy of the signal processing determines this)

* Differential inputs

* Frequency characteristics that permit stable operation when negative feedback is
applied

Other requirements:

* High input impedance

* Low output impedance

* High speed/frequency
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Why Op Amps?

The op amp is designed to be used with single-loop, negative feedback to accomplish
precision signal processing as illustrated below.

Single-Loop Negative Feedback Network Op Amp Implementation of a Single-Loop
Feedback 1\{6‘ twork Negative Feedback Network
Vs
(R K )
Vin(s) 4 ~ Vout(s) D Vout(s)
A(s) —o V,,(s) A Y

al o—+
Op Amp 060625-01

Vout(s)

The voltage gain, Vin(9 -+ can be shown to be equal to,
Vout® A9
Vin(s) = I+A((9)F(9)
If the product of Ay(s)F(s) is much greater than 1, then the voltage gain becomes,

Vout( 1
\?iﬁisizﬁéj = The precision of the voltage gain is defined by F(s).
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SECTION 6.1 -CMOS OPERATIONAL AMPLIFIERS
APPLICATION OF THE OP AMP

Ideal Op Amp
Symbol: iy ~NbD

o;_'_

IR

V1 Ql

WssVouT = Au(V1-V2)
V2

Null port: © L °  Fg 11002
If the differential gain of the op amp is large enough then input terminal pair becomes a
null port.

A null portisapair of terminals where the voltage is zero and the current is zero.
l.e,
Vi-V=Vj=0
and
i1=0andi> =0
Therefore, ideal op amps can be analyzed by assuming the differential input voltage is
zero and that no current flows into or out of the differential inputs.
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General Configuration of the Op Amp asa Voltage Amplifier

+ g
Vinn < Vout
o
— Fig. 110-03
Non-inverting voltage amplifier:
R1+Ro
Vinn =0 = Vout=( Ry )Vinp
Inverting voltage amplifier:
R
Vinp =0 = Vout = ~(Rq Vinn
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Example 6.1-1 - Simplified Analysis of an Op Amp Circuit

The circuit shown below is an inverting voltage amplifier using an op amp. Find the
voltage transfer function, Vo i/Vin.

Ry ig i2 Rp

_> <—
— Wy r ’\/\/\/
+ +[ i +
Vin Vi ) Vout
- - 1\/ +
° Virtud Ground o1
Solution Irtu roun Fig. 110-04

If A, — oo, then v; — 0 because of the negative feedback path through Ro.
(The op amp with —fb. makesitsinput terminal voltages equal.)
vi=0andi; =
Note that the null port becomes the familiar virtual ground if one of the op amp input
terminalsison ground. If thisisthe case, then we can write that

Vin . Vout

Il_ R]_ and I2= R2
. . . . Vout R
Since, i; =0, theniqy + i, =0 giving the desired result as Vin - "Ry
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Example 6.1-2 — A More Challenging Example of Ideal Op Amp Analysis
Solve for Zj,, of the op amp circuit shown assuming the op amps are ideal.

Solution
Relationships enforced
by the op amps:

L, [T T V3 Vy
1) lin=11 e T2 -l -1t
3 o s Uy oy B2 v o B i

2.)V1=V2 7 (= Vi Vi v, b= =]

—_ mn . . —
j; i/z + |\3/— 0 Iip Vin A2+ Is l|_Zﬂ Vs
J)V3=Vy . -

_ oL 1
5)l4+15=0 = 06062502
6.) Vin=V5

Therefore,

Vi Vo 122y -13Zp -V3Zp -Nalp -lalpZa 152324

in=11=Z/=71="721 =71 = 7123~ 7123 = 21Z3 - 21723
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OP AMP CHARACTERIZATION

Linear and Static Characterization of the CMOS Op Amp
A model for anonideal op amp that includes some of the linear, static nonidealities:

vy R; % I -
CMRR “"Z Ciem 0,2

+ - u J_ Rour

T

V2

Vout
VOS Cld ou.

Vi o Ideal Op Amp

060625-03

where
Rig = differential input resistance
Cjq = differential input capacitance
Ricm = common mode input resistance
CRjcm = common mode input capacitance
Vos = input-offset voltage
CMRR = common-mode rejection ratio (when v1=vo an output results)
e2 = voltage-noise spectral density (mean-square volts/Hertz)
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Linear and Dynamic Characteristics of the Op Amp
Differential and common-mode frequency response:

Vi(9)+Va(9)
Vout(s) = Au(9)[Va(9) - V2(s)] £ Ac(9) [%]

Differential-frequency response:

AfS) = Ao _ Ao pip2psz
V() = S S TEPOC R
P1 P2 P3
where p1, p2, p3, - are the poles of the differential-frequency response (ignoring zeros).
IAGo)| dB
Asymptotic
20l0g10(Av0) =2 ¥ Magnitude
/o
Actual |
Magnitude
odB : >
w1
-18dB/oct”
Fig. 110-06
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Other Characteristics of theOp Amp
Power supply rejection ratio (PSRR):
AVpp Vo/Vin (Vaa = 0)
PSRR = iVour AUS) = Vy/Vyq (Vin = 0)
Input common mode range (ICMR):
|CMR = the voltage range over which the input common-mode signal can vary
without influence the differential performance
Slew rate (SR):
SR = output voltage rate limit of the op amp
Settling time (Ts):

vouT(t)
A
|
Final Value+ bt/ \_______________Upper Tolerance
€ |
vouT Fina Vaue ---- T A e e
| " . | € Lower Tolerance
Final Vaue- ef--------f-----oq-- - N\ e T
\ |
[« Settling Time »%
0 1 - >t
0 Ts Fig. 110-07
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OP AMP CATEGORIZATION
Classification of CMOS Op Amps

Page 6.1-8

CMOS Analog Circuit Design

Conversion Hierarchy
Voltage Classic Differential Modified Differential ‘[
to Current Amplifier Amplifier ]
T T First
""""""""""""""" + * +““““ Vsotltage
Current || Differential-to-single ended| | Source/Sink | [ MOS Diode age
to Voltage Load (Current Mirror) Current Loads Load
______________________________ l | | I . A
v Current 1
Voltage Transconductance Transconductance Stage
to Current Grounded Gate Grounded Source
____________________________________________________ _ Second
y v Voltage
Current Class A (Source ClassB Stage
to Voltage or Sink Load) (Push-Pull) l
Table 110-01
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Two-Stage CMOS Op Amp

Page 6.1-9

Classical two-stage CMOS op amp broken into voltage-to-current and current-to-voltage

stages:

CMOS Analog Circuit Design

Vout

Fig. 6.1-8
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Folded Cascode CMOS Op Amp
Folded cascode CMOS op amp broken into stages.

| Vop
VpBiasi ‘
| 3 e [
! MI10|MI1|!
| | VpPBias2 | i
+ i Mi M2 i ias ‘ \_| i
Vin ! ! \ Vout Vout
- o— | : = Vin
. M6 M7 — i
VBi‘as E 3 i
vBiaﬁ%{# 1
. M4 M5| |
: : Vss
VI ‘ I-I ‘ -V ‘ 060118-10
CMOS Analog Circuit Design © P.E. Allen - 2006
Chapter 6 — Section 1 (6/24/06) Page 6.1-11

DESIGN OF CMOSOP AMPS
Stepsin Designinga CMOS Op Amp
Steps:
1.) Choosing or creating the basic structure of the op amp.
This step is results in a schematic showing the transistors and their interconnections.
This diagram does not change throughout the remainder of the design unless the
specifications cannot be met, then a new or modified structure must be devel oped.
2.) Selection of the dc currents and transistor sizes.
Most of the effort of design isin this category.
Simulators are used to aid the designer in this phase.
3.) Physical implementation of the design.
Layout of the transistors
Floorplanning the connections, pin-outs, power supply buses and grounds
Extraction of the physical parasitics and re-simulation
Verification that the layout is a physical representation of the circuit.
4.) Fabrication
5.) Measurement
Verification of the specifications
Modification of the design as necessary

CMOS Analog Circuit Design © P.E. Allen - 2006




Chapter 6 — Section 1 (6/24/06)

Design Inputs
Boundary conditions:
1. Process specification (VT, K', Coy, €tc.)
2. Supply voltage and range
3. Supply current and range
4. Operating temperature and range
Requirements:
1. Gan
2. Gain bandwidth
3. Settling time
4. Slew rate
5. Common-mode input range, ICMR
6
7
8
9

. Common-mode rejection ratio, CMRR
. Power-supply rejection ratio, PSRR
. Output-voltage swing
. Output resistance
10. Offset
11. Noise
12. Layout area

CMOS Analog Circuit Design
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Specificationsfor a Typical Unbuffered CMOS Op Amp

Boundary Conditions Requirement

Process Specification See Tables3.1-1 and 3.1-2
Supply Voltage 2.5V £10%

Supply Current 100 uA

Temperature Range Oto 70°C

Specifications Value

Gain >70dB

Gainbandwidth =5 MHz

Settling Time < 1 usec

Slew Rate > 5V/usec

Input CMR =+15V

CMRR = 60 dB

PSRR = 60 dB

Output Swing >+15V

Output Resistance N/A, capacitive load only
Offset <+10mV

Noise < 100nVA/Hz at 1IKHz
Layout Area < 10,000 min. channel length?

CMOS Analog Circuit Design
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Outputs of Op Amp Design

The basic outputs of design are:

1.) Thetopology

2.) Thedc currents

3.) TheW and L values of transistors
4.) The values of components

Op amp circuit
or systems [T
specifications

o S s

‘ W/L ratios _iT\jH_

Component C R
values
060625-06
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Some Practical Thoughtson Op Amp Design
1.) Decide upon a suitable topology.
» Experienceisagreat help
* The topology should be the one capable of meeting most of the specifications
 Try to avoid “inventing” a new topology but start with an existing topol ogy
2.) Determine the type of compensation needed to meet the specifications.
» Consider the load and stability requirements
 Use some form of Miller compensation or a self-compensated approach
3.) Design dc currents and device sizes for proper dc, ac, and transient performance.
* This begins with hand cal culations based upon approximate design equations.
» Compensation components are also sized in this step of the procedure.
» After each device is sized by hand, a circuit simulator is used to fine tune the
design
Two basic steps of design:
1.) “First-cut” - this step isto use hand calculations to propose a design that has potential
of satisfying the specifications. Design robustnessis developed in this step.
2.) Optimization - this step uses the computer to refine and optimize the design.

CMOS Analog Circuit Design © P.E. Allen - 2006
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SECTION 6.2- COMPENSATION OF OP AMPS
INTRODUCTION TO COMPENSATION

Compensation

Objective
Objective of compensation is to achieve stable operation when negative feedback is
applied around the op amp.

Types of Compensation

1. Miller - Use of acapacitor 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 anulling 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.

Because compensation plays such a strong role in design, it is considered before design.

CMOS Analog Circuit Design © P.E. Allen - 2006
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Single-L oop, Negative Feedback Systems

Block diagram:
A(s) = differential-mode voltage gain of the
op amp | F(9) |«

F(s) = feedback transfer function from the
output of op amp back to the input.
Definitions: Vin(s) > A(s) Nou(s)
 Open-loop gain = L(s) = -A(S)F(9) Fig. 120-01
Voui(S
* Closed-loop gain = V?:t((s)) = 1+AA(\(S§)|:(S)
Stability Requirements:
The requirements for stability for a single-loop, negative feedback systemiis,
|A(lo?)F(jooe)| = [L(jwoe)| < 1
where wge = w3gge 1S defined as
Arg[-A(joo°)F(jwoe)] = Arg[L(jwo°)] = 0° = 360°
Another convenient way to express this requirement is
Arg[-A(jwods) F(jwods)] = Arg[L(jwods)] > 0°
where nggs i1s defined as
|A(jwodB)F(joods)| = IL(jwods)| = 1

CMOS Analog Circuit Design © P.E. Allen - 2006




Chapter 6 — Section 2 (6/24/06) Page 6.2-3

Illustration of the Stability Reguirement using Bode Plots

A

% -20dB/decade

; ; -40dB/deca=d{éJ
180t | | /

IAGo)F(jo)l

Arg[-A(jw)F(jw)]
[\
=

315 A
360 T >
®0dB ®
Frequency (rads/sec.) 060625-07

A measure of stability is given by the phase when |A(jw)F(jw)| = 1. Thisphaseis called
phase margin.
Phase margin = & = 360° - Arg[-A(j wodB)F(j wodB)] = 360° - Arg[L(jwodB)]

CMOS Analog Circuit Design © P.E. Allen - 2006
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Why Do We Want Good Stability?
Consider the step response of second-order system which closely models the closed-loop
gain of the op amp connected in unity gain.

14 LN B B N B N B B L L L L L L L LI N D D BN B B B
C 452 ]
1.2 I~ 500\/_\ ]
- 55°>%\ .
10 [ N :
: 60° ]
- 650 -4
Vout(t) 08 70° ]
A [ ]
Y 06 | —
04 F —]
02 | / :
0 7 i T — ) N N TN N SN NN N N S N U N U N U — S —— — ]
0 5 10 15 Fig. 120-03

wot = wnt (sec.)
A “good” step response is one that quickly reachesitsfinal value.
Therefore, we see that phase margin should be at least 45° and preferably 60° or larger.
(A rule of thumb for satisfactory stability is that there should be less than three rings.)
Note that good stability is not necessarily the quickest risetime.

CMOS Analog Circuit Design © P.E. Allen - 2006
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Uncompensated Freguency Response of Two-Stage Op Amps
Two-Stage Op Amps:

M6 Q6
Vout Vout
M1 M2 —o o~ Q1 Q2
Vm }—‘ Vin
5

Ve

v
M7 + 7
VBlas"TV|5 [‘3 V?iasMQ5 T\ﬁQ
Vss VEE Fig. 120-04
Small-Signal Model:
D1, D3 (C1, CS) D2, D4 (C2, C4) D6, D7 (C6, C7)

o+
9m1Vm C1:1~v1 gmzv.n C :::vz R3< C327Z Vout

Omav1 2 P - Omev2 D

! O

Fig. 120-05
Note that this model neglects the base-collector and gate-drain capacitances for purposes
of simplification.

