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CHAPTER 6 - CMOS OPERATIONAL AMPLIFIERS

Chapter Outline

6.1 Design of CMOS Op Amps

6.2 Compensation of Op Amps

6.3 Two-Stage Operational Amplifier Design

6.4 Power Supply Rejection Ratio of the Two-Stage Op Amp
6.5 Cascode Op Amps

6.6 Simulation and Measurement of Op Amps

6.7 Macromodels for Op Amps

6.8 Summary
Goal
Understand the analysis, design, and measurement of simple CMOS op amps
Design Hierarch Chapter 6 D Functional blocks or circuits
apte (Perform a complex function)
The op amps of this chapter v1
Blocks or circuits
are unbuffered and are OTAs (Combination of primitives, independent)
but we will use the generic T3
term “op amp”. Sub-blocks or subcircuits
(A primitive, not independent)
Fig. 6.0-1
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SECTION 6.1 - DESIGN OF CMOS OPERATIONAL AMPLIFIERS

High-Level Viewpoint of an Op Amp
Block diagram of a general, two-stage op amp:

™ Compensation
Circuitry
A
v v A4
vi o—»{+ Differential ngh vour | Output |vour’
Transconductance » Gain » Buffer [°
V) 0—» - Stage Stage
T X T
Bias
Circuitry Fig. 110-01

Differential transconductance stage:

Forms the input and sometimes provides the differential-to-single ended conversion.
High gain stage:

Provides the voltage gain required by the op amp together with the input stage.
Output buffer:

Used if the op amp must drive a low resistance.

e Compensation:
Necessary to keep the op amp stable when resistive negative feedback is applied.
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Ideal Op Amp
Symbol:
il VD
°;+
+ ) Vi
VI > -
+
Vss vour=Ay(vi-v2)
v2
© — ° Fig 11002
Null port:

If the differential gain of the op amp is large enough then input terminal pair becomes a
null port.

A null port is a pair of terminals where the voltage is zero and the current is zero.
ILe.,

vi-v2=v;=0
and

i1=0andip =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 as a Voltage Amplifier

«ﬁ}»l—%‘

—o
+ +
v
mn _<>Vlnp Vout
o
— Fig. 110-03
Noniverting voltage amplifier:
R1+R>
Vinn =0 = Vout = [ Ry Vinp
Inverting voltage amplifier:
Ry
Vinp =0 = Vout = ‘[R_l 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, v,,,/v;,.

R 1y i R

AW

+ +| 1, +
Vin Vi ( ) Vout
- - [ +
- o
Virtual Ground Fig. 110-04

Solution

If A, — o, then v; — 0 because of the negative feedback path through R».

(The op amp with —fb. makes its input terminal voltages equal.)
=0andi;=0

Note that the null port becomes the familiar virfual ground if one of the op amp input
terminals is on ground. If this is the case, then we can write that

. Vin d . Vout
=P an I =
1 Rl 2 R2
. . . .. . Vour  R2
Since, i; =0, then i; + ip = 0 giving the desired result as Vin = Ry -
CMOS Analog Circuit Design © P.E. Allen - 2003
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Linear and Static Characterization of the Op Am
A model for a nonideal op amp that includes some of the linear, static nonidealities:

V| R;
CMRR e

en2
1% 0—< >—< > *
i Rour Vout
,2 Cld

Vi o Ideal Op Amp
lCm
Fig. 110-05
where

R;4 = differential input resistance

C;q = differential input capacitance

R = common mode input resistance

Vos = input-offset voltage

Ip1 and Ip, = differential input-bias currents

lps = input-offset current (/s = Ig1-152)

CMRR = common-mode rejection ratio

e2 = voltage-noise spectral density (mean-square volts/Hertz)
i2 = current-noise spectral density (mean-square amps/Hertz)
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Linear and Dynamic Characteristics of the Op Amp
Differential and common-mode frequency response:

Vi($)+Vals)
Vout(s) = Ay()[V1(s) - Va(s)] £ Ac(s) [ 2 ]

Differential-frequency response:
Ay Ay P1P2P3"

AU =15 NENT = (s -p1)(s -p2)(s -p3)-
rP1)\p2 C)\P3
where p1, p2, p3,:-- are the poles of the differential-frequency response (ignoring zeros).
A, (jw)! dB
A
Asymptotic
20log10(Ay0) | ==—r#¥ Magnitude
i
Actual |
Magnitude
0dB ‘ > o
o
-18dB/oct”
Fig. 110-06
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Other Characteristics of the Op Amp
Power supply rejection ratio (PSRR):
VDD Vo/ Vin (Vdd = O)
PSRR = Vo1 AvS) = V[V (Vin = 0)
Input common mode range (ICMR):

ICMR = 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 (7):

vour(t)
o Upper Tol
Final Value 4 b boooofooo N U pper Tolerance
’_7 € |
- voUT Final Value |---- T e A e
VIN —o \ e L Tol
] o + Final Value - € -------—f---——— -\ fomnl ower Lolerance
\ 1
< Settling Time >§
0 1 - >t
0 T, Fig. 110-07
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Classification of CMOS Op Amps
Categorization of op amps:
Conversion Hierarchy
Voltage Classic Differential Modified Differential I
to Current Amplifier Amplifier )
T T First
"""""""""""" ¥ 3 A Voltage
Current Differential-to-single ended | | Source/Sink | [ MOS Diode Stage
to Voltage Load (Current Mirror) Current Loads Load
_______________________ l | | I . A
v Current |
Voltage Transconductance Transconductance Stace
to Current Grounded Gate Grounded Source
______________________________________________ _Second
v v Voltage
Current Class A (Source Class B Stage
to Voltage or Sink Load) (Push-Pull)

CMOS Analog Circuit Design

Table 110-01

© P.E. Allen - 2003

Chapter 6 — Section 1 (2/25/03)

Page 6.1-9

Two-Stage CMO

S Op Amp

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

stages:

Lﬁ’l/m M4

- o—[ M1 M2
Vin i
+ o |
i1 |
VBias WWMS |
1 V—)I 1

CMOS Analog Circuit Design
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V=1

Vout

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

! Z ; \Vbp
' Vg; ! ! !
e YE ! | o [ M
! ! | M10|M11|;
o ey e
in ) 5 L M8 | M9 [} Your Vout
T | | P o= Vin
i Mol M7 i
e vBaaﬁ*H[? | |
E VBias_{'_T E E
! | M4 M5| !
! : : 1 Vss .
l V—>I l I—>I ' I_>V ' Flg. 6.1—9
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Design of CMOS Op Amps
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 developed.

2.) Selection of the dc currents and transistor sizes.
Most of the effort of design is in this category.

Simulators are used to aid the designer in this phase. The general performance of the
circuit should be known a priori.

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 resimulation
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 - 2003
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Boundary Conditions and Requirements for CMOS Op Amps

Boundary conditions:

1. Process specification (Vy, K', C,,,, etc.)

2. Supply voltage and range
3. Supply current and range

4. Operating temperature and range

Requirements:

1. Gain
Gain bandwidth
Settling time
Slew rate

S A G i

Output-voltage swing
9. Output resistance

10. Offset

11. Noise

12. Layout area

CMOS Analog Circuit Design

Common-mode input range, ICMR
Common-mode rejection ratio, CMRR
Power-supply rejection ratio, PSRR
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Specifications for a Typical Unbuffered CMOS Op Amp

Boundary Conditions Requirement

Process Specification See Tables 3.1-1 and 3.1-2
Supply Voltage +2.5V =10%

Supply Current 100 uA

Temperature Range 0 to 70°C

Specifications Value

Gain =70dB

Gainbandwidth =5 MHz

Settling Time < 1 usec

Slew Rate =5 V/usec

Input CMR =+]5V

CMRR =60 dB

PSRR =60 dB

Output Swing ==x1.5V

Output Resistance N/A, capacitive load only
Offset <+x10mV

Noise < 100nV/A/Hz at 1KHz
Layout Area < 10,000 min. channel length2

CMOS Analog Circuit Design
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Some Practical Thoughts on Op Amp Design
1.) Decide upon a suitable topology.

» Experience is a great 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 topology
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 (shown
later)

3.) Design dc currents and device sizes for proper dc, ac, and transient performance.

* This begins with hand calculations 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 is to use hand calculations to propose a design that has
potential of satisfying the specifications. Design robustness is developed in this step.

2.) Optimization - this step uses the computer to refine and optimize the design.

CMOS Analog Circuit Design © P.E. Allen - 2003
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SECTION 6.2 - COMPENSATION OF OP AMPS
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 a capacitor feeding back around a high-gain, inverting
stage.
* Miller capacitor only

» Miller capacitor with an unity-gain buffer to block the forward path through the
compensation capacitor. Can eliminate the RHP zero.

e Miller with a nulling resistor. Similar to Miller but with an added series resistance
to gain control over the RHP zero.

2. Self compensating - Load capacitor compensates the op amp (later).

3. Feedforward - Bypassing a positive gain amplifier resulting in phase lead. Gain can be
less than unity.

CMOS Analog Circuit Design © P.E. Allen - 2003
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Single-Loop, Negative Feedback Systems
Block diagram:

A(s) = differential-mode voltage gain of the

op 2P Vin(s) AGs) V()
inlS s out\S
F(s) = feedback transfer function from the + Figt‘ 120-01

output of op amp back to the input.
Definitions:
* Open-loop gain = L(s) = -A(s)F(s)
. Vout(s) A(S)
® ClOSCd-lOOp gain = Vin( s) = 1+A(s)F(s)
Stability Requirements:
The requirements for stability for a single-loop, negative feedback system is,
IA(Gwoo)F(jooe)| = |L(jwoe)| < 1
where wqe 1s defined as
Arg[-A(jopo)F(joge)] = Arg[L(jog°)] = 0°
Another convenient way to express this requirement is
Arg[-A(joodB)F(jwodB)] = Arg[L(jwodB)] > 0°
where wogp 1s defined as

A(jwodB) F(jwods)| = |L(joods)| = 1

CMOS Analog Circuit Design © P.E. Allen - 2003
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Illustration of the Stability Requirement using Bode Plots
A

% -20dB/decade

X

0dB ; -40dB/decai1ceo
180% i 5 <

T|
v

IA(jo)F(jo)|

Arg[-A(jo)F(jo)]

>

(6
0dB Fig. Fig. 120-02

Frequency (rads/sec.)

A measure of stability is given by the phase when IA(jw)F(jw)l = 1. This phase is called
phase margin.

Phase margin = @y = Arg[-A(jwodB)F(jwodB)] = Arg[L(jwodB)]

CMOS Analog Circuit Design © P.E. Allen - 2003
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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.
1.4

1.2

1.0

Vour(t) 0.8

A
06

0.4
0.2

0

450
50° N\~

% _ 65°

55 ?@%ﬁ

60°

70°

0

10
Wol = Wyt (sec.)

15 Fig. 120-03

A “good” step response is one that quickly reaches its final 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
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Uncompensated Frequency Response of Two-Stage Op Amps

Two-Stage Op Amps:

e
! Q6
Vout Vout
ol . M1 M2 o o— Q1 Q2 o
Vm Vin
s
| V
| | M7 + 7
VBias }_1 M5 [_3 VBias I\ﬁ Q5 \$
Vss VEE Fig. 120-04

Small-Signal Model:

>

D1, D3 (C1, C3)

gmlvm

_J._

Ci r'r~V1

%

D2, D4 (C2, C4)

D6, D7 (C6, C7)

8 m2 in
gmavl G

_J._

R3
: _ 8m6V2

~1=V2

T O

Lo
C3>3 Vout

.-

. 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 - 2003




Chapter 6 — Section 3 (2/25/03)

Page 6.3-6

Uncompensated Frequency Response of Two-Stage Op Amps - Continued

For the MOS two-stage op amp:

1 1
Ry =g 3llragllrgs1 =4 = Ry =rgs2ll rgs4

C1 = Cgs3+Cg5a+Cpq1+Cpa3 (2 = Co56+Cpa2+Cpas

For the BJT two-stage op amp:

1 1
Ry = a3 ||rn3||rﬂ4||r01||r03z% Ry =rgll rooll rpq = 16

C1 = C3+Cpy+Cors1+Ccs3 Cy = CpptCes2+Cesa

and R3=ryell rgg7
and C3 = C1 +Cpa6+Cpq7

and Rz =ryll ry7
and C3=Cr+C,6+Ccs7

Assuming the pole due to C| is much greater than the poles due to Cp and C3 gives,

Lt D+ Tt D
&m1Vin phgt)) R3<S.C3272 Vout D 8m1Vin ITVi Ru= iz Vou
S ) s R< G gV v

1 1 o 1 1 o

Fig. 120-06

The locations for the two poles are given by the following equations

-1 -1
Pi=RC adp2=RyCy

where R; (Ryp) is the resistance to ground seen from the output of the first (second) stage
and C; (Cp) is the capacitance to ground seen from the output of the first (second) stage.

CMOS Analog Circuit Design
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Uncompensated Frequency Response of an Op Amp

A
Ayd(0) dB <3
i -20dB/decade
2 |
S i
= | 3
| GB
0dB } —X > logio(w)
Phase Shift | I\ -40dB/decade
A 45°decade | | \&~
180°) | |
3 1359
N
T 90
£
< 450
0° - — logjo(w)
Ip1 Ip2' wodB Fig. 120-07

If we assume that F(s) = 1 (this is 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°.

Therefore, the op amp must be compensated before using it in a closed-loop

configuration.
CMOS Analog Circuit Design
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Miller Compensation of the Two-Stage Op Amp

Sl @6

_LCM

Vout
oMl = M2 o
Vin Cr Cn
; TG | T
|
VBzas WMS I[:‘M7
Vss VEE Fig. 120-08

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

C)s = capacitance associated with the first-stage mirror (mirror pole)
C = output capacitance to ground of the first-stage

C7 = output capacitance to ground of the second-stage

CMOS Analog Circuit Design © P.E. Allen - 2003
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Compensated Two-Stage, Small-Signal Frequency Response Model Simplified
Use the CMOS op amp to illustrate:
1.) Assume that g;,,3 >> g4s3 + gds1

8m3
2.) Assume that Cy > GB

Therefore,

Ce
V2

V1 \| o

11 T

-8m1Vin 4 S B
5 C —~ 1 gm2Vin C/'\ Em62 —~ Yout

rasillrgss [ CM| 8&m3 2 8mav1Y “ 1| raollrgsa[ ©™ rasollrasy Cr 5

) s

o 0
° +
. . == — Yout
l_n 8m1Vin rasollrgsa<s 8m6V2\Y /rye6llras7 -
o

XL Fig. 120-09

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

CMOS Analog Circuit Design © P.E. Allen - 2003
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General Two-Stage Fre uency Response Analysis

where
Vl" gmiVi @ % @ % Vout Eml = 8&m1=8&m2> Rp=rgpllrges, Cr=C
mlVin Cr | Ri emilV2 CH’I\ and
= Fig.120-10 Emil = &m6> Ry = rasellras7, Cpp=Cr = Cp

Nodal Equations:
-8uiVin =[G+ 5(C + CHIV, - [sC 1V, and 0=[g,;-sC]IV,+[G;+sCy+sCV,,

Solvmg using Cramer’s rule gives,
Vouls) 8l &mir= SC.)
Vil($) = G,Gyts [G(CAC)+G(C,AC)+g, ,Cl+s2[C,C,C.CAHC.Cy
A,ll -5 (CJgi)]
= 1+s [R(CAHCY+R(CoHC)+8,uR Ry C 1+ [RR ) C,Ci+C.CHC.Cp)]
where, A, = g,8.RiR;