CMOS Analog Circuit Design © P.E. Allen - 2006
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Uncompensated Frequency Response of Two-Stage Op Amps - Continued
For the MOS two-stage op amp:

1 1
R1 =g lINds3llrdst = g R2 = rgsoll rass and  R3=rgssll ras7
C1 = Cgs3+Cgsa+Cpd1+Chd3 C2=Cys6+Cpd2*tChdsa  and C3 = C +Cpge*+Chd7
For the BJT two-stage op amp:

1 1
R1 =gy IMm3llr zallro1llroz~g g Re=rasllro2llroa=rz6 and Rz =rog| ro7
C1 = Cp3tCptCes1tCes3 C2=CntCce2tCcss and C3=C+Ccss+Ccs7
Assuming the pole due to C1 is much greater than the poles due to Co and C3 gives,

o+

Im1Vin Y, ngi\Vout gm1Vin :.,s RI<Cyiz2: Vout
<§ %2: gm6v2<:§ % D 7T gV L
o

Fig. 120-06

The locations for the two poles are given by the following equations
-1 -1
p’l:R|C| and p’2:R||C||
where R| (Ry1) isthe resistance to ground seen from the output of the first (second) stage
and Cj (Cy)) isthe capacitance to ground seen from the output of the first (second) stage.

CMOS Analog Circuit Design © P.E. Allen - 2006
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Uncompensated Frequency Response of an Op Amp (F(s) = 1)

A
Ayq(0) dB
/ -20dB/decade
= ! y
g !
5 :
= | 1
i i B
! | e G
0dB ‘ — > logjo(w)
Phase Shift | I\ -40dB/decade
3 Aldecade | ¥
180°] ¥ .
T 2250f oo o
S -45/decade
T 2700 D o
20
<< 3150 N
360° L L > 1og10(®)
tprl Ip2l @woaB 060625-08

If we assume that F(s) = 1 (thisis the worst case for stability considerations), then the

above plot is the same as the loop gain.

Note that the phase margin is much less than 45° (= 6°).
Therefore, the op amp must be compensated before using
configuration.

CMOS Analog Circuit Design
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MILLER COMPENSATION
Miller Compensation of the Two-Stage Op Amp
Vbb
M3 M4
—1Cw™m I[E/IG
L Ce Vout Vout
oA = m2 T ¢
in C Ci Vin Ci
: T T : T
+ | | + l/
a4 e 1
Vss VEE Fig. 120-08

The various capacitors are:
C¢ = accomplishes the Miller compensation

Cwm = capacitance associated with the first-stage mirror (mirror pole)

C; = output capacitance to ground of the first-stage

Cy) = output capacitance to ground of the second-stage

CMOS Analog Circuit Design
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Compensated Two-Stage, Small-Signal Freguency Response Model Simplified

Use the CMOS op amp to illustrate:
1.) Assumethat gm3 >> gds3 + Jds1

g
2.) Aswmethatci,v? >>GB
Therefore,

Ce

4 | o
+
-Om1Vin J— 1S gmpVi i i Vout
2 in
Tastlirass[ M| 9ms 2 Omave Czl\rdszllrdm ImV2\/ eI ds Cfl\é
1
Cc
o— V2 )| o
i 1 ; 1i
Vi gmavin I OmeV: Cij =~ Vout
! /I\rd52||rds4 meV2 N/ T asslir ds7 T ]
(e, <4 O

Fig. 120-09

Same circuit holds for the BJT gp amp with different component relationships.

CMOS Analog Circuit Design © P.E. Allen - 2006
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General Two-Stage Frequency Response Analysis
v S:IC where
T J_ 71 J_ b Omi = Im1 = 9m2, Ri = rgs2llFgsa, C = Cq
V_i“ glei@ C TRI %mIIV2®R| % CH/I\ Vo_ut and
o + 2 Imil = Ime» Rit = rassllras7, Ci = Co = C
) Nodal Equations:
'ngVin = [GI + S(CI + Cc)]VZ - [SCC]Vout and 0= [gmll - SCC]VZ + [GII + SCII + S(:c]\/out
Solving using Cramer’ srule gives,
Vout(s) _ gml(gmll - SCc)
Vin(s) - (-?’IG"II-'-S [GII(CI+CII)+GI(CII+CC)+ngICc] +SZ[CICII+CCCI+CCCII]
_ Ao[l -S (Cc/gmll)]
- 1+S [RI(CI+CII)+RII(C2+Cc)+gmllR1R|ICc] +SZ[RI RII((:IC:II-'-C:(:(:I-'-(:(:(:II)]
where, A, =J.,9.RR,

[ s][ s] [1 1] 2 s @
Ingeneral, D(s) = (1-p,| (1-p,) = 1-s{p, + p,/*p,p, = D(S) =1-p +pp, If IP>>IPy]
_ -1 -1 _9m
P = R(C+C,)+R,(C,+C)+g,RIR/C. ® guRIR/C; | Z2=C,
_-[RICHCDHR(Ci+Ce)+gmiR1RiCel -Om11Cc -Oml|
P2 = RIR 1(CiCy+CcC+CcCyy) ~CIC)1+CcCi+CCi= Cyy | Gl > Ce> G

CMOS Analog Circuit Design © P.E. Allen - 2006
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Summary of Resultsfor Miller Compensation of the Two-Stage Op Amp
There are three roots of importance:
1.) Right-half plane zero:

_Omil_ 9msé
= CC - CC

Thisroot is very undesirable- it boosts the magnitude while decreasing the phase.
2.) Dominant left-half plane pole (the Miller pole):

N -1 B -(dds2+9ds4)(dds6+9ds7)
P1=gmnRIRNC: = Ome6Cc

This root accomplishes the desired compensation.
3.) Left-haf plane output pole:

“Omil -9m6
P2="Cy = C_
This pole must be > unity-gainbandwidth or the phase margin will not be satisfied.
Root locus plot of the Miller compensation:

Closed-loop poles, Ce=0 11

Open-loop pol
p Cc=8 p
v A/\A Y
eS xX—x: >0
p2 P2 p1 P1 val Fig. 120-11
CMOS Analog Circuit Design © P.E. Allen - 2006
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Compensated Open-L oop Freqguency Response of the Two-Stage Op Amp

A
Avqd(0) dB N T+, Uncompensated
— ! P
g F(jo)=1| 3 % -20dB/decade
< N
_\% Compensated” "
S I I
GB
0dB — > log10(0)
Phase Shift | | L -40dB/decade
A i Uncompensated | -\
= 180° cmmt=deea b
2 ! / 45/decade
& 2250 [N > |
3 |Fjort: N
T 270° | N - -45/decade
B ogyso |Compensied” L N phase
< | ‘ N $+ Margin
No phase margin- ! “ g
o AN
360 P o ol ngzl » logjo(m)
Pl 060118-10

Note that the unity-gainbandwidth, GB, is

. 1 Onl 9m1 9m2
GB = Avd(0)-Ipa| = (mIgmnRIRN g IRIRCe = Ce = C; = Ce

CMOS Analog Circuit Design © P.E. Allen - 2006
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Conceptually, where do these roots come from?
1.) The Miller pole: VoD

R

1 i B
IPi] = R(9m6RiCo) W M6
Vl_T zgmeRuCci

= Fig. 120-13
2.) Theleft-half plane output pole:

Vbp Vbp
R R
C. I I
Im6 Vout
[p2| = Cii .- M6 c =

3.) Right-half plane zero (One source
of zerosis from multiple paths from the input to output):

-0 (1/sCy) R _R”[fc_ 1
Vout =[ R+ 1sC, )V’ +[F<. + ﬂsCJ v
wherev=v =V,

CMOS Analog Circuit Design © P.E. Allen - 2006
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Further Commentson pp
The previous observations on p» can be proved as follows:

Find the resistance R¢¢ seen by the compensation capacitor, Ce.
C - VDD

C
[ R
1

' Re

T~

c

Ry

= - 060626-02
Vx = IxRy + (ix + gmeVgse)Ri = IxRy + (ix + gmeixRI) Ry
Therefore,

Vx
Rce =7, = Ri+ (1 + gmeR1RI = gmeRIRI

The frequency at which C¢ beginsto become ashort is,
1 1
wCe < ImeRIR| or ®>geRIR Ce = Pl

Thus, at the frequency where Cj| begins to short the output, C is acting as a short.

CMOS Analog Circuit Design © P.E. Allen - 2006
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Influence of the Mirror Pole
Up to this point, we have neglected the influence of the pole, ps, associated with the

current mirror of the input stage. A small-signal model for the input stage that includes
Czisshown below:

.-
g Vin 'ST —gszin _ Vot
2 rdsi| rds3 gmg 2 13N/ rd2q rdsdp>

Fig. 120-16

The transfer function from the input to the output voltage of the first stage, Vo1(S), can be
written as

Voi(9s) -Om1 [ Om3+Jds1+0ds3 }
Oma™ Jds1+0ds3+SC3 * 1) = 2(0qsr+0dsa)

-Om1 [SC3 + ZQmS}

Vin(S) ~ 2(Qdst9dsa) C3+ O3
We see that thereisapole and azero given as
_ 9 _ 29m3
p3_'C3 andz3—- C3
CMOS Analog Circuit Design © P.E. Allen - 2006
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Summary of the Conditionsfor Stability of the Two-Stage Op Amp

 Unity-gainbandwith is given as:

1 Imi 1 Om1
GB = Ay0)Ip1| =(@migmitRIRI) (g RIR;Co) = Ce = (Om29m2R1iR2) g oRR,Co) = Co
* The requirement for 45° phase margin is:

: a) 1) a)
+180° - Arg[Loop Gain] = +180° - tan-l(m] - tan-l[m) - tan-l(i] =45°

Let w = GB and assume that z= 10GB, therefore we get,

+180° - tan'l[]%_lfl} - tan'l[l(ri_lzsl] “tar 1[68]

GB GB
135° = tan-1(Av(0)) + tan-l[m) +tan-1(0.1) = 90° + tan-l[]@'] +5.7°

=45°

GB GB
39.3° = tan-l[m] = [pp| = 0818= | [p2| = 1.22GB |
* The requirement for 60° phase margin:
[[p2[=2.2GB if z= 10GB |

* |f 60° phase margin is required, then the following rel ationships apply:
gm6 _ 10gm1 gmé  2.2gm1

Cc > Cc = [9me>10gm1 and C; > Ce = [Cc>0.22C2
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RIGHT-HALF PLANE ZERO

Controlling the Right-Half Plane Zero

Why isthe RHP zero a problem?

Because it boosts the magnitude but lags the phase - the worst possible combination for
stability.

jo
jw3“ Loop
Gain RHP ?ero Boost
o2 180 > 61 > 02 > 63 0dB i > log ;0
| lsoe
3 03 00p
1o 512 Phase
Do Shift . 1
° £ Og] ()]
060626-03 36071 RHP Zero Lag—» 0

Solution of the problem:
The compensation comes from the feedback path through C¢, but the RHP zero
comes from the feedforward path through C¢ so eliminate the feedforward path!

CMOS Analog Circuit Design © P.E. Allen - 2006
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Ce

Ce
\|
1

+

VOUt VOUt
<i> ImiVi iR“ ; C”/I\ -
—l— O

Fig. 430-02

The transfer

Use of Buffer to Eliminate the Feedforward Path through the Miller Capacitor
functionisgiven
by the following

Mode!:
o— Vi
vouT E’ Vingm|vin<?c| + RI%
equation,

Vo(9) (9mi) (@min(R)(Rip)
Vin(s) =1+ 9RC + RCj + RCc + gmiRIRIC(] + 2[RR1Cyi(C) + Co)]

Using the technique as before to approximate p1 and p results in the following

-1 -1
P1=RC +RC +RCc+ gmiRRIC: = gmiRRICe
and
—0Omi1Cc
P2=C(C +Cp)
Comments:

Poles are approximately what they were before with the zero removed.
For 45° phase margin, [p2| must be greater than GB

For 60° phase margin, [p2| must be greater than 1.73GB
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Use of Buffer with Finite Output Resistanceto Eliminatethe RHP Zero
Assume that the unity-gain buffer has an output resistance of R,.

Mode!:
Ce
\|
T T Vout ¥
Ro< Ro Vout
CENVAVA C”,|\ -
—l— —O0

= Fig. 430-03
It can be shown that if the output resistance of the buffer amplifier, Ry, is not neglected

that another pole occurs at,
-1

P4 =R,[CCJ/(Ci + Cl

and aLHP zero at
-1

22=RoCe
Closer examination shows that if aresistor, called anulling resistor, is placed in series
with C; that the RHP zero can be eliminated or moved to the LHP.
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Use of Nulling Resistor to Eliminatethe RHP Zero (or turnitintoa LHP zero)'

Cc Rz
Vi Cec R,
Fa +
: V,
l\\ vouT Vingmvi C—T=R out
ol s, [vour B YinendY)9 T v YREZCT
|3}/ [e; O

Fig. 430-04

Nodal equations:

C

\/ sC
ImVin+ R +SCVI + [T+ sCR,) (Vi = Vou) =0

ImiVi + R, + SCiiVou + T+ sCR,) (Vour = V1) =0

Solution:
Vout(s) 3 a{ 1 - J(Co/gmii) — RLCcl}
Vin( = 1+bs+ce +ds3
where
a=gmdmiRRy

b=(Cy+ CoRi + (C + C)R + gmIRRCc + RLCc
c=[RIRi(CICy + CLC + CLCyi) + RLC(RCi + RiCyy)]
d =RRIRLCICCc

T W,J. Parrish, "An lon Implanted CMOS Amplifier for High Performance Active Filters', Ph.D. Dissertation, 1976, Univ. of CA., Santa Barbara.
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Use of Nulling Resistor to Eliminate the RHP - Continued
If Rz isassumed to be lessthan Ry or R;; and the poles widely spaced, then the roots of the

above transfer function can be approximated as

-1 -1
P1= (T +gmiRIRCc = gmiRIRCc
—-Omi1Ce —Omil
P2=C,C, +CC +CLC = C
1
p4 = R2C|

and

1
21 = Cc(Ugmi - RY)
Note that the zero can be placed anywhere on the real axis.
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Conceptual Illustration of the Nulling Resistor Approach

. = Fig. Fig. 430-05
The output voltage, V,,, can be written as

out?