1 1) &2 s 52

In general, D(s) :( ] [1 _] =1-s [p Pz} oy, D(s)=1 2.t D , 1f Ip,I>>Ip )|

B -1 -1 B Emil

= R(CAHCP+R(C+C)+8,: R R, C. = g, iR R,C. | | <= C,

[R(CHCID+R(CI+Co)+gmiR 1R 1C,] -8milCe -8mil

P2 = RR(CICii+C.C+C.Cpp) ~ CIC+CCCCyy = Cyy | Ci1> Ce> Cr
CMOS Analog Circuit Design © P.E. Allen - 2003
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Summary of Results for Miller Compensation of the Two-Stage Op Amp
There are three roots of importance:

1.) Right-half plane zero:

EmIl  Emb
This root is very undesirable- it boosts the magnitude while decreasing the phase.
2.) Dominant left-half plane pole (the Miller pole):
-1 B -(8ds2+8ds4)(8ds6+8dsT)
P1= emnRiRCe = gm6Ce
This root accomplishes the desired compensation.
3.) Left-half plane output pole:

“8mll  ~8mb
p2=Cp = Cp

This pole must be = unity-gainbandwidth or the phase margin will not be satisfied.
Root locus plot of the Miller compensation:

Closed-loop poles, C=0 Jo
Open-loop poles
P CC=8 P
v A/\A Y
X O e
P2 p2 pr p1 | 21 Fig. 120-11
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Compensated Open-Loop Frequency Response of the Two-Stage Op Amp

A

Avd(0) dB 0 T+, Uncompensated
.., -20dB/decade

o
A

)

4
Compe:nsated/

A(jw)F(jw)l

i : GB
i ! /
0P | ) > log10(0)
Phase Shift ' o -40dB/decade
4 ! s V Uncompensated ! L \»
— 1800 .i. 1 : :
2 : -45°/decdde |
A i i
2 AN O
T %0 . -45°/decade
T g COMPensated” W e
< : I . :\\ A /M i
! No phase margm:\‘;\: P argin
0° |p1| 1] |p'2|| l[;2| > loglo(u))
Pl Fig. 120-12

Note that the unity-gainbandwidth, GB, is

. 1 Eml 8ml 8m2
GB = AygO)lp | = (gmigmiRIRIDg 7 RIR;C.= C. = C. = Cp

CMOS Analog Circuit Design © P.E. Allen - 2003
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Conceptually, where do these roots come from?

1.) The Miller pole: VD
c Rn
b~ R C no e
1= Ry(g,6RnC.) . ' M6
T\ ~gm6RuUC [~
= = = Fig. 120-13

2.) The left-half plane output pole:

Vbp Vbp

Ry Ry
Ce

l l gm6 Ii‘ Vout | . L Vout
= M6 GB-Cc.=" --- M6
L Ci I Cll  —p I Cu

- = — = Fig 120-14

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

g R
Smb Vout
_(-&umsRu(1/sC)) Ry ., -RH(SCC_ 1] "
Vour = \"R,+ 1/sC, |V YR, +1/sC.)V = R,+1/sC.V '
where v=v =v"’. = = — Fig. 120-15

CMOS Analog Circuit Design © P.E. Allen - 2003
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Influence of the Mirror Pole

Up to this point, we have neglected the influence of the pole, p3, associated with the

current mirror of the input stage. A small-signal model for the input stage that includes
C3 is shown below:

-
. i
2 rds1| rds3 gm3 2 BN/ rds2 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(s) — -gmi gm3+8ds1+8ds3 . -8ml sC3 + 2gm3|

Vin(s) = 2(gds:+8ds4) |&m3+ &ds1+8ds3+5C3 tl= 2(gas2tgds4) | sC3 + ngJ
We see that there is a pole and a zero given as

8m3 28m3
p3:—c3 andZ3=- C3

CMOS Analog Circuit Design © P.E. Allen - 2003
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Influence of the Mirror Pole — Continued

Fortunately, the presence of the zero tends to negate the effect of the pole. Generally,
the pole and zero due to Cs is greater than GB and will have very little influence on the

stability of the two-stage op amp.

A
. F=1
The plot shown illustrates A, 4(0) dB . Ce=0
the case where these roots are ; _6dB/octave
less than GB and even then ;
they have little effect on i
stability. i
In fact, they actually i
increase the phase margin 0dB : > log ()
Slightly because GB is Magnitude influence of C3/
Phase Shift -12dB/octave
decreased. ase Shiit |
0° ' CC =0
! ¥ _ -45°/deca
450 777777777 N T T :
/i e 2Ca
900""67‘7"07L7" %1 _-45°/decade
1359 < | C.=0” 4 ! Phase margi
,,,,,,,,,, RCEEEEEEE, S Sy . .
Phase margin due to C3—» $.—1gnoring C3
180° >——> logjo(w)
Ipq! Ip3||z3||p2I Fig. 120-17
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Summary of the Conditions for Stability of the Two-Stage Op Amp
e Unity-gainbandwith is given as:

8ml 1 8ml1
C,. =(&mgmRiR) g “RR,C.|= C,

1
GB =A,(0)lpl = (gmlngIRIRII)'[gmHRIRHCC) =

* The requirement for 45° phase margin is:

+180° - Arg[AF] = =180° - tan- l(lpllJ - tan- 1(|p2|] - tan- l(w] = 45°

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

+180° - tan- 1(G ) - tan- 1(|p2|) - tan-1 = 45°

Ip1l

GB GB
135° = tan-1(Ay(0)) + tan- 1(|p2|) + tan-1(0.1) = 90° + tan- 1(|p2|) +5.7°
GB GB
30.3° ~ tan-l{jp ]| = 1= 0.818 = [[p2i= 1.22GB|

* The requirement for 60° phase margin:
| Ip2l =2.2GB if 7 = 10GB |

 If 60° phase margin is required, then the following relationships apply:

gm6  10gml gm6  2.2gml
C. > C. = |gm6>10gml| and "5 >—¢, = | Cc>0.2202
CMOS Analog Circuit Design © P.E. Allen - 2003
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Controlling the Right-Half Plane Zero
Why is the RHP zero a problem?

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

jo

jo3

J2 180° > 61 > 6 > 03

jop

< »O

Fig. 430-01

Solution of the problem:
If a zero is caused by two paths to the output, then eliminate one of the paths.
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Use of Buffer to Eliminate the Feedforward Path through the Miller Capacitor
Model:

The transfer

funCtlon IS leeH Inverting VOUT m EmlVin C] R[ VO”’ C[] Vou
by the following - HighGaig gmitVi

equation,

Vo(s) (8mD)(gmin(RD(Ryp)
Vin(s) = 1 + s[RiCr + RiCy + RiCe + gmnRiR11Ce] + s2[RIRiCr(Cr + C¢)]

Using the technique as before to approximate p1 and p> results in the following
-1 -1
= RiCr+ RiCp + RiCe + gmuRIR1Ce = gmuRIRICe

Stage,
Flg 430 02

and
—8milCc
P2= Cy(Cr + Cp)
Comments:
Poles are approximately what they were before with the zero removed.
For 45° phase margin, Ipy| must be greater than GB

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

Model:

Vi

—o0
’ I Vout +

~RS R, = Vou
gmHVI Cif | :

Fig. 430-03
It can be shown that if the output resistance of the buffer amphfler, R, 1s not neglected
that another pole occurs at,
-1

P4 = R,[CIC/(Cr+ Co)]

and a LHP zero at
i

Q= R,Ce
Closer examination shows that if a resistor, called a nulling 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 Eliminate the RHP Zero (or turn it into a LHP zero)'

c

C R,
2 T 1T
+ +
vour D VinngVin Cr Ry Vour
_ T gmiVi \/Ril C”/|\ _
O O

Fig. 430-04

Nodal equations:

sC,
1+ SCCRZ} Vi=Vou) =0

Vi
ngVin + E + SC]V[ +

sC,
1+ SCCRZ) (Vout - VI) =0

Vo
EmitVi+ Ry + SCuVour +

Solution:
Vou(s) a{l = s[(Cc/gmi) — R;Cc]}
Vin(s) = 1 +bs +cs2+ds3
where

a = gmigmiiRIR[]

b=(Ci+ CoRip+ (Cr+ CoRy + gmnRiR11Ce + R;Ce.