1 Ime
'gmGRII{Rz + TCJ R| ‘Rll'gm6Rz +sC. - 1‘
Vout = T V+ T V' = 1
R+ R +5C, R +R;+sC, R+ R+ ¢,
whenV=V =V,
Setting the numerator equal to zero and assuming 9,6 = G JiVes,
1

21 = Cc(Ugmi - RY)
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A Design Procedurethat Allowsthe RHP Zero to Cancel the Output Pole, pp
We desire that z; = po in terms of the previous notation.

Therefore,
1 _ =Omil /?w\
Co(Ygmi - Ry = Gy ¢ R % (o >0
The value of R, can befound as P4 P2 "P1 Z1  Fig. 430-06
CC + Cj

Z:

€& (g

With p2 cancel ed, the remaining roots are p1 and p4(the pole dueto R,) . For unity-gain
stability, all that isrequired is that

AV0) Oml
P4l > A/O)[p1]| = gmRIRC: = C¢
and (VRL)) > (gmi/Ce) = GB

Substituting R, into the above inequality and assuming C;; >> C; resultsin

Omi
Ce> \/ Imi| CiCi

This procedure gives excellent stability for afixed value of Cj; (= Cp).
Unfortunately, as C| changes, p2> changes and the zero must be readjusted to cancel py.
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Increasing the M agnitude of the Output Pole'
The magnitude of the output pole, p2, can be increased by introducing gain in the Miller

capacitor feedback path. For example,

e g o
M12

-4 Mlll = M7 [
VouT

1 B n(Dr3u <

) ngVsB )

M8:]|_°VB|as

[, M6

e W % @%

Cz Vout
- V$
Fig. 6.2-15B gmsVss gmeV1 T

Theresistors R; and R, are defined as

1 1
R1= 040+ Ot ¥ oo A9 R2 = ggs + Q7
where transistors M2 and M4 are the output transistors of the first stage.
Nodal equations:

OmsSC OmsSC
lin = G1V1-OmgVsg = G1 V- [gms +sC ] Vo ad  0=gneVit |G+sCot g o +SC Vout

T B.K. Ahuja, “An Improved Frequency Compensation Technique for CMOS Operational Amplifiers,” |EEE J. of Solid-State Circuits, Vol. SC-18,
No. 6 (Dec. 1983) pp. 629-633.

CMOS Analog Circuit Design © P.E. Allen - 2006




Chapter 6 — Section 2 (6/24/06) Page 6.2-25

Increasing the Magnitude of the Output Pole - Continued
Solving for the transfer function Vgi/lin gives,

SCC]

Vout_['gmﬁ] 1* g
lin ~1G1G2 Cc G G gmeCc CcCZ)
149987 G, T G, ¥ G1G,| * & lgmeGo

Using the approximate method of solving for the roots of the denominator gives
B -1 -6
P1= G G G gmeCc = Omeras’Ce
gme T G2 T G2 T GiG;

Imel ds?Ce

6 Ima' ds’G2 (Ime (ngrds] ,
and  p~"CC, = 6 |Cy=l 3 /P2l

ImgG2

where al the various channel resistance have been assumed to equal rys and p,’ isthe

output pole for normal Miller compensation.
Result:
Dominant pole is approximately the same and the output pole isincreased by =~ gmrgs.
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Increasing the Magnitude of the Output Pole - Continued
In addition thereis a LHP zero at -gmg/sC¢ and a RHP zero due to Cggg (shown dashed

in the model on Page 6.2-24) at giy/Cgdé.

Roots are:
1
a3 O a3 | r >0
-OmedmaIds -gms -1 Imé _
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Concept Behind the Increasing of the Magnitude of the Qutput Pole

Fig. Fig. 430-08

3
Rout = rdS7”[9megmsrdss] ~ OmeImsI dss
Therefore, the output pole is approximately,
OmeIm8rds8
Ip2| = 3Cyy
CMOS Analog Circuit Design © P.E. Allen - 2006
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FINDING ROOTSBY INSPECTION
Identification of Poles from a Schematic

1.) Most poles are equal to the reciprocal product of the resistance from a node to ground
and the capacitance connected to that node.

2.) Exceptions (generaly due to feedback):
a.) Negative feedback:

b.) Positive feedback (A<1):

Cs
B B
Rchi | Rl-

CMOS Analog Circuit Design © P.E. Allen - 2006
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Page 6.2-29
Identification of Zerosfrom a Schematic
1) Zerosarisefrom polesin -
the feedback path. (s)
V] - Vout
O
* Rootl D03
bt
1 Ve A9 A®S) AlS)|p; +1
IfF(s) =5 . thenz ~ =T+A(g)F(s) = 1 =s
p +l 1+A(S)s py H1+ A(s)
P1
2.) Zeros are also created by two paths Voo
from the input to the output and one of Ri
more of the pathsis frequency dependent.
Vout
" M6
\'
= = — Fig. 120-15
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OTHER FORMS OF COMPENSATION
Feedforward Compensation

Use two parallel pathsto achieve aLHP zero for lead compensation purposes.

LHPZero ~_ Ce LHP Zero using Follower
A Ce
Vout Vi | Vour Vi _|>ﬁ Vout
¢ —© - : —© -
H Inverting /‘| H
RIS High Gain CII ::.::RIL':::'
) i Amplifier i i
gmitVi ; j ; Ci %Vout
Fig.430-09
Vout(s) _ AC. S+ ngI/ ACC ]
Vin(s) = Cc + Gy s+ U[Ry(Ce + Cy)]

To use the LHP zero for compensation, a compromise must be observed.
 Placing the zero below GB will lead to boosting of the loop gain that could deteriorate
the phase margin.

 Placing the zero above GB will have less influence on the leading phase caused by the
Zero.

Note that a source follower isa good candidate for the use of feedforward compensation.
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Self-Compensated Op Amps

Self compensation occurs when the load capacitor is the compensation capacitor (can
never be unstable for resistive feedback)

|dB|
Rout(must belarge)  A(0) dB] —
- AN -20dB/dec.
Vin o Vout \\ \\
+ AN AN ¥
I < D Inc;reagi}]ngL
Fga010 0dB BN
Voltage gain:
Vout
Vin = Av(0) = GmRout
Dominant pole: Stability:
- Large load capacitors smply reduce
P1 = RyutCL GB but the phaseiis till 90° at GB.
Unity-gainbandwidth:
Gm
GB =A(0) o1l =
CMOS Analog Circuit Design © P.E. Allen - 2006
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CMOSOPAMP SLEW RATE
Slew Rate of a Two-Stage CMOS Op Amp
Remember that slew rate occurs when currents flowing in a capacitor become limited and
isgiven as
dvc
llim = C gt Where v isthe voltage across the capacitor C.

Vbp Vbp

—[ ™me ——|_Mé
M3 | M4 Cels 1'6 loL M3 | M Cels lle_?CL
)I <4 > oVou[ \I e <

B 11
-0 M1 M#l— * "\ Assume a cL J— -0 Mm1 M " "\ Assumea cL J—
S virtural I e virtural I
Vin>>0 ‘ ground lh = X':} 0 ground lh

0 Vout

° l|5 l|5 N
+ = ™7 + = ™7
VBias "1 M5 VBias "1 M5
Positive S\|/eS\SN Rate Negative\S/,ISSew Rate Fig. 140-05
Is lg-l5-17] |5 Is I7-15| 15
SR =minc., ~ ¢ |=C;becausele>>l5 SR =minc., ¢ |=C, if I7>>ls.

Therefore, if C_isnot too large and if 17 is significantly greater than |5, then the Slew
rate of the two-stage op amp should be, I5/C.
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SECTION 6.3- TWO-STAGE OP AMP DESIGN
A DESIGN PROCEDURE FOR THE TWO-STAGE CMOSOP AMP
Unbuffered, Two-Stage CMOS Op Amp

—— 4||LJM6

M3 | M4

-o—{| M1 M CL
T
*to
+—] M7
VBias “1 M5

Vss Fig. 6.3-1
Notation:
Wi . :
S=T; =WL of theith transistor
CMOS Analog Circuit Design © P.E. Allen - 2006
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DC Balance Conditionsfor the Two-Stage Op Amp
For best performance, keep all transistorsin

saturation. vy Yoo —

M4 is the only transistor that cannot be forced ; ~ | - I[‘Jme
into saturation by internal connections or M3 | M4la| c, I's
external voltages. MY o Vout
Therefore, we develop conditionsto force M4to o m1 M2 — l cL
be in saturation. Vi ‘ ||7I

1.) First assume that Vsggq = Vsgg. This will +o i "=
cause “proper mirroring” in the M3-M4 mirror. Vi h_TE’Mg, II_HW
Also, the gate and drain of M4 are at the same - Y

potential so that M4 is “guaranteed” to be in = Fig. 6.3-1A
saturation.

2.) 1fVgg4 = Vsge, then Ig = [%}M

3.) However, |7 = [%)I5 = [%] (214)

25
=5

L8

4.) For balance, l|g mustequal |7 = called the “balance conditions’
5.) Soif the balance conditions are satisfied, then Vpg4 = 0 and M4 is saturated.
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Design Relationshipsfor the Two-Stage Op Amp

|5
Slew rate SR =¢c_(Assuming 17 >>I5 and C_ > Cq)

Om1 20m
First-stage gain Avi = guo + gaer = I5(A2 + Aa)
gmé 9mé
Second-stage gain Avz = g + gas7 = Te(%6 + 47)
Om1

Gain-bandwidth GB = "¢

-Omé
Output pole pp = %—T

m6
RHP zero z1 = gC_C

Page 6.3-3

60° phase margin requires that gme = 2.2gm2(CL/Cy) if al other roots are = 10GB.

. 5
Positive ICMR Vinmax) = VoD - \/7; — IVT03|(max) + VT1(min))

. 5
Negative ICMR Vinmin) = Vss + \/7?1 + VT1(max) + VDss(sat)

CMOS Analog Circuit Design
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Op Amp Specifications

Page 6.3-4

The following design procedure assumes that specifications for the following parameters

[:JMG Gme OF
Ce l Proper Mirroring
)| Ve4=Vsze

~0.2C, CL
(F’l\/| 60°) I

are given.
1. Gain at dc, A/0) @
2. Gain-bandwidth, GB Lo Voo Goume))
3. Phase margin (or settling time) 4 \‘% )
4. Input common-mode range, ICMR M3
5. Load Capacitance, C,
6. Slew-rate, SR o j’“\
7. Output voltage swing +'2 M
L . |
8. Power dissipation, Pgiss |_l 5<—.

9

|
1
M

CMOS Analog Circuit Design
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Unbuffered Op Amp Design Procedure

This design procedure assumes that the gain at dc (A,), unity gain bandwidth (GB), input

common mode range (Vin(min) and Vis(max)), load capacitance (C,), dew rate (SR),

settling time (Ts), output voltage swing (Vou(max) and Vg,(min)), and power dissipation

(Pgiss) are given. Choose the smallest device length which will keep the channel

modulation parameter constant and give good matching for current mirrors.

1. From the desired phase margin, choose the minimum value for Cg, i.e. for a 60° phase
margin we use the following relationship. This assumesthat z= 10GB.

Cc>0.22C.
2. Determine the minimum value for the “tail current” (Is) from the largest of the two
values. Vi
pD + [Vsd
Is=SR.C; or |5510(2_—TS)

3.Design for S; from the maximum input voltage specification.
s
S5 = K'g[Vpp - Vin(Max) - [Vrgal(max) + V(min)]2
4. Verify that the pole of M3 due to Cysz and Cygs (= 0.67W3L 3Cox) Will not be dominant
by assuming it to be greater than 10 GB

gm3
—2C g 3 > 10GB.
CMOS Analog Circuit Design © P.E. Allen - 2006
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Unbuffered Op Amp Design Procedure - Continued
5. Design for S; (S,) to achieve the desired GB.

Om1?
Om1=GB-Cc = S=KTg

6. Design for S5 from the minimum input voltage. First calculate Vpg(sat) then find Ss.
. I5 2l
Vpss(sat) = Vin(min) - Vss- "\ / g1 -VT11(max) =100 mV  — S = K's[Vpss(sah)[2
7.Find S by letting the second pole (p,) be equal to 2.2 times GB and assuming that
V64 = VsG6.

g \V2KP'Ssle  [Ssle S _ Ome
Om6 = 220ma(CL/Ce) and gy = BRES, T N Sa™S — 57 g™
8. Calculate Ig from
Ome?
6= 2K'sS
Check to make sure that Sg satisfies the Voyur(max) requirement and adjust as necessary.

9.Design S; to achieve the desired current ratios between |5 and |g.
Sr=(le/l5)S (Check the minimum output voltage requirements)

CMOS Analog Circuit Design © P.E. Allen - 2006
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Unbuffered Op Amp Design Procedure - Continued
10. Check gain and power dissipation specifications.

20m29me
A =T5(25 + A4)l6(26 + A7) Paiss = (I + 16)(VDD + [Vsd)

11. If the gain specification is not met, then the currents, Is and |, can be decreased or
the WI/L ratios of M2 and/or M6 increased. The previous calculations must be rechecked
to insure that they are satisfied. If the power dissipation is too high, then one can only
reduce the currents Is and ls. Reduction of currents will probably necessitate increase of
some of the W/L ratios in order to satisfy input and output swings.

12. Simulate the circuit to check to see that all specifications are met.

CMOS Analog Circuit Design © P.E. Allen - 2006
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DESIGN EXAMPLE

Example 6.3-1 - Design of a Two-Stage Op Amp

Using the material and device parameters given in 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 is to be 1xm and the load capacitor is C| = 10pF.

Ay >3000V/V Vpp = 2.5V Vgg =-2.5V

GB =5MHz SR> 10V/us 60° phase margin

Vgt range = £2V ICMR=-1to 2V Pgiss = 2mW
Solution

1.) The first step is to calculate the minimum value of the compensation capacitor Ce,
Cc>(2.2/10)(10 pF) =2.2 pF

2.) Choose C; as 3pF. Using the slew-rate specification and C¢ calculate Is.
Is = (3x10-12)(10x106) = 30 A

3.) Next calculate (W/L)3 using ICMR requirements.

30x10-6
(WIL)3 = (50x10-6)[2.5 - 2 - .85 +0.55]2 = I3 - [(WL)3=(WL)4=15]

CMOS Analog Circuit Design © P.E. Allen - 2006
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Example 6.3-1 - Continued

4.) Now we can check the value of the mirror pole, p3, to make sure that it is in fact
greater than 10GB. Assume the Cyy = 0.4fF/um2. The mirror pole can be found as
- 2K’ oSl
P3 = 2?;’;‘23 = 2(0.667)V?/§I3_;C0X = -2.81x10%(rads/sec)
or 448 MHz. Thus, p3, is not of concern in this design because p3 >> 10GB.
5.) The next step in the design is to calculate gm; to get
Om1 = (5x109)(27)(3x10-12) = 94.25uS
Therefore, (W/L)1 is

OmiZ  (94.25)2
(WIL); = (WIL)2 = 2R I; = 2-110-15 = 2.79 ~ 3.0 = [ (W), = (W), =3

6.) Next calculate Vpss,

30x10-6
Vbss = (-1) - (-2.5) -\/T10x106-3 - -85 =0.35V

Using Vpgs calculate (W/L)5 from the saturation relationship.

2(30x10-6)

(WL)s = (TT0x10-6)(0.35)2 =449~4.5 - [(WID)5 = 4.3]
CMOS Analog Circuit Design © P.E. Allen - 2006
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Example 6.3-1 - Continued
7.) For 60° phase margin, we know that
Ome = 10gm1 = 9425]45
Assuming that gy = 942.5uS and knowing that gy = 150uS, we calculate (W/L)¢ as

942.5x10-6
(W/L)s = 15 (150x10-6) = 94.25 =94

8.) Calculate lg using the small-signal gy, expression:

(942.5x10-6)2
l6 = (2)(50x10-6)(94.25) = 94.5uA = O5uA
If we calculate (W/L)g based on Vg i(max), the value is approximately 15. Since 94
exceeds the specification and maintains better phase margin, we will stay with (W/L)g =
94 and lg = 95uA.
With | =95uA the power dissipation is

Pgiss= 5V (304 A+951A) = 0.625mW.
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Example 6.3-1 - Continued
9.) Finally, calculate (W/L);

95x10-6
(WL)7 =4.5 130x106) = 14.25 = 14

—

[(WIL)7 = 14

Let us check the Vg #(min) specification although the W/L of M7 is so large that this is
probably not necessary. The value of Vg {(min) is

Vou(min) = Vpg;(sat) =

2-95
110-14=0.351V

which is less than required. At this point, the first-cut design is complete.
10.) Now check to see that the gain specification has been met

(92.45x10-6)(942.5x10-6)

Av = T5x10-6(.04 +.05)95x10-6(.04 + .05) = 7.697V/V
which exceeds the specifications by a factor of two. .An easy way to achieve more gain
would be to increase the W and L values by a factor of two which because of the
decreased value of A would multiply the above gain by a factor of 20.

11.) The final step in the hand design is to establish true electrical widths and lengths
based upon AL and AW variations. In this example AL will be due to lateral diffusion
only. Unless otherwise noted, AW will not be taken into account. All dimensions will be
rounded to integer values. Assume that AL = 0.2ym.

CMOS Analog Circuit Design
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Example 6.3-1 — Continued

Therefore, we have,
W =W, =3(1-04)=1.8 ym=2um
W5 =4.5(1-04)=2.7uym = 3um
W;=14(1-0.4) =8.4 =8um

The figure below shows the results of the first-cut design. The W/L ratios shown do not

account for the lateral diffusion discussed above. The next phase requires simulation.

Page 6.3-12

W3 =W, =15(1 - 0.4) =9um
We =94(1 -0.4) =56.4um = 56um

Vpp = 2.5V
15um M3 M4 15um IV|[<EJ94
u u m
lum I lum 1M!¢n
<+> Cc = 3pF
\| vV,
30uA M1 N2 A o Vout
_ o__l fum 3um C. =
Vin um - lum }_‘ 9%BuA | I 10pF
+ c a —
30uA
4.5um:]| I 1I—l . 1[: 14um
lum > 4.5um = 1um
M8 M5 1um M7 o eas
Vss= -2.5V 195

CMOS Analog Circuit Design
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ELIMINATING THE RHP ZERO

I ncor porating the Nulling Resistor into the Miller Compensated Two-Stage Op Amp
C| I‘CUitZ VbD

M1l M3’L_’]|——|['_J‘M4
Va ke “me

=
%as
M12 [FHE
’_1

a
We saw earlier that the roots were:

:[%w

Fig. 160-03

Om2 Om1 Ime
PL=-ACo= - ACe P2=-"CL
1 -1
P4=-R.C 21 = RLCc - Cdlone

where A, = 9mImeRIR)I-
(Note that p, isthe pole resulting from the nulling resistor compensation technique.)

CMOS Analog Circuit Design © P.E. Allen - 2006
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Design of the Nulling Resistor (M 8)
For the zero to be on top of the second pole (py), the following relationship must hold
1 (CL+Cq (CctCL 1

Re=gme\ Co =1 Cc J\/2K pSole
Theresistor, R,, isrealized by the transistor M8 which is operating in the active region
because the dc current through it iszero. Therefore, R,, can be written as

Robs | _ 1

2= 0ipg \pge=0 K P8(Vsae-VTPl)

The bias circuit is designed so that voltage Va is equal to V.

Wia) _(l10] (We
VGsiol - VT =IVessl - VTI=  Vsg11=Vsse = = Lo

Li1)=\le
In the saturation region

2(l10)
IVGstol - VT ="\ | K'p(Who/L10) = Vsl - VTl
1 KpSp 1 S10
Re=KpS% \| 20 ~ S \2K'plo

Ws

C
Equating the two expressions for R, gives (L_gj = :

CL+CC

1S105%6l6
l10
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Example 6.3-2 - RHP Zero Compensation

Use results of Ex. 6.3-1 and design compensation circuitry so that the RHP zero is
moved from the RHP to the LHP and placed on top of the output pole py. Use device
data given in Ex. 6.3-1.

Solution

The task at hand is the design of transistors M8, M9, M10, M11, and bias current .
The first step in this design is to establish the bias components. In order to set Va equal to
VB, thenVgg11 must equal Vggg. Therefore,

S11=(111/16)S6

Choose 111 =119 =g = 151 A which gives S11 = (154A/95uA)94 = 14.8 = 15.

The aspect ratio of M 10 is essentially a free parameter, and will be set equal to 1.
There must be sufficient supply voltage to support the sum of Vsz11, Vai10, and Vpg.
The ratio of |1¢/l5 determines the (W/L) of M9. This ratio is

(W/L)g = (I10/15)(WIL)5 = (15/30)(4.5) =2.25 =2
Now (W/L)g is determined to be

[ 3pF ] 1-94-95uA
(W/D)s = (3pF+10pF 5uA  =93.63=6
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Example 6.3-2 - Continued
It is worthwhile to check that the RHP zero has been moved on top of p,. To do this, first

calculate the value of Rz. Vgzg must first be determined. It is equal to Vgz19, which is

2119 2-15
Vss10 ="\ [K'pSyo + IV1pl ="\[50T + 0.7 = 1.474V

Next determine R,.

1 106
Rz = K'pS (Vs 10-V1pl) = 50-5.63(1.474-.7) = 4.590kQ

The location of z; is calculated as

-1
7] = 3x10-12 = -94.46x106 rads/sec
(4.590 x 103)(3x10-12) - 925 5106

The output pole, p,, is

942.5x10-6
P2=-T10x10-12 = -94.25x106 rads/sec

Thus, we see that for all practical purposes, the output pole is canceled by the zero
that has been moved from the RHP to the LHP.
The results of this design are summarized below.

W3 =6 um Wo=2um Wigp=1pum W =15pum
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An Alternate Form of Nulling Resistor
To cancel ps, VoD
C+C. 1 [lJM 1
z,=p, > R,= = 2menCc ™ Lmen M|3__|M% Mi\l’l}—li °
Which gives 1—[“me
Cc ) ) < Vout
8mes = 8meaC,+C, Vi:_| M1 M }-‘ MéB ‘@Cl_ cL
In the previous example, to ! I
Emen = 942.54S, C; = 3pF e F T e Mg:[amf
and C, = 10pF. Blas ’_1 lj lj _
Choose Iz = 10uA to get Vs Flo. 6344
gm6ACc 2KPWGBIGB Cc 2I<P\Nv6AID6
gmB =C,+ CL — Leg T \CHC Lea
or
Wes [3 on Wea 3)[9)
T, =\13) I, Lox =\13) (10/(94) =47.6 — Wy = 48um
CMOS Analog Circuit Design © P.E. Allen - 2006
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Programmability of the Two-Stage Op Amp
The following relationships depend on the bias Vbp
current, I, in the following manner and alow for
bias g
programmability after fabrication. vl M6
AL0) = GuGniRRy = T v
-o—[ M1 M2 }—‘ o
Vin
GB= ¢ % lom o
Pas = (VorVas) (LKl e o cgiag e
KllBias I I'_ M5 IQ/W
S, .
cl o 1 Vss Fig. 6.3-04D
— 03
ROUt - 2}\'KZIBias . IBlas iOZ Passand SR | [P
1 IBlas 4/
. 101
|p1| gm“R R“C \/? x IBlas 100 GBand z
gmll
[4="C, *\laias ig_z Ao andl Rouit
[llustration of the l,;,. dependence — 103
1 10 100
Igias Fig. 160-05
Igias(re)
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Simulation of the Electrical Design
Area of source or drain = AS = AD = W[L1 + L2 + L3]

where
L1 = Minimum allowable distance between the contact in the S/D and the
polysilicon (5um)

L2 = Width of a minimum size contact (5ym)
L3 = Minimum allowable distance from contact in S/D to edge of S/D (Sum)
. AS=AD = Wx15um
Perimeter of the source or drain = PD = PS = 2W + 2(L1+L2+L3)
. PD=PS =2W + 30um

Illustration:
L3 L iy ———— L1 12, |_3
: 7y
Poly W
Diffusion Diffusion l
L
-— >
L Fig. 6.3-5
CMOS Analog Circuit Design © P.E. Allen - 2006
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POWER SUPPLY REJECTION RATIO OF THE TWO-STAGE OP AMP

What is PSRR? Vdd
/ ¥
_ Ay(Vdd=0) évDD
- Add Vin:0 >—O Vout _
Vss _+VTSS
How do you calculate PSRR? -\ T
Y ou could calculate A, and Aqq and divide, N masoor
however
O v2e ?
Vo I3 = VoD Au(V1- V2)
;—L@ Vout E'Vl
Vi1, + =
= Vss AddVdd
= K\ 1-
U = Flg 180-02
Vout = AddVdd + Av(V1-V2) = AddVdd - AvVWout — Vout(1+Av) AddVdd
Vout Add Add

1 :
Vad = T#A, = A, = prrr  (Good for frequencies up to GB)
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Approximate Model for PSRR*+

Vout
|——|# Vad 4
M3 | M4 l o Vou OB .o
+
f M1 M 1 TCI I i D Vad Rout D Other sources
o I I[: M7 besides C¢
VBias — }T
i E;
i 1T Vgs
L X Fig. 180-05

1) The M7 current sink causes Vsssto act like a battery.
2.) Therefore, Vs couples from the source to gate of M6.
3.) The path to the output is through any capacitance from gate to drain of M6.
Conclusion:
The Miller capacitor C; couples the positive power supply ripple directly to the output.
Must reduce or eliminate C.

CMOS Analog Circuit Design © P.E. Allen - 2006
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Approximate Model for PSRR-

J_V
\V:]M}?‘_{M[‘_j T”:J " VOU‘T "

/1 —1° = lds7
{ l . Vout
froPr | e
- M5 - - | :!.' - _- |
o - H

VBias= I}T M Vss Path through Cgg7
; ) Es i - isnegligible
What is Zg,t VBias connected to Vg = Vss
Vi - Fig. 180-11
Zout=T; =
omiVi G CH*Cgfﬂ
lt = gm1IV1 = |G +sCj+sC; v oy rdseurdg
1 OmiVa
G+s(Ci+Cp) 9miVout
Thus, ZOUt ~  OmIg9mil Fig.180-12
I'ds7
Vout Zout S(Cc+C|) + G +gmI9mIIrds7 -Gi
Vss = S(Ce*C)) + Gy = Poleac+c

The negative PSRR is much better than the positive PSRR.
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SECTION 6.4—CASCODE OP AMPS
INTRODUCTION

Why Cascode Op Amps?
« Control of the frequency behavior
 Can get more gain by increasing the output resistance of a stage
* In the past section, PSRR of the two-stage op amp was insufficient for many
applications
A two-stage op amp can become unstable for large load capacitors (if nulling resistor is
not used)
 The cascode op amp leads to wider ICMR and/or smaller power supply requirements
Wher e Should the Cascode Technigue be Used?
 First stage -
Good noise performance
Requires level trandlation to second stage
Degrades the Miller compensation
» Second stage -
Self compensating
Increases the efficiency of the Miller compensation

Increases PSRR
CMOS Analog Circuit Design © P.E. Allen - 2006
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SINGLE STAGE CASCODE OP AMPS
Simple Single Stage Cascode Op Amp

Vbp Vbp
Implementation of the [p3 M4
floating voltage VBjas ; \ I
which must equal
MB3” [ MB4
v Won+ Vi *\_,_—’] i iU
PBias2 VpBias2
D MBS
MCI mcl_J——HE mc2
Mi VBias M2
o— — " Bias O MBI MB2 —o
+ Vin j + Vin - Vin _
- 2- + 2
+—| M5
VNBias1 VNBias1
Vss 060627-01

Rout Of thefirst stageis R| = (9mc2rdsc2rds2) l(9mcardscardsa)

Vo1l
Voltagegain = %n =gmiRI [Theganisincreased by approximately 0.5(gmcrdsc)]
As asingle stage op amp, the compensation capacitor becomes the load capacitor.
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Example 6.5-1 Single-Stage, Cascode Op Amp Performance

Assume that al WIL ratios are 10 um/1 um, and that Ipg1 = Ipg = 50 uA of single
stage op amp. Find the voltage gain of this op amp and the value of C; if GB = 10 MHz.
Use the model parameters of Table 3.1-2.

Solution

The device transconductances are

Omi = 9m2 = Omi = 33L.7 uS
Omc2 = 33L.7uS
Omca = 223.6 uS.

The output resistance of the NMOS and PMOS devicesis 0.5 MQ and 0.4 MQ,

respectively.

. R =25MQ

Ay(0) =8290 V/V.

For a unity-gain bandwidth of 10 MHz, the value of C; is5.28 pF.
What happens if a 100pF capacitor is attached to this op amp?
GB goesfrom 10MHz to 0.53MHz.