¢ = [RIRi(CiCyp + Cc.Cr + C.Cpp) + R,C(R(Cr + RiCpp)]
d = RiRiR,CiCpiCe

¥ W,J. Parrish, "An Ion 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 R, is assumed to be less than Ry or Ry and the poles widely spaced, then the roots of the
above transfer function can be approximated as

~1 -1
P1= (1 + guuRiDRIC: = gmuRnRICe
—gmilCe —gmil
P2=CiCyr+ C.Cr1+ C.Cpf = Cpy
=1
PA=R.C;

and

1
a= Cc(1/gmir — Ry)

Note that the zero can be placed anywhere on the real axis.
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Conceptual Illustration of the Nulling Resistor Approach

Vbb

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

out>

= 8m6
-g2m6R1 RZ + sC, Ry -R; gm6RZ + sC.~ 1
Vour = T V+ T V= il \%
Ry+R;+5C, Ry+R.+5C, Rip+R;+5C.

when V=V'=V"",
Setting the numerator equal to zero and assuming g,,6 = &, 1Ves,

1
a= Cc(1/gmir — Ry)
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A Design Procedure that Allows the RHP Zero to Cancel the Output Pole, pj
We desire that 71 = p in terms of the previous notation.

Therefore,
1 —mil e
Cc(l/gmi-R,) = Cpp ¢ 8 ¢ T (— 0
The value of R; can be found as P4 P2 1 21 Fig. 430-06
CC +C )ik

7=

C. (/gmin)

With p» canceled, the remaining roots are p; and p4(the pole due to R;) . For unity-gain
stability, all that is required is that

Ay(0) 8ml
P4l > A(0)|p1| = gmiRIRIC: = C.

and
(1/R,Cp > (gmi/Cc) = GB
Substituting R, into the above inequality and assuming Cj; >> C, results in

Eml
Ce> il CiICy
This procedure gives excellent stability for a fixed value of Cy; (= Cy).

Unfortunately, as Cy, changes, py changes and the zero must be readjusted to cancel p».
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Increasing the Magnitude of the Output Pole'
The magnitude of the output pole , pp, can be increased by introducing gain in the Miller
capacitor feedback path. For example,

Vbp
___II‘JMII IIF_JMIZ IENH

C|‘,' vour
iy o E. Iin "
M8:]|—O VBias
I M6
MI10 [_‘WM9
Vss
Fig. 6.2-15B
The resistors R; and R, are defined as

1
1= gan + 8ast T 8a0 M4 R2= a0+ gag
where transistors M2 and M4 are the output transistors of the first stage.
Nodal equations:

R

ngSCc
Ly = G\Vi-8msVis = G1Virg sC) Vou and  0=g,eVi+ |GotsCot 5T |Vour

EmsS Cc

" B.K. Ahuja, “An Improved Frequency Compensation Technique for CMOS Operational Amplifiers,” IEEE J. of Solid-State Circuits, Vol. SC-18,
No. 6 (Dec. 1983) pp. 629-633.
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Increasing the Magnitude of the Output Pole - Continued
Solving for the transfer function V,,/1;, gives,

sC,.

Vout B ('gm6] [1 + ngJ
Iin - G1G2 1 & 2 & gm6Cc ’ CCCZ]
TS ems TG TGy GGy | T gsGa

Using the approximate method of solving for the roots of the denominator gives
-1 -6
P1= & & 2 8m6Ce = gmerds*Ce
gms T G2 TGy T GGy

and
gm6rds2Cc
6 gmslds*G2 (8m6|  (§msrds)
Pp=""C.C, = 6 C, =" 3 |l
gms G2

where all the various channel resistance have been assumed to equal r;, and p,’ is the
output pole for normal Miller compensation.

Result:
Dominant pole is approximately the same and the output pole is increased by = g7 js-
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Increasing the Magnitude of the Output Pole - Continued
In addition there is a LHP zero at -g;,8/sC and a RHP zero due to Cgg6 (shown dashed

in the model on Page 6.2-20) at g;,,6/Cgdb6.

Roots are:
¥ O ¢ i o >0
-8m68m8rds -8m8 -1 8mb6 .
3C Ce gm6TdsCe Ceds  Fig 6.2-16A
CMOS Analog Circuit Design © P.E. Allen - 2003
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Concept Behind the Increasing of the Magnitude of the Output Pole

Vbp Vbp
rds7 ngrdSS rds7
c 3
) I OVout . OVout
v Bc.=0--- M6 |
— 1 — —~ CH
- |: M6 T €
N Fig. Fig. 430-08
R | : :
out = TdsT\ g,68m87ds8| ~ Em6&m8T ds8
Therefore, the output pole is approximately,
8m68m8Tds8
P2l =30y
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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 (generally due to feedback):

a.) Negative feedback:
C3
Cy 6}
Y \
71 ]

b.) Positive feedba;:k (-A<1): - -

C3
C ’—{ C
)| i +A D )| l i +A4
%CI%(I-A)I — RootID02

R pCy Ry
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Identification of Zeros from a Schematic
1.) Zeros arise from poles in

the feedback path. F(s)
Vin - Vout
o—> —O
+ B RootIDO3
11
If Fs) =+, then T ___AW)_____AG) =A(S)[p1 - ]
s eV SRAGRe S T s
71 pil 1 P1

2.) Zeros are also created by two paths
from the input to the output and one of

more of the paths is frequency dependent. Ru

Vout

M6

- = — Fig. 120-15
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Feedforward Compensation
Use two parallel paths to achieve a LHP zero for lead compensation purposes.

RHP Zero C, LHP Zero LHP Zero using Follower
Ce
Vi Vout Vout Vi Vour
-—- ¢ —0 . == ——o
Inverting P Invertmg J/ |
High Gai R High Gain Crr ==~ IL{-;
Amplifj ) [ Amplifier i l
+
Vi gmiVi Cn /|\R11 Vour
5 Fig.430-09
Vout(s) ACc s+ ngI/A Cc

Vin(s) = Cc + Cp\s + V[Ry(Ce + Cpp)]
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 is a 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)

|dBI

A

R,y (must be large) A,(0) dB/{

Fig. 430-10 0dB >

Voltage gain:

Vout

Vin Ay0) = GpRoyt
Dominant pole:

-1

P1= Ry Cr

Unity-gainbandwidth:
Gm
GB =A,(0)Ip1l = (o3

Stability:
Large load capacitors simply reduce GB but the phase is still 90° at GB.
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Slew Rate of a Two-Stage CMOS Op Amp

Remember that slew rate occurs when currents flowing in a capacitor become limited and
1s given as

dve
11, = C 57 where v is the voltage across the capacitor C.
lim dt C
Vbp Vpp
I——H —ﬁm i —ﬁl{
M3 | C. Is l]@ Icr M3 | M4 C. Is 6_ICL
- )I +— — O Vout - )I — O Vout
-o—[ M1 M2, \Assumle a Cr J— -o—[ M1 M2 N '\Assumle a L J—
. virtural I virtural I
_t"é>>0 ground 117 vm<<0 ground 117 —=
I

+ }'_ M7 +—j= M7
VBias ’_1 M5 VBias ’_1 M5

Vss Vss
Positive Slew Rate Negative Slew Rate Fig. 140-05
Is Ig-15-171 15 Is I7-151 I5
SR* = min C»~ C; |=C,becauselg>>I5s SR-=mine . ~c; | =, if I7>>1s.

Therefore, if Cy, 1s not too large and if /7 is significantly greater than /5, then the slew rate
of the two-stage op amp should be,

I5
SR =
Ce
CMOS Analog Circuit Design © P.E. Allen - 2003
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SECTION 6.3 - TWO-STAGE OP AMP DESIGN
Unbuffered, Two-Stage CMOS Op Amp

Vbp
e
Cc
)| O Vout
71
{[:‘M7
Vss Fig. 6.3-1
Notation:
Wi . .
S; =T, = W/L of the ith transistor
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DC Balance Conditions for the Two-Stage Op Amp

For best performance, keep all transistors in
saturation.