CMOS Analog Circuit Design © P.E. Allen - 2006
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Enhanced Gain, Single Stage, Cascode Op Amp

Vpp VpD
M7L:]|—4|[:JM8 M7L:]I I[:JMs
M5 |——
i ms = I M6
M5 _J— [~ M6 ’Yﬂ”_‘lMle
—o Your VoD L +Vpp|—o vour

VpBi

M3 M4 ? N e e
—LMI1L MI2_J—
VTI%MI Mzr‘_]}—‘ VTEMI Mzr‘_]}—‘

VaBI <—|EM9 Vg1 #EMIO
< L 060627-02

From inspection, we can write the voltage gain as,

vouT
Av="yNy “9mRout  where  Royt = (Ardssdmerdss)ll (Ards20mar dsa)

Since A = g ds the voltage gain would be equal to 100,000 to 500,000.

°

CMOS Analog Circuit Design © P.E. Allen - 2006




Chapter 6 — Section 4 (6/24/06)

Two-Stage Op Amp with a Cascoded Fir st-Stage

MT1 and MT2 arerequired for level
the first-stage to the second.

The PSRR* isimproved by the presence of MT1 T
Internal loop pole at the gate of M6 may cause the

Page 6.4-5
TWO-STAGE, CASCODE OP AMPS
Vbp
M3 M4
5 R
—[" MB4 E/[m r__M6
—|I‘__MT1C.
Vol ( Vgut
MC2
M2
- Vgl
M5 = M7
VBias I'_’l Il;‘
) Vss 070117-01
shifting from jo
Xl < > O
p; P
° 1 & ' | ZlFig. 6.5-2A

Miller compensation to fail.

CMOS Analog Circuit Design

The voltage gain of this op amp could easily be 100,000V/V
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Two-Stage Op Amp with a Cascode Second-Stage

Page 6.4-6

Ay = ImigmiRIR VoD
where gmi = gm1 = 9m2 Omil = 9me, | | |
M6
. , M3 | W |
= = VBP
R =Gas2 + Gasa =~ (A2 + A4)Ts R, Cc\|_| " .
and /l O Vout
-o—[ M1 M }—‘ VBNH[ . MC7T=<C_
Vin I
Ri1 = (Omesl dscel dss)||(Imc7rdsc7lds?)  +o = =
VE;rias |I_1 E | M7
§ =

Comments:

Fig. 6.5-3

 The second-stage gain has greatly increased improving the Miller compensation

The overal gain is approximately (g

self compensated)

CMOS Analog Circuit Design

mlds)3 or very large

Output pole, po, is approximately the sameif C; is constant
The zero RHP isthe same if C; is constant
PSRR is poor unless the Miller compensation is removed (then the op amp becomes
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A Balanced, Two-Stage Op Amp using a Cascode Output Stage

Vbp

_[gmlngm 9m29mé6 Vin
M4;j—|/ G Vout =" gm3 2 7 Oma 2 Rl
| | Om1 9m2

M s Vo [%’f =" ]ka Ri1 = gm1k-Ril Vin
o i vow  Where
v W S0 L —unec, RiIT=(Gm7rds7rdse)ll(Om12rdsi2rds11)
o M5 MI10 I and

- E— gm8  9m6

Vss 060627-03

This op amp is balanced because the drain-to-ground loads for M1 and M2 are identical.

TABLE 1 - Design Relationshipsfor Balanced, Cascode Output Stage Op Amp.

I oul m: 1
Sewrae=  oB=T A =[S, Gruel
I I
\/m(maX) = VDD 73’5_ e |VT03|(maX) +VTl(m| n) Vin(rni n) = VSS + VDss + [73%}1/2 + VTl(mi n)
CMOS Analog Circuit Design © P.E. Allen - 2006
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Example 6.5-2 Design of Balanced, Cascoded Output Stage Op Amp

The balanced, cascoded output stage op amp is a useful alternative to the two-stage
op amp. Itsdesign will beillustrated by this example. The pertinent design equations for
the op amp were given above. The specifications of the design are asfollows:

Vpp = -Vsgs=25V Slew rate = 5 V/us with a 50 pF load
GB =10 MHz witha25pFload Ay = 5000
Input CMR =-1V to+1.5V Output swing=+15V

Use the parameters of Table 3.1-2 and let all device lengthsbe 1 um.

Solution

While numerous approaches can be taken, we shall follow one based on the above
specifications. The steps will be numbered to help illustrate the procedure.
1.) Thefirst step will be to find the maximum source/sink current. Thisis found from the
dew rate.

| source/l sink = CL x slew rate = 50 pF(5 V/us) = 250 uA

2.) Next some W/L constraints based on the maximum output source/sink current are
developed. Under dynamic conditions, all of Is will flow in M4; thus we can write

Max. lgyt(source) = (S/Sy)ls and  Max. lg(sSink) = (Sg/S)l5
The maximum output sinking current is equal to the maximum output sourcing current if

=% =S and S0 =S

CMOS Analog Circuit Design © P.E. Allen - 2006
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Example 6.5-2 - Continued

3.) Chooselsas100 uA. This current (which can be changed later) gives

S =255 and =255
Note that Sg could equal S3if S = 2.55;5. Thiswould minimize the power dissipation.
4.) Next design for £1.5 V output capability. We shall assume that the output must
source or sink the 250uA at the peak values of output. First consider the negative output
peak. Since thereis 1V difference between Vsg and the minimum output, let Vpgii(sat) =
Vpsio(sat) = 0.5V (we continue to ignore the bulk effects). Under the maximum negative
peak assumethat 111 = 112 = 250 uA. Therefore

2011 212 500 uA
0.5="\/K'NS11 =\ KNSz =\ (110 pAV2) Sy

which gives §11 = §12 = 18.2 and S = S0 = 18.2. For the positive peak, we get

206 217 500 uA
0.5="\/KpS ="\ KpS; ="\ (50 tAN2) S5

which gives =57 = g =40 and 3= & = (40/2.5) = 16.

CMOS Analog Circuit Design © P.E. Allen - 2006
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Example 6.5-2 - Continued

5.) Now we must consider the possibility of conflict among the specifications.
First consider the input CMR. &3 has already been designed as 16. Using ICMR

relationship, we find that S3 should be at least 4.1. A larger value of S3 will give a higher
value of Vj,(max) so that we continue to use 3 = 16 which gives Vj,(max) = 1.95V.

Next, check to see if the larger W/L causes a pole below the gainbandwidth.
Assuming a Cqy of 0.4fF/um? gives the first-stage pole of

- /2K pS3l
D3 = Cg§g$g58 - (0.667)(W3L;?,3V§L8)C0X — 33.15x10° rads/sec or 5.275GHz
which is much greater than 10GB.
6.) Next we find gm; (Omp). There are two ways of calculating g .
(a.) The first is from the Ay specification. The gain is

Av = (m1/29ma)(9ms + ms) Rl
Note, a current gain of K could be introduced by making S5/ (S5/S3 = $11/S3) equal to k.

Omé _Omi1 __ |2Kp"Sele
Om4 = Om3 = \/2Kp"S¢l4 =
Calculating the various transconductances we get gma = 282.4 uS, Ome = Om7 = Img =

707 uS, gmi1 = 9mi2 = 707 uS, rgss =rq7 =0.16 M2, and rgsiq = rgsi2 = 0.2 MQ.
Assuming that the gain A, must be greater than 5000 and k= 2.5 gives gm; > 72.43 uS.

CMOS Analog Circuit Design © P.E. Allen - 2006
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Example 6.5-2 - Continued

(b.) The second method of finding gm; is from the GB specifications. Multiplying the
gain by the dominant pole (1/Cy|Ry|) gives
+
GB = 9m1(299rrn1?4CL9m8)

Assuming that C_ = 25 pF and using the specified GB gives gm; =251 uS.
Since this is greater than 72.43uS, we choose gm; = O = 2511S. Knowing |5 gives S =
S$=57=6.
8.) The next step is to check that S; and S are large enough to meet the —1V input CMR
specification. Use the saturation formula we find that Vpgs is 0.261 V. This gives & =
26.7 = 27. The gain becomes Ay = 6,925V/V and GB = 10 MHz for a 25 pF load. We
shall assume that exceeding the specifications in this area is not detrimental to the
performance of the op amp.
9.) Knowing the currents and W/L values, the bias voltages VNB1, VNB2 and Vpgp can be
designed.
The WL values resulting from this design procedure are shown below. The power
dissipation for this design is seen to be 2 mW. The next step would be simulation.

S, =S,=6 S;=S,=16 S; =27

Se=S,=S5;,=40 Sg=S,=S5,=S5,=18.2

CMOS Analog Circuit Design © P.E. Allen - 2006
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Technological | mplications of the Cascode Configur ation

A A B C D

(o]
Bo—] Thin l;% =
D oxide ™, [PalyT I\ PolyTT
/4 “o-chanid
Cc _‘}_. p substrate/well
D =

Fig. 6.5-5
If adouble poly CMOS process is available, internode parasitics can be minimized.
As an alternative, one should keep the drain/source between the transistors to a minimum
area.

A Minimum Poly
aration
A B > C D

Bo—{ ThigéL T T Ti—
. D oxide, [ PolyT 1 v [ PolyT —
/(. :
Co— _\}__ {\ p substrate/well J
b

Fig. 6.5-5A
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| nput Common M ode Range for Two Types of Differential Amplifier L oads

VbD-VsD3+VTN

Vbbb Vbb
VbD-VsG3tVIN
+ + + +
| Vsaz |——[ Vapa Input VsD3 D4
Input Common -
Common Mode
M Ode Range
Range }-‘ ’—1 }—‘
| :
VsstVpss+Vest p VsstVpss+Vest *
VBias \ VBias \
i V$ — ) V$ -
Differentiall amplifier with Differential amplifier with
acurrent mirror load. current source loads. Fig. 6.5-6

In order to improve the ICMR, it is desirable to use current source (sink) loads without
losing half the gain.
The resulting solution is the folded cascode op amp.

CMOS Analog Circuit Design © P.E. Allen - 2006
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The Folded Cascode Op Amp

Comments: 060628-04

* |4 and |5, should be designed so that |5 and 17 never become zero (i.e. 14=15=1.513)

» Thisamplifier is nearly balanced (would be exactly if Ry was equal to Rg)

» Self compensating

* Poor noise performance, the gain occurs at the output so all intermediate transistors
contribute to the noise along with the input transistors. (Some first stage gain can be
achieved if Ra and Rg are greater than gm1 or gmp2-
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Small-Signal Analysis of the Folded Cascode Op Amp
Model:

Recalling what we
learned about the
resistance looking into
the source of the
cascode transistor; 060628-02

losst(1/Omo) 1 ras7 + R Ri
A= T+ Orelas = 0me A9 Re =T+ g olye = Ol g WHEre Ry ~Omolasol as11
The small-signal voltage transfer function can be found asfollows. The current i,gis
written as

. -Om1(rdstllr ds4)Vin B “Om1Vin
110 = 2[Ra + (rgsallfasa)] = 2
and the current i; can be expressed as

_ 9ne(raellrass)Vin -~ Im2Vin _GmVin Ri1(9ds2t9dss)
7= I - [ Ri(Qas2t0ass)| ~ 2(1+k)  WNEre K="""g oras7
2 Omirfds7 * (rsollrass) | 2 Omi7l ds7

The output voltage, v, isequal to the sum of i; and i4q flowing through R,.. Thus,

Vout  (9m1 Om2 ) ( 2+k
Vip ~ ( 2 t2(1+K) Rout = 242K/ 9mi Rout
CMOS Analog Circuit Design © P.E. Allen - 2006
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Frequency Response of the Folded Cascode Op Amp
The frequency response of the folded cascode op amp is determined primarily by the
output pole which is given as
-1

Pout = RoyCout
where C,; isall the capacitance connected from the output of the op amp to ground.
All other poles must be greater than GB = gm1/Coyt- The approximate expressions for
each poleis

1.) Poleat node A: PA = - Im6/Ca

2.) Pole at node B: Pg ~ - Im7/Cg

3.) Poleat drain of M6: Ps~ -Im10/Cs

4.) Pole at source of M8: Ps = -(Om8rdssdm10)/Cs

5.) Pole at source of M9: Pg ~ -0mo/Cgq

where the approximate expressions are found by the reciprocal product of the resistance
and parasitic capacitance seen to ground from a given node. One might feel that because
Rg is approximately r 4 that this pole might be too small. However, at frequencies where
this pole has influence, C,, causes R, to be much smaller making pg also non-
dominant.
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Example 6.5-3 - Folded Cascode, CMOS Op Amp

Assume that all gmN = 9mp = 100uS, rgsN = 2MQ, rggp = IMQ, and C_ = 10pF. Find all
of the small-signal performance values for the folded-cascode op amp.
0.4x109(0.3x10-6)

R =0.4GQ, Ra = 10kQ, and Rg = 4MQ .. k= 100 =12
Vout 2+1.2
Vi, = (242.4) (100)(57.143) = 4,156V/V

Rout = Ri 1[Gl 4er(FassIfaeo)] = 400MRII[(100)(0.667MQ)] = 57.143MQ

1 1
Ipout! = RoutCout = 57-143M- T0pF = 1,750 rads/sec. = 278Hz = GB=1.21MHz
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PSRR of the Folded Cascode Op Amp
Consider the following circuit used to model the PSRR:

r g@
ng9
— = ?
Cout—=Rout < Vout

T

Fig. 6.5-9A

This model assumes that gate, source and drain of M11 and the gate and source of M9 all
vary with Vss,

We shall examine Vg t/Vss rather than PSRR-. (Small Vg t/Vss Will lead to large PSRR.)
The transfer function of V,/V can be found as

Vout SnggRout
Ve = CouRourt1 for Cydg < Cout

The approximate PSRR- is sketched on the next page.
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Freguency Response of the PSRR- of the Folded Cascode Op Amp

ngQRout

Page 6.4-19

Dofninanti
pole frequency
L N
0dB —— > 10g10(0)
Cgdo 1 L GB
Cout |
| N\ Vout Fig. 6.5-10A
N Vss

Other sources of Vginjection, i.e. rgsg

We see that the PSRR of the cascode op amp is much better than the two-stage op amp.