M4 is the only transistor that cannot be forced
into saturation by internal connections or
external voltages.

Therefore, we develop conditions to force M4 to
be in saturation.

Vin
1.) First assume that VG4 = Vgge. This will |

cause “proper mirroring” in the M3-M4 mirror.
Also, the gate and drain of M4 are at the same
potential so that M4 is “guaranteed” to be in
saturation.

S6
2.) If Vsga = VsGe, then I = §]14
57 S7
3.) However, I7 = [g I5 = E] (214)

Se 287
4.) For balance, I¢ must equal I7 = S4i=Ss called the “balance conditions”

5.) So if the balance conditions are satisfied, then Vpg4 = 0 and M4 is saturated.
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Design Relationships for the Two-Stage Op Amp

I5
Slew rate SR = a(Assuming I7>>I5and Cp, > C,)
) . Eml 28m1
First-stage gain Avt =g+ g4 = T5(hy + 74)
) 8m6 8mb6
Second-stage gain A, = 2ds6 + 8ds7 = lo(Ae + A7)
) . 8ml
Gain-bandwidth GB = C.
—8mb6
Output pole p; = C.
8mb

RHP zero z1 = C.
60° phase margin requires that g,,6 = 2.2g,,2(Cr/C,) if all other roots are = 10GB.

. . IS

Positive ICMR Vigmax) = Vb - \/Bi ~ [V103|(max) + V71(min))
. Is

Negative ICMR Vip(min) = Vss + \/B; + VT1(max) + VDss(sat)

2Ips
Saturation voltageVpg(sat) = \/T (all transistors are saturated)
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Op Amp Specifications

The following design procedure assumes that specifications for the following parameters
are given.

1. Gain at dc, A,(0) @
: : and/or p3
2. Gain-bandwidth, GB e Vop ‘W
3. Phase margin (or settling time) Y Ve Vsae
4. Input common-mode range, [ICMR :“__| [: M6 m6 OF
. M3 M4 C. | I+ Proper Mirroring
5. Load Capacitance, Cy, ™ VI v Vsca=Vsae
GB = c IR ’

6. Slew-rate, SR - o] < out

- o | (G020 T
7. Output voltage swing LM (PM=60° )| L

o ]
VBias ’_1 M5 M7
Vss Fig. 160-02
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Unbuffered Op Amp Design Procedure

This design procedure assumes that the gain at dc (A4,), unity gain bandwidth (GB), input
common mode range (V;,(min) and V;,(max)), load capacitance (C.), slew rate (SR),
settling time (7), output voltage swing (V,,(max) and V,,(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 assumes that z = 10GB.

C.>0.22Cy,
2. Determine the minimum value for the “tail current” (I5) from the largest of the two

values.
Is=SR -C, or I5 = 1O(M)
2T
3. Design for S3 from the maximum input voltage specification.

Is
53 = K3[Vbp - Vi(max) - [Vys[(max) + Vi (min)J2
4. Verify that the pole of M3 due to Cyg3 and Cyg (= 0.67W3L3C,,) will not be dominant by
assuming it to be greater than 10 GB

jgc—"fﬁ > 10GB.
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Unbuffered Op Amp Design Procedure - Continued
5. Design for S (S5) to achieve the desired GB.
2
8m?2

8ml = GB - CC - S2 = K‘zIS

6. Design for S5 from the minimum input voltage. First calculate Vpgs(sat) then find Ss.

_ Is 215
Vpss(sat) = Viy(min) - Vgs- \/Bi -V71(max) = 100 mV — S5 = K's[Vpss(sat)]2

7.Find S¢ by letting the second pole (p,) be equal to 2.2 times GB and assuming that

VsGa = VsGe.
gms  \2KpSels _ [Sels Se gm6
gm6 =2.2gm2(C/C;) and ¢ 7= 2KpSils - \Sals =5, = 86 =g,
8. Calculate ¢ from

8 m62
Io =2 K¢ Se

Check to make sure that Sq satisfies the V,,,(max) requirement and adjust as necessary.

9. Design §7 to achieve the desired current ratios between I5 and .

S7 = (Ie/l5)S5 (Check the minimum output voltage requirements)
CMOS Analog Circuit Design © P.E. Allen - 2003
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Unbuffered Op Amp Design Procedure - Continued
10. Check gain and power dissipation specifications.

28m28mé6
Av=Ts00 + 23)le(Ag + A7) Piss = (I5 + I6)(VpD + |Vss])

11. If the gain specification is not met, then the currents, /s and /s, can be decreased or
the W/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 /5 and /. 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.
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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 1um and the load capacitor is C; = 10pF.

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

GB =5MHz SR > 10V/us 60° phase margin

V,us Tange = £2V ICMR =-1to 2V Pjiss < 2mW
Solution

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

2.) Choose C, as 3pF. Using the slew-rate specification and C, calculate /5.
Is = (3x10-12)(10x106) = 30 uA

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

30x10-6
(WIL)3 = (50x10-6)[2.5 - 2 - 85+ 0.552= 15 = |[(Wh)s = (W/L)4 =15
CMOS Analog Circuit Design © P.E. Allen - 2003
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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 C,, = 0.4fF/um2. The mirror pole can be found as

-8m3 2K pS313 9
p3 = 2Cgs3 = 2(0667)W3L3C0x =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 g, to get

gm1 = (5x100)(27)(3x10-12) = 94.25uS
Therefore, (W/L); is

gm1%>  (94.25)2
(W/L)1 = (W/L), = 2K N =2-110-15 = 2719=30 = |(W/L);= (W/L),=3

6.) Next calculate Vpgs,

30x10-6
Vpss = (-1) - (-2.5) \/110x10-6.3 - -85 =0.35V

Using Vpgs calculate (W/L)s5 from the saturation relationship.

2(30x10-6)
(W/L)s = (T10x10-6)(0.35)2 =449~4.5 (W/L)s =4.5
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Example 6.3-1 - Continued
7.) For 60° phase margin, we know that

gme6 = 10g,,,1 = 942.5uS
Assuming that g,,6 = 942.5uS and knowing that g,,4 = 150uS, we calculate (W/L)¢ as

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

8.) Calculate /¢ using the small-signal g, expression:

(942.5x10-6)2
I6 = [2)(50x10-6)(94.25) = 94-5uA ~ 95uA

If we calculate (W/L)¢ based on V,,,(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 I = 95pA.

With Ig = 95uA the power dissipation is
P jiss = 5V-(30pA+95pA) = 0.625mW.
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Example 6.3-1 - Continued
9.) Finally, calculate (W/L)7

95x10-6
(W/L)7 = 4.5 (m) =1425=14 — (W/L)7 = 14

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

. 295
Vou(min) = Vpey(sat) ="\ /770-14 = 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)
Ay = T5x10-6(.04 + .05)95x 10-6(.04 + .05) = /097V/IV

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 2 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 = 0.2um. Therefore, we have
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Example 6.3-1 - Continued
Wi=W=3(1-04)=1.8 ym=2um
W3 =W4=15(1 - 0.4) =9um
Ws=4.5(1-0.4)=2.7um = 3um
We =94(1 - 0.4) = 56.4um = 56um

W7 = 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.

Vpp=2.5V
15 M3 M4 15 M6
m m
I;Tm T hﬁn l 911&?
<+> = 3pF
)| O Vout
MI M2 A
30uA ] O_l fum fl’)um J_ Cr=
- um  Ium T 95uA l :I: 10pF
+o n =
30uA
4.5ptm:|| ||_l " Il—_> 14um
ITum : ' 4.5um ' lum
MS M| Jom M7
Fig. 6.3-3
Ves= 2.5V =
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Incorporating the Nulling Resistor into the Miller Compensated Two-Stage Op Am

Circuit:
Vbp
Mi1 M3 I——||'_J‘M4 Ve
Va ¢ I[:M6
MlO_}—I Cv== M8 C} c Vout
Ve Vin~ = Vin* l_‘
o—[ M1 wm2_|—o T CI
L
lIBias 1 -
Mi12 || Il'—_WMg ||'__1M5 |[_3M7
Vss Fig. 160-03
We saw earlier that the roots were:
8m?2 8ml 8m6
p1=_Ach=_Ach p2=_CL
1 -1
pa=- RZCI <1 = Rch - Cc/8m6

where Av = gmlgm6RIRII'
(Note that p, 1s the pole resulting from the nulling resistor compensation technique.)
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Design of the Nulling Resistor (M8)

In order to place the zero on top of the second pole (p;), the following relationship must
hold

1 (CL+Cy (CHCp 1
R, - 8m6 Ce —| Ce \/2K’pS6I6

The resistor, R,, is realized by the transistor M8 which is operating in the active region
because the dc current through it is zero. Therefore, R, can be written as

IVDS8 1
Rz ="3ipg Vpsg=0 K 'PS8(Vsgs-1Vrpl)
The bias circuit is designed so that voltage Vy4 is equal to Vp.
W11\ (Lo (We
Vosta - Vil - Vosi - Vit Vson=Vsss = [Ti7)- 7] [Zo

In the saturation region

2(130)
IVGsiol - VT ="\ K p(W1o/L10) = [VGssl - Vi
1

K'pS10 1 S10
R:=KpSs \| 2I;0 =Ss \[2K pl1g

, , , Ws Ce S1056/6
Equating the two expressions for R, gives ILs|= \CL+C, Tio
CMOS Analog Circuit Design © P.E. Allen - 2003
Chapter 6 — Section 3 (2/25/03) Page 6.3-47

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 p>. 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 /1.
The first step in this design is to establish the bias components. In order to set V4 equal to
VB, thenVgG11 must equal Vgie. Therefore,

S11=U11/16)S6
Choose 111 =119 = I9 = 15pA which gives S11 = (15pA/95uA)94 = 14.8 = 15.

The aspect ratio of M10 is essentially a free parameter, and will be set equal to 1.
There must be sufficient supply voltage to support the sum of Vsgi1, Vsgio, and Vpso.
The ratio of 11¢/I5 determines the (W/L) of M9. This ratio is

(W/L)g = (I10/I5)(W/L)5 = (15/30)(4.5) =2.25 =2
Now (W/L)g is determined to be

3pF 1-94-95pA
(W/L)g = (3pF+lOpF] [5uA  =9.63=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 R;. Vggg must first be determined. It is equal to Vg1, which is

219 215
VsG10="\/K'pS1o * Vrpl =\/350.7 +0.7=1.474V

Next determine R,.

1 106
R: =K pSs(Vsc10V7p) = 50-5.63(1.474-.7) = 4.590kQ

The location of zj is calculated as

-1
7] = 3x10-12 = -94.46x106 rads/sec

(4.590 x 103)(3x10-12) - 945 54106
The output pole, p», is

942.5x10-6
P2="10x10-12_ = -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.
Wg = 6 um Wo=2um Wig=1um Wi =15 um
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An Alternate Form of Nulling Resistor

To cancel p,, Vbp
CA+C, 1
s _— _ — Mi11 }—Ij[lJMIO
Z1=hs R, = EmoaCc = Emen M3 | N% F
Which gives T [:M6

L} - o[, M1 M2 }~‘ M6B —) |—'T o

8meB = gméA[Cc+CCL C I CL

: +

In the previous example, © =, M8 o =

Zooa = 942.5u8, C, = 3pF VBias ”"I M5 jHI jHI !
and C, = 10pF. ) Vss Fig. 6.3-4A
Choose Iz = 10pA to get

gm6ACc 2KPW6BI6B C. 2KpWealps

gmB = C,+CL — Ls = (CC+CL N Lea
or

W (3 0Ia Wea (3,095

T, = [g T, Lo = 1—]2 (ﬁ](94) =47.6 = Wy =48um
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Programmability of the Two-Stage Op Amp

The following relationships depend on the bias
current, I, in the following manner and allow for
programmability after fabrication.

1
A(0) = g,.8, RR; < T—
v mi8mi gy & [
B
g ias H Vout
ml —o
GB = Cc x IBias
P iy = (Vpp V) (1+K +K) g % Ly IBias)
iasy
KIIBias
SR = C. ~ L1 I[_HN”
R 1 1 6.3-04
= o Fig. 6.3-04D
out 2)\‘K218ias IBias 103
1 IBias2 5 Pdiss and SR Ip1l
Ip,| = s o« [, 15 10
P = g, iRiR,C. N pias B Lol <
Emil GB and z
— — [ 100
lZI - Cc x IBias
. 10-1
[lustration of the /,,,, dependence — Ay an Row
bias 10-2
10-3
1 10 100
IBias Fig. 160-05
IBias(ref)
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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 (Sum)

L2 = Width of a minimum size contact (Sum)
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:

o
P

L3, L2, L1l 0 L1,L2 L3

1

Poly W

Diffusion Diffusion l

«—]— i
Fig. 6.3-5
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5-to-1 Current Mirror with Different Physical Performances

Input
Output

B K K B K
NN I N S AN S AN AN

h N |

& sﬁs I§H§ I& B Metal 1

%‘% ﬁiAEA\AE §»z<

§ §§§§ § [] Diffusion

g ssgs s X Contacts
Ground

Input
Output

K K K K K
O B U S W S N S

'\

IIIIIIIIIIIII,

Ground

(b)
Figure 6.3-6 The layout of a 5-to-1 current mirror. (a) Layout which minimizes
area at the sacrifice of matching. (b) Layout which optimizes matching.
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1-to-1.5 Transistor Matching

Drain 2
Gate 2
Source 2

D X

D X

D X

D X

D X

X X

D X

D X

D X

D X

x Drain 1
Gate 1
Source 1

N [ X

Metal 2 Metal 1 Poly Diffusion Contacts
Figure 6.3-7 The layout of two transistors with a 1.5 to 1 matching using
centroid geometry to improve matching.
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Reduction of Parasitics
The major objective of good layout is to minimize the parasitics that influence the design.
Typical parasitics include:

Capacitors to ac ground

Series resistance

Capacitive parasitics is minimized by minimizing area and maximizing the distance
between the conductor and ac ground.

Resistance parasitics are minimized by using wide busses and keeping the bus length
short.

For example:
At 2mQ/square, a metal run of 1000um and 2um wide will have 1€ of resistance.

At 1 mA this amounts to a 1 mV drop which could easily be greater than the least
significant bit of an analog-digital converter. (For example, a 10 bit ADC with Vggr =

1V has an LSB of ImV)
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Technique for Reducing the Overlap Capacitance
Square Donut Transistor:

Source EEEDEEDID<IDBIM Source B Metal 1

Lo bd I Poly

Gate DAY Drain ) )
|_‘W_| [] Diffusion
[} [}
[X] Contacts
Source DD} Source

Figure 6.3-8 Reduction of Cg by a donut shaped transistor.