CMOS Analog Circuit Design
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Design Approach for the Folded-Cascode Op Amp
Step| Relationship Design Equation/Constraint Comments
1 |Slew Rate I3=RCL

2 |Biascurrentsin
output cascodes

l4=15 =1.213t0 1513

Avoid zero current in
cascodes

3 | Maximum output 25 217 Vaps(sat)=Vgp7(sat)
voltage, S5 K V2 STKp vy 2+ (34755 2nd S6=57) = 0.5[Vpp-Vout(max)]
Vout(max)

4 | Minimum output 2111 2lg VDso(sat)=Vpsi1(sat)
voltage, S117K Vps112 ' S KN Vpsg? (S10=S118nd Sg=S9) | = 0.5[Vt(Min)-Vsd
Voyt(min)

% | ggo M gm1? _ GB2C, 2

- CL SI=9=KN13= KN13

6 | Minimum input 213

CM S3=7", ) . 2
KN’ (Vin(min)-Ves+/(g/KN'SD) -V11)

7 | Maximum input _ 24 2 Sy and S5 must meet or
CM S4=S5 “Kp'(VDD-Vi n(max)+VT1) exceed valuein step 3

8 | Differential Vout (gml Im2 ) 24k Ri1(0geot

- 11(9ds2™Gaisa)
Voltage Gain Vin =\ 2+ 2(1+K)/Rout = (2+2 9miRout = Omiffasr

9 | Power dissipation

Pdiss= (VDD-Vs9)(I3+110+111)

CMOS Analog Circuit Design
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Example 6.5-3 Design of a Folded-Cascode Op Amp
Follow the procedure given to design the folded-cascode op amp when the slew rate is
10V/us, the load capacitor is 10pF, the maximum and minimum output voltages are £2V
for £2.5V power supplies, the GB is 10MHz, the minimum input common mode voltage
is -1.5V and the maximum input common mode voltage is 2.5V. The differential voltage
gain should be greater than 5,000V/V and the power dissipation should be less than
SmW. Use channel lengths of 1xm.
Solution
Following the approach outlined above we obtain the following results.
|3 = SRC_ = 10x106-10-11 = 100uA
Select 14 =15=125uA.
Next, we see that the value of 0.5(Vpp-Vgyt(max)) is 0.5V/2 or 0.25V. Thus,
2-125uA 2-125-16
S =S =50,A/NV2(0.25V)2= 50 =380
and assuming worst case currents in M6 and M7 gives,
2-125uA 2-125-16
S = S71=504A/V2(0.25V)2 = 50 =380

The value of 0.5(Vgt(min)-IVsd) is also 0.25V which gives the value of &, &, S;¢ and

213 2-125
Sjas §=%=S0=51 =K Vpg? = 110-(0.25)2 = 36.36
CMOS Analog Circuit Design © P.E. Allen - 2006
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Example 6.5-3 - Continued
In step 5, the value of GB gives S; and S as

GB2-C 2 (20mx106)2(10-11)2
S| =5 ="KyT; =110x106100x106 =359

The minimum input common mode voltage defines S5 as

213 200x10-6
: |3 2 B 6( & )2
KN’ Vin(min)-Ves KNS - V11 110x10-9(-1.5+2.5-\/110-:35.9 -0.7

We need to check that the values of S; and S5 are large enough to satisfy the maximum
input common mode voltage. The maximum input common mode voltage of 2.5 requires

i 21, ) 21250A
S =S5 2 Kp' [Vpp-Vin(max)+Vr 12 = 50x10-6A/v2[0.7v]2 = 10-2

Sy = =91.6

which is much less than 80. In fact, with § = S5 = 80, the maximum input common
mode voltage is 3V.

The power dissipation is found to be
Pgiss=5V(125uA+125uA) = 1.25mW

CMOS Analog Circuit Design © P.E. Allen - 2006




Chapter 6 — Section 4 (6/24/06) Page 6.4-23

Example 6.5-3 - Continued

The small-signal voltage gain requires the following values to evaluate:
S, S Om=+2-125-50-80 = 1000uS and gg4s= 125x10-6-0.05 = 6.25uS

%. S;: Om=+275-50-80 = 774.6uS  and Qgs= 75x10-6-0.05 = 3.75uS
X%, S, S0, Si1: In=+/2-75-110-36.36 = 774.6uS and Qgs= 75x10-6-0.04 = 3uS
SI,S: gm =v2-50-110-35.9 = 628uS and gg4g= 50x10-6(0.04) = 2uS

Thus,

1)1
Ril ~ Omordsordsi 1 = (774.6ﬂs)(m][m] = 86.07MQ

1 1
Rout = 86.07M§2||(774.6yS)(3_75 ys][zﬂs 1675 yS} = 19.40MQ
Ri(Jdo2+ddst)  86.07TMQ(2uS+6.25uS)(3.75uS)

= Owfas7 = 774.6uS =3.4375
The small-signal, differential-input, voltage gain is
2+k 2+3.4375
Avd = 252K ImiRout = | 2+6.875 ) 0.628x10-3-19.40x 106 = 7,464 V/V

The gain is larger than required by the specifications which should be okay.

CMOS Analog Circuit Design © P.E. Allen - 2006
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Comments on Folded Cascode Op Amps
» Good PSRR

» Good ICMR

 Self compensated

 Can cascade an output stage to get extremely high gain with lower output resistance
(use Miller compensation in this case)

 Need first stage gain for good noise performance
» Widely used in telecommunication circuits where large dynamic range is required
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Enhanced-Gain, Folded Cascode Op Amps
If more gain is needed, the folded cascode op

V
amp can be enhanced to boost the output L:] = [:J
impedance even higher as follows. MI0 J—— Ml
Veat «—" M3
1
VIN M8 _J— [“ M9
—" M1 M2 | jour
M6j [: M7
' VnBi =M I[_}M5
Voltage gain = gmiRout, "
JT_ 060718-03
where

Rout = [Ards79m7(r dsilIrdss)]1l (Ar dsodmor ds11)
Since A = gl gs the voltage gain would be in the range of 100,000 to 500,000.

Note that to achieve maximum output swing, it will be necessary to make sure that M5
and M11 are biased with Vpg= Vpg(sat).

CMOS Analog Circuit Design © P.E. Allen - 2006

Chapter 6 — Section 4 (6/24/06) Page 6.4-26

What are the Enhancement Amplifier s?

Requirements:

1.) Need again of gmfgs-

2.) Must be able to set the dc voltage at its input to get wide-output voltage swing.
Possible Enhancement Amplifiers:

Vbp

M2 +
= VDs(Sat)

060718-05
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Frequency Response of the Enhanced Gain Cascode Op Amps

Normally, the frequency response of the cascode op amps would have one dominant pole
at the output. The frequency response would be,

B ( Rout(V/ SCout)‘) ~ 9miRout  9miRout
AUS) = 9m1\ Ryt +1/SCout) = SRoutCout *1 — LS
“P1
If the amplifier used to boost the output resistance had no frequency dependence then the
frequency response would be asfollows.
Gain (db)

100dB} .
1 \«— Enhanced Gain Cascode Op Amp

80dB

60dB | Normal 'Cascod'e

Op Amp
40dB :
0dB : ' > log oW
lpi(enh)l Ip4l
P ( ) P GB 060629-02
CMOS Analog Circuit Design © P.E. Allen - 2006
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Frequency Response of the Enhanced Gain Cascode Op Amp — Continued
* Does the pole in the feedback amplifier A have an influence?
Although the output resistance can be modeled as,

S
1 poAo
Rout' = RoutAo S
L2
it has no influence on the frequency response because Cqyt has shorted out any
influence a change in Ryt might have.

* Higher order poles come from adiversion of the current flow in the op amp to ground
rather than the intended destination of the current to the output. These poles that divert
the current are:

- Pole at the source of M6 (Agme/Ce) - Pole at the source of M7 (Agm7/C7)
- Pole at the drain of M8 (Agm10/Cg) - Pole at the source of M9 (Agmg/Ce)

- Pole at the drain of M10 (gmgr ds8dm10/C10)

Note that the enhancement amplifiers cause all higher-order poles to be moved out by |A|.
Therefore, the GB of the enhanced gain cascode op amp should be able to be increased by
Al
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SECTION 6.5- SIMULATION AND MEASUREMENT OF OP AMPS
Simulation and M easurement Considerations
Objectives:
» The objective of ssimulation isto verify and optimize the design.
» The objective of measurement isto experimentally confirm the specifications.
Similarity Between Simulation and Measurement:

e Samegoals
» Same approach or technique

Differences Between Simulation and M easurement:

e Simulation can idealize acircuit
* Measurement must consider all nonidealities

CMOS Analog Circuit Design © P.E. Allen - 2006
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Simulating or Measuring the Open-Loop Transfer Function of the Op Amp
Circuit (Darkened op amp identifies the op amp under test):

VIN _'yOS_ —VbD

Simulation: | I [*E
This circuit will give the voltage transfer CLI RL% = Vss
function curve. This curve should identify: 1

1.) Thelinear range of operation

2.) Thegainin thelinear range

3.) The output limits

4.) The systematic input offset voltage

5.) DC operating conditions, power dissipation

6.) When biased in the linear range, the small-signal frequency response can be

obtained

7.) From the open-loop frequency response, the phase margin can be obtained (F = 1)

M easurement:
This circuit probably will not work unless the op amp gain isvery low.

Fig. 240-01 =
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A More Robust Method of Measuring the Open-L oop Frequency Response
Circuit;

i
—VbD
ViN o———— VouT |~
O
_ 1
] 1 A+ =
‘ CL~R = Vss
CI R I )
- Fig. 240-02
Resulting Closed-L oop Frequency Response:
qu ,»”,’ Op Amp
AV(0) F--mmmmmmmm oo = Open Loop
N _~ Frequency
Response

0dB 1 >
1 Ay(0) \ |.0910(W)
RC RC Fig. 240-03
Make the RC product as large as possible.
CMOS Analog Circuit Design © P.E. Allen - 2006
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Simulation and M easur ement of Open-L oop Frequency Response with M oder ate
Gain Op Amps

R

+
R — Vbp

VIN o—AAN NN VouT |~

+ >—e O

Vi s +JT_

i € 1+
CLo~ R —Vss

Fig. 240-04 = = =

Make R as large and measure vt and vj to get the open loop gain.
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Simulation of the Common-Mode Voltage Gain

+
),/.Q$ —VbD
— 1+ Vout -
N’ N
+ _ © 1
+ =
ch ___V
o — VSS
- CL| RL -
- = = Fig. 6.6-5

Make sure that the output voltage of the op amp isin the linear region.
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Simulation of CMRR of an Op Amp
None of the above methods are really suitable for simulation of CMRR.
Consider the following:

ch
+ -
I . voo—( 71—
_ ch+ Va s = Vbp Av(V1-V2)
e Vout
V1 1 D Vi A Vout
- + _+/ —_—+ }
= Vem _]-_VSS ch_ tAchm

~ Fig.6.6-7
[V1+V2)
Vout = A\/(Vl'vz) iAcm 2 = 'AVVout * Acchm
*A, *A,
Vout = 1+AT~/ ch = A/m ch
A/ ch

|ICMRR)| = A, =V,

(However, PSRR* must equal PSRR)
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Direct Simulation of PSRR

Circuit:
Vdd
+O k V2 O 2
Vs : —Vpp Av(V1-V2) é
V D Vi Vout
b T V=0
= Vs, Vs AddV
= A — *AddVad \/
N\ = = Fig.6.6-9
Vour = AVi-V,) £AVas = -AWou £ AVad
A Ay
Vou = T+A, Vas = A, Vaa
_ ﬁ _ Vdd _ ﬁ _ Vss
PRR' =3, =V, | ad |PRR =3 =y,

Works well aslong as CMRR is much greater than 1.
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M easurement of A,, CMRR and PSRR
Configuration: N
VoS VeET
Notethatvi =1g00 Of VOS = 1000v) Y
How Does this Circuit Work? T4
CMRR: PSRR: = Voo
1) Set 1) Set b
Vpp' =Vpp + 1V Vpbp' =Vpp + 1V = Vss
Vss' =Vss + 1V Vss' = Vss 1 _
vouT =VouT+1V  vour =0V Note: o 20
2.) Measure vos (Vos1) 2.) Measure vps (Vos3) 1.) PSRR- can be measured similar to
3.) Set 3.) Set PSRR* by changing only Vss.
Vpp' =Vpp - 1V VoD =VDD -1V 2) The=+1V perturbation can be
Vss' = Vss - 1V Vss' = Vss replaced by a sinusoid to measure
VouT =Vour - 1V vouT =0V CMRR or PSRR asfollows:

4.) Measure vps (Vos2) 4.) Measure vos (VOs4)

5)

2000
CMRR=NGs2-vos1]

CMOS Analog Circuit Design

5)

2000
PSRREW and CMRR =

1000-vgq
R* = Vos
1000-vem
Vos

PSRR- =

1000-vgg
Vos
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How Doesthe Previous |dea Work?
A circuit is shown which is used to measure - AN _
the CMRR and PSRR of anop amp. Prove  '%°7] + v
100kQ lem
A .

100k

that the CMRR can be given as

1000 v; =
CMRR="—y "
. s —VbD
Solution vouT |~
The definition of the common-mode rejection > NG
ratiois C——RL oo
=V
| Avd|  (Vout/Vig) L LT - T >
CMRR = [Acn| = Wout/Viem) Fig. 24008
However, in the above circuit the value of vt is the same so that we get
V.
CMRR ="y
Vos
But vig = vj and Vg = 1000v; = 1000viy = Viq = T000
o . . . Viem 1000 Vicm
Substituting in the previous expression gives, CMRR= Vos = Vos
1000
CMOS Analog Circuit Design © P.E. Allen - 2006
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M easur ement of Open-L oop Gain
M easurement configuration:
Vs 00— -
0kQ Vour
10kQ % =
1+
—Vbp

060701-01

_ Vout  Vout
Avd = Vid = Vi
VOS = 1000V|
1000V0ut

Therefore, Ayg= Vs
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Simulation or M easurement of ICMR

Page 6.5-11

Initial jJump in sweep is due to the turn-on of M5.

VouT
A
s ‘
| * 1
L1oo —VDD 4
VOUT 1

>— } : »VIN
\_C - —Vss i« ICMR—>
l1es ™t ™ | .
M Also, monitor

IbpOrlss  ggoao11

Should also plot the current in the input stage (or the power supply current).