Note: Can get more W/L in less area with the above geometry.
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Chip Voltage Bias Distribution Scheme

Vbbp

M8 MEJ
Bandgap
M6 M10 Voltage,
i 1[‘_‘ oltage

| » VBG :
[: Ml11 M13
I g
- =1
Mi12 M14
M15
Master i
Voltage Ml6
Reference
Circuit
Ry IREF l
Q3 Rext

Slave
Bias

Circuit

M6A

M5

=

M3A

Vbp

> VpBiasi

> VpBias2

=
i
|

»VNBias2

|
I I
MZ’;:l M4’1?I

»VNBias1

-r-

1

Location of reference voltage

» <«— Remote portion of Ehip —>

Figure 6.3-9 Generation of a reference voltage which is distributed on the chip

as a current to slave bias circuits.
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SECTION 6.4 - PSRR OF THE TWO-STAGE OP AMP
What is PSRR? Vad
(F
o Vdd=0) i
= Ada(Vin=0) . >—ovu [
Vss = VTSS
How do you calculate PSRR? -\ T
You could calculate A,, and A4 and divide, Fig.180-01
however
Vad
O V2o ;
Va — Vbp Ay(V1-V2) é
Vout - [:» Vi Vout
Vi + =
Vs — Vs *AdaVdd é
= Y- _
/ - = Fig. 180-02

Vout =AdaVad + Av(V1-V2) = AgiVad - AvVour—

Vout

Add Add

1

Vaa = 1+A,~ Ay = pSRR+

CMOS Analog Circuit Design

Vout(1+Ay) = AgaVaa

(Good for frequencies up to GB)

© P.E. Allen - 2003




Chapter 6 — Section 4 (2/25/03) Page 6.4-2

Positive PSRR of the Two-Stage On Amn

1
L:l E . MO oo
M3 | M4 A S——C

T 1 l [’Vd{C) . m
,—T; Ml M2, }1 Ic, I Vdd_g{%

<>gm6(VI'VdZ> é
Yds6
_ ,3+ o &

+ I +

. %” ds7
Vour

=
V|
]
Q
S
\
]

T .
L Vs ' m6(V1 Vdd)
JT_ _-Tr__ ! Tds4 g Vout C. rds6
Vg ) EgdSlVdd (

|/\\+

+

rds2 % + Cr Vout% TdsT

Fig. 180-03
The nodal equations are:

(gds1 + gdsa)Vad = (gds2 + asa + SCe + SCDV1 = (gm1 + SCe)Vour

(8m6 + 8ds6)Vidd = (&m6 — SCe)V1 + (gds6 + ds7 + SCe + sSCr)Vour
Using the generic notation the nodal equations are:
GVaa = (G +5Ce + sCPV1 = (g1 + 5C) Vour
(8mir + 8ds6)Vdd = (&mil = SCe)V1 + (Gip + sCe + sCip)Vour
whereGy = gds1 + 8ds4 = 8ds2 + &ds4» GII = 8ds6 + 8dsT> &mI = &m1 = &m2 and. gmir = gmo
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Positive PSRR of the Two-Stage Op Amp - Continued

Using Cramers rule to solve for the transfer function,V,,,/V4;, and inverting the transfer
function gives the following result.

Vaa $2[C.C+CiCrr + CriCel+ sIGKCe+Crp) + Gri(Ce+Cop) + Ce(gmir - 8mn)] + GIGI+8migmil
Vour = SICe(gmir+Gr+8dse) + Ci(gmir + 8ds6)1 + Gigdse

We may solve for the approximate roots of numerator as

sCe S(C.CHCIC+C.Ch)
Vad  (8migmil) | \8m1 gmil Ce *
PSRR* = Vour = [ Glgds6] sgmiiCe
Gigase *

where g,,11 > g7 and that all transconductances are larger than the channel
conductances.

sCe sCrr s s
Vaa  (8migmil [gml * ](gmll + GriAvo (GB +1 g+ 1
PSRR* = Vout (Glgds6] ngIICc _( 8ds6 SGIIAvo
Gigdse * [gds6GB +1
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Positive PSRR of the Two-Stage Op Amp - Continued
GriAv 4
8ds6

IPSRR+(jw)l dB

0 i >
8ds6GB GB P2l Fig. 180-04
GriAvo ¢
At approximately the dominant pole, the PSRR falls off with a -20dB/decade slope and
degrades the higher frequency PSRR * of the two-stage op amp.

Using the values of Example 6.3-1 we get:
PSRR™(0)=68.8dB, 71 =-5MHz, zp=-15MHz and pj =-906Hz
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Concept of the PSRR~ for the Two-Stage Op Am

Vout
Vbp Vaa 4 1

l ° - Ce Vout 0dB
+

T" > dj *

+[ h_w |[:M7 4

Other sources
of PSRR+
besides C,

Fig. 180-05

1.) The M7 current sink causes Vggeto act like a battery.
2.) Therefore, V4 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.
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Negative PSRR of the Two-Stage Op Amp withVp;,; Grounded

+

I——ﬁ ?ﬁ Mo = Voo
M3 | M4 N Vour [
71 »° =
A\ A\ c.
M1 M2 }1 =y =~Cu J_ I i °
= = — [» RIS Cr Cu=~Ru Vout
M5 |[: M7 gmiVout /I\ngIV1 T gmiVg -
! ‘/SS ) ©

Viids = %“‘ \
ias — + -
L
= VBias grounded * Vss
= Fig. 180-06

Nodal equations for Vg s grounded:
0=(Gy+ sC+sCpV1 - (gm+sCo)V,
8m7Vss = @MIFSCV1 + (GsCetsCpVy
Solving for V,,/Vss and inverting gives
Vis  S2[C.CHCICI+CrCel+s|GHCo+CiD+Gri(Co+ CD+Co(gmit —8mD1+GIG 1+ gmigmin

Vour = [s(Ce+CD+Grlgm7
CMOS Analog Circuit Design © P.E. Allen - 2003
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Negative PSRR of the Two-Stage Op Amp withVp;,; Grounded - Continued

Again using techniques described previously, we may solve for the approximate roots as

[ (sC. \ (S(CcCrCiCp+CCiy)
Vs (&mI&mil) | \&mI * gmil Cc +1
PSRR- - Vout = [ Gigm7 ] s(Ce+Cy)
Gt
This equation can be rewritten approximately as
[ (sCc sCrr s s
Vs (8mIgmil (8m1 g 1 GiA, (@+ 1) ol 1
PSRR- = Vour = ( Gigm7 ) sCe = [ gm7 ] s &ml
Gt 1 GB G, +1

Comments:
PSRR- zeros = PSRR * zeros
DC gain = Second-stage gain,
PSRR- pole ~ (Second-stage gain) X (PSRR™ pole)
Assuming the values of Ex. 6.3-1 gives a gain of 23.7 dB and a pole -147 kHz. The dc

value of PSRR- is very poor for this case, however, this case can be avoided by correctly
implementing Vp;,s Wwhich we consider next.
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Negative PSRR of the Two-Stage Op Amp withVg;,; Connected to Vgg

+

e, T
\!:]Ms M4 ve Vour [

71 >° =

Ml M2 ==C =—Cu c. Coar J— rds7
11 ) 1 » ) % i I%

= = KX ds5 O
= M5 | A J_ + +
T M7y Cr ==RiISVy gniV1 Cp=<"ds6 < Vs
VBias ? + _ 8miVout T _ T
= =)
Va: dio V. * Vss =
'‘Bias connected to Vg
= Fig. 180-07

If the value of Vp;,, is independent of Vs, then the model shown results. The nodal
equations for this model are

0 =(Gy+ sC. + sCpVy - (gml + Scc)Vout

%

and
(8as7 + Sng7)Vss = (gmir - SCHV1 + (G + 5C. + sCpp + Sng7)V0ut

Again, solving for V,,,/V,s and inverting gives

Vss  SACCHCC CpCACICoqrtCCoir 43I G Ct Crrt Coap+ G Cet Cpt Clgmir=8mD+ GIGr+gmiumit

Vour ~ (chd7+gdg7)(S(C[|' Co+G)
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Negative PSRR of the Two-Stage Op Amp withVp;,; Connected to Vgg - Continued

Assuming that g;;,77 > g7 and solving for the approximate roots of both the numerator
and denominator gives

sCe S(C.CCiCr+C.Cyp)
Vss  (&migmiIl (gml +1 gmil Cc +
PSRR-=y_ .= ( G,gdﬂ] sCer1 | (S(CCI+CO)
ga7 |Gt

This equation can be rewritten as

5+ [|;7+1]

PSRR- = Vs [GIIAVO
= Vour =\ 8ds7 {chd7 1 sCe 1)
8ds7 + Gy +

Comments:

* DC gain has been increased by the ratio of G to g 7

* Two poles instead of one, however the pole at -g457/Cgq7 is large and can be ignored.
Using the values of Ex. 6.3-1 and assume that C;,7 = 10fF, gives,