CMOS Analog Circuit Design

© P.E. Allen - 2006

Chapter 6 — Section 5 (6/24/06)

M easur ement or Simulation of Slew Rate and Settling Time

l'DD

Page 6.5-12
VOItS Peak Overshoot
/ | o
,,,,, _v Settling Error
T "‘K Tolerance
Vout
¥
SN ;t
S >
»
; \ Settling Time _
Feedthrough Fig. 240-14

If the dew rate influences the small signal response, then make the input step size small
enough to avoid dew rate (i.e. lessthan 0.5V for MOS).

CMOS Analog Circuit Design
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Phase Margin and Peak Over shoot Relationship

It can be shown (Appendix C of the text) that:
Phase Margin (Degrees) = 57.2958cos 1[\/4c4+1 - 2¢2]

Page 6.5-13

Overshoot (%
( 0) _JTC 80 2 T L — 1 1 T T LI B 100
=100 exp( \/TQZ) 705_ //
- - - - - «- T
B ook
g 50 E_ 10g
S b oo g -«--{ 8
<y ase ershoot |
For example, a 5% overshoot L : i 1 %
corresponds to aphase marginof & 3of o)
approximately 64°. £ [ 710
20F
oF
OO' 111 02 111 04 111 06 111 08 I | | 1 01
=1 Fig. 240-15
2Q
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Example 6.5-1 Simulation of the CMOS Op Amp of Ex. 6.3-1.

The op amp designed in Example 6.3- Vpp = 2.5V
1 and shown in Fig. 6.3-3 is to be M8 ot
analyzed by SPICE to determine if the Cos 30F 1
specifications are met. The device ok )| J_ovom
parameters to be used are those of Tables ™" G
3.1-2 and 3.2-1. In addition to verifying %A | I P
the specifications of Example 6.3-1, we — | 30ua
will simulate PSRR* and PSRR- e EMIB i%:'| 75 L
Solution/Simulation i M

The op amp will be treated as a

subcircuit in order to ssimplify the repeated analyses. The table on the next page gives the
SPICE subcircuit description of Fig. 6.3-3. While the values of AD, AS, PD, and PScould
be calculated if the physical layout was complete, we will make an educated estimate of
these values by using the following approximations.

AS=AD=WL1+L2+L3]

PS=PD=2W+2[L1+L2+L3]

where L1 is the minimum allowabl e distance between the polysilicon and a contact in the
moat (Rule 5C of Table 2.6-1), L2 isthe length of a minimum-size square contact to
moat (Rule 5A of Table 2.6-1), and L3 is the minimum allowabl e distance between a
contact to moat and the edge of the moat (Rule 5D of Table 2.6-1).
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Example 6.6-2 - Continued
Op Amp Subcircuit:

(9 Vss  Fg 24017

.SUBCKT OPAMP 12689

M1 4233 NMOS1 W=3U L=1U AD=18P AS=18P PD=18U PS=18U

M251 33 NMOS1 W=3U L=1U AD=18P AS=18P PD=18U PS=18U

M3 4 4 8 8 PMOS1 W=15U L=1U AD=90P AS=90P PD=42U PS=42U

M4 5 4 8 8 PMOS1 W=15U L=1U AD=90P AS=90P PD=42U PS=42U

M5 379 9 NMOS1 W=4.5U L=1U AD=27P AS=27P PD=21U PS=21U

M6 6 5 8 8 PMOS1 W=94U L=1U AD=564P AS=564P PD=200U PS=200U

M7 6 7 9 9 NMOS1 W=14U L=1U AD=84P AS=84P PD=40U PS=40U

M8 7 79 9 NMOS1 W=4.5U L=1U AD=27P AS=27P PD=21U PS=21U

CC563.0P

.MODEL NMOS1 NMOS VT0O=0.70 KP=110U GAMMA=0.4 LAMBDA=0.04 PHI=0.7
+MJ=0.5 MISW=0.38 CGBO=700P CGS0O=220P CGDO=220P CJ=770U CJSW=380P
+L.D=0.016U TOX=14N

.MODEL PMOS1 PMOS VTO=-0.7 KP=50U GAMMA=0..57 LAMBDA=0.05 PHI=0.8
+MJ=0.5 MJSW=.35 CGBO=700P CGS0O=220P CGDO=220P CJ=560U CJSW=350P +LD=0.014U TOX=14N
IBIAS 8 7 30U

.ENDS
CMOS Analog Circuit Design © P.E. Allen - 2006
Chapter 6 — Section 5 (6/24/06) Page 6.5-16

Example 6.6-2 - Continued
PSPICE Input File for the Open-Loop Configuration:

EXAMPLE 1 OPEN LOOP CONFIGURATION
.OPTION LIMPTS=1000
VIN+10DCOAC1.0

VDD 40DC 2.5

VSS05DC 2.5

VIN-20DCO

CL 3010P

X112345O0PAMP

(Subci'rcuit of previous slide)

.OP

TFV(3) VIN+

.DC VIN+ -0.005 0.005 100U

.PRINT DC V(3)

.AC DEC 10 1 10MEG

.PRINT AC VDB(3) VP(3)

.PROBE (This entry is unique to PSPICE)
.END
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Example 6.6-2 - Continued
Open-loop transfer characteristic of Example 6.3-1:

Page 6.5-17

25¢
2
[ Vos /
LT N
S I —
E 0L
St /
-1 E
2L /
_2_5' - e = wrurarll INITITENE BPEPERITE EFEPERERE BEPER I BN
-2 -15 -1.0 -0.5 0 0.5 1 15 2
vin(mV) Fig. 240-18
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Example 6.6-2 - Continued
Open-loop transfer frequency response of Example 6.3-1:
80 e P10 | ——
60 [ A150 \
_ g100 [ :
g § 50 F
8 i g E
2 20 h= F
£ 5 Ok
S o0Ff g -0 3
- N fao | —
20 [ 1 . g . N
GB! \ 150 F——Phase Margin 'GB
-40 pod vl cnd v ed Rl 200 E T T R 4 B
10 100 1000 10* 10° 10° 10" 0B 10 100 1000 10* 10° 10° 10" 0B
Frequency (Hz) Frequency (H2) Fig. 6.6-16
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Example 6.6-2 - Continued

Input common mode range of Example 6.3-1:

Page 6.5-19

EXAMPLE 6.6-1 UNITY GAIN CONFIGURATION.
.OPTION LIMPTS=501

VIN+ 10 PWL(0-2 10N -2 20N 2 2U 2 2.01U -2 4U -2 4.01U

+-16U-16.01U.18U.18.01U -1 10U -.1)
VDD 40DC25AC1.0

VSS05DC 2.5

CL 30 20P

X1133450PAMP

(Subcircuit of Table 6.6-1)

.DC VIN+-2525 0.1

PRINT DC V(3)

.TRAN 0.05U 10U 0 10N

PRINT TRAN V(3) V(1)

.AC DEC 10 1 10MEG

.PRINT AC VDB(3) VP(3)

.PROBE (This entry is unique to PSPICE)
.END

CMOS Analog Circuit Design
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N
o
ID(M5) wA

=
o

o

0 1 2 3
viN(V) Fig. 240-21
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Example 6.6-2 - Continued
Positive PSRR of Example 6.3-1:

100

80

[o2]
o

IPSRR*(j)| dB
D
o

N
o

-20

Frequency (Hz)

CMOS Analog Circuit Design

10 100 1000 10* 10° 10° 107

108

Arg[PSRR*(jw)] (Degrees)
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100

50

-50

N /

10 100 1000 10* 10° 105 107 10
Frequency (Hz) Fig. 240-22
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Example 6.6-2 - Continued
Negative PSRR of Example 6.3-1:
120 —rrerm 200 —rrrrm
- 150 E
100 @ .
SR — £ 100 F
S i ™ g F
= 80 . g 50
= B \\ =
% i g o
60 N L
o PSRR* § E \R
L =-100 F
40 Z F \
i -150 F
10 100 1000 10* 10° 105 10" 10° 10 100 1000 _10* 10°  10° 10" 1B
Frequency (Hz) Frequency (Hz) Fig. 240-23
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Example 6.6-2 - Continued
Large-signal and small-signal transient response of Example 6.3-1:
15 0.15:""
1 / 01 | vin(t) Ir\
05 005 [
F ~Vout(t)
2] *Vout(t) %)
S 0 It ) 5 O0F
’ \ o \
05 -0.05 [
Vin(®) > \ : \
1t V 0.1 f Ve
15 b '0'152:5""30""35""40""45
0 ! Timg(Microsngnds) 4 5 - . Time(Microseconds). Fig. 24024

Why the negative overshoot on the slew rate?

If M7 cannot sink sufficient current then the output stage
slews and only responds to changes at the output via the

feedback path which involves a delay.

Note that -dvgyt/dt =~ -2V/0.3us = -6.67V/us. For a

10pF capacitor this requires 66.7uA and only 95 A-66.7uA
= 28uA is available for C..  For the positive slew rate, M6

can provide whatever current is required by the capacitors
and can immediately respond to changes at the output.

CMOS Analog Circuit Design
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Example 6.6-2 - Continued
Comparison of the Simulation Results with the Specifications of Example 6.3-1:

Specification Design Simulation

(Power supply = +2.5V) (Ex. 6.3-1) (Ex. 1)

Open Loop Gain >5000 10,000

GB (MHz) 5 MHz 5 MHz

Input CMR (Volts) -1V to 2V -1.2Vto24V,

Slew Rate (V/usec) >10 (V/usec)  +10, -7(V/usec)

Pdiss (mW) <2mW 0.625mW

Vout range (V) +2V +2.3V, -2.2V

PSRR+ (0) (dB) - 87

PSRR- (0) (dB) - 106

Phase margin (degrees) 60° 65°

Output Resistance (k€2) - 122.5kQ
CMOS Analog Circuit Design © P.E. Allen - 2006
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Example 6.6-3 _ Vpp=25V
Why is the negatlv.e.-gomg'overshoot ot I
larger than the positive-going overshoot g
on the small-signal transient response of J% et g

the last slide?
Consider the following circuit and
waveform:

>l e
0.l1us  0.dus
Fig. 240-26

During the rise time,
icL = CL(dvgyt/dt )= 10pF(0.2V/0.1us) = 20uA and ice = 3pf(2V/us) = 6uA

g =95uA +20uA + 6uA = 121uA = Qg = 1066uS (nominal was 942.5uS)
During the fall time, i = C_(-Qvgt/dt) = 10pF(-0.2V/0.1us) = -20uA

and icc = -3pf(2V/us) = -6uA

g =95uA - 20uA - 6uA =69uA = Qng=805uS

The dominant pole is p; ~ (RigmgRI|Co)-! but the GB is gy/Cc = 94.251S/3pF =
31.42x106 rads/sec and stays constant. Thus we must look elsewhere for the reason.
Recall that p; ~ gmg/CL which explains the difference.

- P2(95uA) =94.25x106 rads/sec, pp(121uA) = 106.6 x106 rads/sec, and pr(69uA) =
80.05 x106 rads/sec. Thus, the phase margin is less during the fall time than the rise time.
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SECTION 6.6 - MACROMODELSFOR OP AMPS

M acr omodel
A macromodel isamodel that captures some or all of the performance of a circuit
using different components (generally ssmpler).

A macromodel uses resistors, capacitors, inductors, controlled sources, and some
active devices (mostly diodes) to capture the essence of the performance of a complex
circuit like an op amp without modeling every internal component of the op amp.

Op Amp Characterization
» Small signal, frequency independent
» Small signal, frequency dependent

e Largesignal

Time independent

Time dependent
CMOS Analog Circuit Design © P.E. Allen - 2006
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SMALL SIGNAL, FREQUENCY INDEPENDENT, OP AMP MODELS
Simple M od€l

:}Xg — Rig %Avd (Vl'V2)§NW % vd (V1-V2)f : % % i

(b) (c) Fig. 010-01

Flgure 1 - (a) Op amp symbol. (b.) Thevenin form of ssmple model. (c.) Norton form of
simple model.

SPICE Description of Fig. 1c Subcircuit SPICE Description for Fig. 1c

RID 1 2{Rid} SUBCKT SIMPLEOPAMP 123
RO 3 0{Ro} RID 12 {Rid}
GAVD 0312 {Avd/Ro} RO 3 0{Ro}

GAVD 031 2{Avd/Ro}

ENDS SIMPLEOPAMP

CMOS Analog Circuit Design © P.E. Allen - 2006
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Example 6.6-1 - Use of the Simple Op Amp M odel

Use SPICE to find the voltage gain, v /v, the input resistance, R,,, and the output
resistance, R, of Fig. 2. The op amp parameters are Ayd = 100,000, Rig = IMQ, and Ro
= 100Q. Find the input resistance, Rin, the output resistance, Rout, and the voltage gain,
Av, of the noninverting voltage amplifier configuration when R1 = 1kQ and Rz = 100ke.
Solution

C Rout
The circuit with the SPICE node 2) Vout
numbersidentified is shown in Fig. 2.
_ _ _ = 100kQ
Figure 2 — Noninverting
voltage amplifier for Ex. 6.6-1. = Fig. 010-02
Theinput file for thisexample is given as foIIows
Example 1 The command .TF finds the small signa input
VIN1ODCOACL resistance, output resistance, and voltage or current
XOPAMP1 132 SIMPLEOPAMP . ' i '
R130 1KOHM gain of an amplifier. The results extracted from the
R2 2 3 100K OHM output file are:
.SUBCKT SIMPLEOPAMP 123 ****x  SMALL-SIGNAL CHARACTERISTICS
RID 12 IMEGOHM V(2)/VIN = 1.009E+02
RO 3 0 1000HM INPUT RESISTANCE AT VIN = 9.901E+08
GAVD/RO 031 21000 OUTPUT RESISTANCE AT V/(2) = 1.010E-01.
.ENDS SIMPLEOPAMP
TFV(2) VIN
.END
CMOS Analog Circuit Design © P.E. Allen - 2006
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Common M ode M odel
Electrica Model:
Acm V1+V2)
Vo - vd(Vl VZ) + 2
Macromodel:
@
(3
o
AvcVi A AvcV2
2R 2R
@ Avd(V1-V2 T ° ° é Vo
Ro
o
— Linear Op Amp Macromodel Fig. 010-03
Figure 3 - Simple op amp model including differential and common mode behavior.
SPICE File: GAVD/RO 0312 {Avd/Ro}
.SUBCKT LINOPAMP 123 GAVCL/RO 03 1 0{Avc/2Ro}
RIC110{Ric} GAVC2/RO 032 0{Avc/2Ro}
RID 12 {Rid} RO 30{Rq}
RIC220{Ric} .ENDS LINOPAMP
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SMALL SIGNAL, FREQUENCY DEPENDENT OP AMP MODELS
Dominant Pole M odel

A0 1
A4 = @ﬁ% where w,;= R,c; (dominant pole)

Model Using Passive Components:

Vl O Vo

RS A0 v (1) RS c
Ry

&)

V2

Fig. 010-04 = = =
Figure 4 - Macromodel for the op amp including the frequency response of Ayd.

Model Using Passive Components with Constant Output Resi stance:

V_’]_ @ VO
RigS A0 (V1-V2) R
Ry
v@
2

Fig. 010-05 = = - = =
Figure 5 - Freguency dependent model with constant output resistance.
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Example 6.6-2 - Freguency Response of the Noninverting Voltage Amplifier

Use the model of Fig. 4 to find the frequency response of Fig. 2 if thegainis +1, +10,
and +100 V/V assuming that Avd(0) = 105 and w1= 100 rads/sec.

Solution

The parameters of the model are R2/R1 =0, 9, and 99. Let us additionally select Rig
= IMQ and Ro = 100Q2. We will use the circuit of Fig. 2 and insert the model as a
subcircuit. Theinput file for this example is shown below.

Example 2

VIN1ODCOAC1 R12 32 0 1IKOHM GAVD/RO 03121000
*Unity Gain Configuration R22 22 32 9KOHM R130100

XOPAMPL 1 31 21 *Gainof 100 Configuration C1 30 100UF
LINFREQOPAMP XOPAMP3 1 33 23 .ENDS

R11 31 0 15GOHM LINFREQOPAMP AC DEC 10 100 10MEG

R21 21 31 10HM R13 33 0 1IKOHM PRINT ACV(21) V(22) V(23)
*Gain of 10 Configuration R23 23 33 99KOHM .PROBE

XOPAMP2 1 32 22 .SUBCKT .END

LINFREQOPAMP LINFREQOPAMP 123

RID 12 1IMEGOHM

CMOS Analog Circuit Design © P.E. Allen - 2006
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Example 6.6-2 - Continued

40dB
L | 1

3008t ! \Galn of 10(
" |
[ . |

20dBE Gain of 10| N\

A R R
10dBf 7\

odB Gain of 1 \
it Sy oo mheoo \
L | |
-100Bf ! ! :
[ 15.0kHz| | 150kHz| |L59MHZ | N\
-20dBt \ A A
100Hz  1kHz  10kHz  100kHz  1MHz  10MHz
Fig. 010-06

Figure 6 - Frequency response of the three noninverting voltage amplifiers of Ex. 6.6-2.

CMOS Analog Circuit Design © P.E. Allen - 2006
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Behavioral Frequency M odel

Use of Laplace behavioral modeling capability in PSPICE.
GAVD/RO 03 LAPLACE{V(1,2)} ={1000/(0.01s+1)}.

Implements,
Avd(O)
Avd(S) Ro
GavdRo="R, =5
ortl

where Avd(0) = 100,000, Ro = 100<2, and w1 = 100 rps

CMOS Analog Circuit Design © P.E. Allen - 2006
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Differential and Common M ode Frequency Dependent M odels

Op Amp Macromodel

AvcVi Avc
Figure 7 - Op amp macromodel for

®) separate differential and common
°, voltage gain frequency responses.
Ayg(Vi-V L V3 /4\ Va R
vd( 1- 2)%? =R 2 R, o Vo
| o
- ? — Fig. 010-07
CMOS Analog Circuit Design © P.E. Allen - 2006
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Zerosin the Transfer Function
Models:
®
?
Ro
M T @ Vo AVd(Vl'VZ) Cl_ Vd (Vl V2) Vo
Ro L R,
1 ;) —
) (@) (b.) Fig. 010-08

Figure 8 - (a.) Independent zero model. (b.) Method of modeling zeros without
introducing new nodes.

Inductor:
Vo = o+ Ro) [Va9-Va(9] = A0l Rat + 1] [Va(S-Vals)
Feedforward:
|
Vo(9) = ((Foy) +1)[1HK(Fo1)+K] [Va(s)-V2(s)] -
The zero can be expressed as 71 = -0)1[1 + %}

where k can be + or - by reversing the direction of the current source.
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Example 6.6-3 - Modeling Zerosin the Op Amp Frequency Response
Use the technique of Fig. 8b to model an op amp with a differential voltage gain of
100,000, a pole at 100rps, an output resistance of 100€2, and a zero in the right-half,

complex frequency plane at 107 rps.
Solution
The transfer function we want to model is given as
10°(s/107 - 1)
Vo(8) ="(sJ/T00 + 1)
Let us arbitrarily select R as 100k€2 which will make the GAVD/R1 gain unity. To get
the pole at 100rps, C1 = 1/(100R}) = 0.1uF. Next, we want z; to be 107 rps. Since w] =

100rps, then Eq. (6) gives k as -107. The following input file verifies this model.

Example 3 GV3/RO04300.01

VINIODCOAC 1 GAVD/RO40120.01

XOPAMPI 10 2 LINFREQOPAMP RO 40 100

.SUBCKT LINFREQOPAMP 1 2 4 .ENDS

RID 1 2 IMEGOHM .ACDEC 10 1 100MEG

GAVD/R103121 PRINT AC V(2) VDB(2) VP(2)

R1 30 100KOHM .PROBE

C1300.1UF .END
CMOS Analog Circuit Design © P.E. Allen - 2006
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Example 6.6-3 - Continued

The asymptotic magnitude frequency response of this ssimulation is shown in Fig. 9.
We note that although the frequency response is plotted in Hertz, there is a pole at 100rps
(15.9Hz) and a zero at 1.59MHz (10Mrps). Unless we examined the phase shift, it is not
possible to determine whether the zero is in the RHP or LHP of the complex frequency
axis.

(100
| [}
80dB| ' N\
[ i \
& 60dB| : N
3 [ \
4008 ' N
i [}
[ | 15.9Hz or 100rps \
2008 ! \
[ E 5 g 10Mr[s\ ]
OdB Dt e e e
1Hz 10Hz 100Hz 1kHz 10kHz 100kHz IMHz 10MHz

Frequency Fig. 010-09
Figure 9 - Asymptotic magnitude frequency response of the op amp model of Ex. 6.6-3.
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LARGE SIGNAL MACROMODELSFOR THE OP AMP
Output and Input Voltage L imitations

@) R im

Nonlinear Op

©

Figure 10 - Op amp o Dli@ Amp Macromode! o
macromodel that limits & lef'_ v.u_ R — 5.

1 Avc Avc D6
theltl nput and output L R._.M_ or /N SR /N R s Evo
VO ageS. D4 Avd(v v OH_ 0|__
)
évmza‘l’:. @ o

Subcircuit Description
.SUBCKT NONLINOPAMP 123
RIC110{Ricm}

o

Fig. 010-10

D495IDEALMOD
VIL290{V|IL2}

RLIM1140.1 GAVD/RO 0345 {Avd/Ro}
D146 IDEALMOD GAVC1/RO 034 0{Avc/Ro}
VIH160{VIH1} GAVC2/RO 0350 {Avc/Ro}
D27 4 IDEALMOD RO 30{Rq}

VIL170{VIL1} D5 3 10 IDEALMOD

RID 4 5 {Rid} VOH 10 0{VOH}
RIC220{Ricm} D611 3IDEALMOD
RLIM2250.1 VOL 11 0{VoL}

D358IDEALMOD .MODEL IDEALMOD D N=0.001

VIH280{VIH1}

CMOS Analog Circuit Design
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Example 6.6-4 - [llustration of the Voltage Limits of the Op Amp

Use the macromodel of Fig. 10 to plot vouT as a function of vin for the noninverting,
unity gain, voltage amplifier when viN is varied from -15V to +15V. The op amp
parameters are Avd(0) = 100,000, Rid = IMQ, Ricm = 100MQ, Aw(0) = 10, Ry = 1002,
VoH =-VoL = 10V, ViH1 =ViH2 = -VIL1 = -V|L2 = 5V.

Solution
Theinput file for this exampleis given below.

Example 4 VIL170-5V RO 30100
VIN10DCO RID 45 1IMEG D5 3 10 IDEALMOD
XOPAMP 122 RIC2 2 0 100MEG VOH 100 10V
NONLINOPAMP RLIM2250.1 D6 11 3IDEALMOD
SUBCKT D358 IDEALMOD VOL 11 0-10V
NONLINOPAMP 123 VIH2805V .MODEL IDEALMOD D N=0.0001
RIC110 100MEG D495IDEALMOD ENDS
RLIM1140.1 VIL290-5v DCVIN-15150.1
D146 IDEALMOD GAVD/RO 03451000 PRINT V(2)
VIH1605V GAVC1/2RO03400.05  .PROBE
D2 7 4 IDEALMOD GAVC2/2RO03500.05  .END

CMOS Analog Circuit Design
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Example 6.6-4 - [llustration of the Voltage Limits of the Op Amp - Continued

7.5V

5V [
25V

V(2) oV

25V

v

75\t
-10V -5V Y, 5V 10V
VIN Fig. 010-11

Figure 11 - Simulation results for Ex. 6.6-4.
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Output Current Limiting
Technique:

Vi

®
Rig

®

Avdy,. —
PR T o0
Fig. 010-13 = = - -
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Example 6.6-5 - Influence of Current Limiting on the Amplifier Voltage Transfer
Curve

Use the model above to illustrate the influence of current limiting on the voltage
transfer curve of an inverting gain of one amplifier. AssumetheV,,=-Vo =10V, V,, =
-V, = 10V, the maximum output current is +20mA, and R, = R, = R, = 500Q2 where R,
iIsaresistor connected from the output to ground. Otherwise, the op amp isideal.
Solution

For the ideal op amp we will choose Avd = 100,000, Rid = 1M, and Ro = 100Q2 and
assume one cannot tell the difference between these parameters and the ideal parameters.
The remaining model parameters are VoH = -VoL = 10V and I imit = £20mA.

Example 5 - Influence of Current Limiting on the Amplifier Voltage Transfer Curve

VIN10DCO D46 4 IDEALMOD

R11 2500 ILIMIT 56 20MA

R2 23500 D537 IDEALMOD

RL 30500 VOH 70 10V

XOPAMP 02 3NONLINOPAMP D6 8 3IDEALMOD

.SUBCKT NONLINOPAMP 123 VOL 80-10V

RID 12 IMEGOHM .MODEL IDEALMOD D N=0.00001

GAVD 04121000 .ENDS

RO 4 0100 .DCVIN-15150.1

D135IDEALMOD PRINT DC V(3)

D26 3IDEALMOD .PROBE

D345IDEALMOD .END
CMOS Analog Circuit Design © P.E. Allen - 2006
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Example 6.6-5 - Continued
The resulting plot of the output voltage, v3, as a function of the input voltage, viN is

shownin Fig. 14.
10V_
5V |
s
> OV ]
[ ..-—-"""/-:
_5V: // ]
-10\M ]
-15Vv -10v -5v ov 5v 10V 15v
VIN Fig. 010-14

Figure 14 - Results of Example 6.6-5.
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Slew Rate Limiting (Time Dependency)

Slew Rate:
dv, =l
dt = C, = Slew Rate
Macromode!:
V1
Rid
@ Ayg(O
Vo Avl0) (V1-v2
R1
Fig. 010-15
CMOS Analog Circuit Design © P.E. Allen - 2006
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Example 6.6-6 - Simulation of the Slew Rate of A Noninverting Voltage Amplifier

Let the gain of a noninverting voltage amplifier be 1. If the input signal is given as
Vin(t) = 10 sin(4x105mt)
use the computer to find the output voltage if the slew rate of the op amp is 10V/us.
Solution
We can calculate that the op amp should slew when the frequency is 159kHz. Let us
assume the op amp parameters of Avd = 100,000, w1 = 100rps, Rigd = 1MQ, and Ry =
100€2. The simulation input file based on the macromodel of Fig. 15 is given below.

Example 6.6-6 - Simulation of slew rate limitation

VIN 1 0 SIN(0 10 200K) D2 7 0 IDEALMOD
XOPAMP 1 2 2 NONLINOPAMP D35 6 IDEALMOD
.SUBCKT NONLINOPAMP 123 D4 7 5 IDEALMOD
RID 1 2 IMEGOHM ISR67 1A
GAVD/R104121 GVO/R003450.01
R14 0 100KOHM RO 30100
C1450.1UF .MODEL IDEALMOD D N=0.0001
D10 6 IDEALMOD .ENDS
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Example 6.6-6 - Continued
The smulation results are shown in Fig. 16. The input waveform is shown along with the
output waveform. The influence of the slew rate causes the output waveform not to be

equal to the input waveform.

10V,

5V //
ov

-5Vl \ /
- Input 4 p
- Voltage \ "\
-10d
Ous 2us 4us 6us 8us 10us

Time Fig. 010-16
Figure 16 - Results of Ex. 6.6-6 on modeling the slew rate of an op amp.
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SPICE Op Amp Library Models
Macromodels devel oped from the data sheet for various components.
Key Aspects of Op Amp Macromodels:
o Use the simplest op amp macromodel for a given simulation.
« All things being equal, use the macromodel with the min. no. of nodes.
» Usethe SUBCKT feature for repeated use of the macromodd.
» Besureto verify the correctness of the macromodels before using.

» Macromodels are a good means of trading ssimulation completeness for decreased
simulation time.
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SECTION 6.8 - SUMMARY

Topics
* Design of CMOS op amps
» Compensation of op amps
- Miller
- Self-compensating
- Feedforward
» Two-stage op amp design
« Cascode op amps
» Simulation and measurement of op amps
» Macromodels of op amps

Chapter Objective

Purpose of this chapter is to introduce the ssimple two-stage op amp and the cascode op
amp to illustrate the concepts of op amp design and to form the starting point for the
improvement of performance of the next chapter.

Design Procedures

The design procedures given in this chapter are for the purposes of understanding and
applying the design relationships and should not be followed rigorously as the designer
gains experience.
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