PSRR-(0)=76.7dB and Poles at -71.2kHz and -149MHz
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Frequency Response of the Negative PSRR of the Two-Stage Op Amp with Vp;,s
Connected to Vgg

GriAv 4

8ds7

[an]

o

—

3

Nt

a4

[a4

N

=

0 Ipol "
B P2 .
C. GB'P Fig. 180-08

CMOS Analog Circuit Design © P.E. Allen - 2003
Chapter 6 — Section 4 (2/25/03) Page 6.4-11

Approximate Model for Negative PSRR with Vp;,s Connected to Ground

|——|[‘jJ Tﬁ M6
M4

M3 \ |
71
f M1 M2 }1 Tc,
VBias ;J_—lj . _
T \O:LE :
= VBias grounded Vss
= Fig. 180-09
Path through the input stage is not important ‘(}’”t
as long as the CMRR is high. e
Path through the output stage: 20to _
: 40dB
Vout = IssZout = 8m7ZoutVss
Vout 1
Veg = gmTZout = EmTRout SR p11Court]
0dB 1 AN >
RouiCout Fig.180-10
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Approximate Model for Negative PSRR with V g;,; Connected to Vgg

|——|[‘_J‘ T”lj M6 £ Vbp
M4

M3

A — = rds7

f . Vout
Ml M2 —-C Cr

I N O

— — [

M5 - .[: LrdsT = =

|
. | | :
What is Zoul‘? VBi as% }"‘ M7 o Vs Path through Cygq7
v -T L - is negligible
+
_ Yt VBias connected to Vgg Vss
Zout = I = - Fig. 180-11

8miVt Ce CieC
It = gmiIV1 = &ml. GrHsCrsCe, . gd7

I
I\<_
rdx6”rds7 + N
Grs(CHCp) Vo Cr RI V1 gm11V1 Vour Vi

EmISEMII
Fig.180-12
| Fds7
Vss + Zout S(CACD + Grrgmigmids7 -Gy
Vour= 1 = s(CACD + Gf = PoleatT 17,

The two-stage op amp will never have good PSRR because of the Miller compensation.
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SECTION 6.5 - CASCODE OP AMPS
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)

* We will see in future sections that the cascode op amp leads to wider ICMR and/or
smaller power supply requirements

Where Should the Cascode Technique be Used?

* First stage -
Good noise performance
Requires level translation to second stage
Degrades the Miller compensation

» Second stage -
Self compensating
Increases the efficiency of the Miller compensation
Increases PSRR
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Use of Cascoding in the First Stage of the Two-Stage Op Am

. Implementation of the Vbp
floating voltage VBias. l_l\fﬁ M4
| |
|
MB3” |F——][ mB4
MC4
[:' Vol
MC2
M2
MB2 —o
Vin
+ 2
+—[, M5
Vss Fig._6-.-5-1
Ry of the first stage is Ry = (gmc2rdsC2rds2)(€mcardscardss)
Vol

Voltage gain = Vin = gm1Rr  [The gain is increased by approximately 0.5(gascrdsC)]

As a single 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 all W/L ratios are 10 um/1 um, and that Ips; = Ipgy = 50 uA of single
stage op amp. Find the voltage gain of this op amp and the value of Cj if GB = 10 MHz.
Use the model parameters of Table 3.1-2.

Solution
The device transconductances are
gm1 = 8gm2=8gmi=331.7 uS
gmc2 = 331.7uS
gmca = 223.6 uS.

The output resistance of the NMOS and PMOS devices is 0.5 MQ and 0.4 MQ,
respectively.

Rr=25MQ
A,(0)=8290 V/V.
For a unity-gain bandwidth of 10 MHz, the value of Cyis 5.28 pF.

What happens if a 100pF capacitor is attached to this op amp?
GB goes from 10MHz to 0.53MHz.
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Two-Stage Op Amp with a Cascoded First-Stage

Vbp

M4
I"J I[‘jm
MB3_ || MB4
=G Em e
| —|[:MT1CC .
N— Val—‘—' H_o
MB5
V5 T™Mc2

M2

VBias
MBI MB2 0
[% - FA—] Vin
+ 2
VBias ’_1

Vss Fig. 6.5-2
e MTI1 and MT2 are required for level shifting from jw
the first-stage to the second. T
» The PSRR™ is improved by the presence of MT1 % 1 IS R —e—o
* Internal loop pole at the gate of M6 may cause the Fig. 6.5-2
Miller compensation to fail.
* 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
Vbp
F—— |_ M6
M3 | M4
VBP—|" MC6
z Ce
AN ) I l O Vout

-o—[, M1 M2, | VBN MC7==<C_

Vin ‘ I

+ C -

+ II_I || M7
VBias }_’I M5
Vss Fig. 6.5-3
Ay =gmigmiRIR;  where  gur=gm1 = gm2, gmlIl = &mé

1
Ri= g2+ gam = Ga + 2)ips A Rir = (gmcerascerase)||(gmcrrasciras)

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

o The overall gain is approximately (g,,74s)3 or very large
e Output pole, py, is approximately the same if C, is constant
e The RHP is the same if C, is constant

CMOS Analog Circuit Design © P.E. Allen - 2003




Chapter 6 — Section 5 (2/25/03) Page 6.5-6

A Balanced, Two-Stage Op Amp using a Cascode Output Stage

VbD _(gmlng Vﬂ+8m28m6vﬂ R
M4L:l| IILJM6 Yout =\ gm3 2 gma 27
| | MI5 8ml 8m?2
M3:]| | M8 Ml4 |__|[:\47 =l 2 + 2 kvm R]]= gml.k.RII Vin
where

Ri Ry ! Vout
;,:_”%Ml lﬂ—‘ i J o Ri=(@mirdstrdso\gm12rdsi2rdsi1)
—] [[:::' 111 and
v L gms _ &m6
) Vs Fig. 6.5-4 ~8m3~ &md

=

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

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

ZLout Em18ms l Em8Ems  m28mo
Slew rate = C, GB = 9,:C, A =3 g. t g, R,
1_5 12 . . I_S 12 .
V,(max) = V,, - /33 - |V703|(max) +V;,(min) V.(min) = Vi + Vs + ﬂl + V;,(min)
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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. Its design will be illustrated by this example. The pertinent design equations for
the op amp were given above. The specifications of the design are as follows:

Vpp=-Vss=25V Slew rate = 5 V/us with a 50 pF load
GB = 10 MHz with a 25 pFload A, = 5000
Input CMR =-1Vto+1.5V Output swing==1.5V

Use the parameters of Table 3.1-2 and let all device lengths be 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.) The first step will be to find the maximum source/sink current. This is found from the
slew rate.

2.) Next some W/L constraints based on the maximum output source/sink current are
developed. Under dynamic conditions, all of /5 will flow in M4; thus we can write

Max. Ipyi(source) = (S¢/S4)I5 and Max. I,,(sink) = (Sg/S3)I5

The maximum output sinking current is equal to the maximum output sourcing current if
S$3 =384, S¢=3Ss, and S10 =511

CMOS Analog Circuit Design © P.E. Allen - 2003




Chapter 6 — Section 5 (2/25/03) Page 6.5-8

Example 6.5-2 - Continued
3.) Choose I5 as 100 uA. This current (which can be changed later) gives

Se =2.584 and Sg=2.5S3
Note that Sg could equal S5 if S11 =2.551¢9. This would 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 there is 1 V difference between Vgg and the minimum output, let Vpgyi(sat) =

Vpsia2(sat) = 0.5 V (we continue to ignore the bulk effects). Under the maximum negative
peak assume that /11 = I12 = 250 uA. Therefore

211 211> 500 uA
NS11 = VKNS12= | (110 uA/V2)Sty

which gives S11 =512 = 18.2 and S9 = S19 = 18.2. For the positive peak, we get

216 217 500 uA
0.5 ="\/K'pSs = \| K'pS7 ="\ (30 uA/V2)Ss
which gives S¢ = §7 =S8 =40 and S3 = S4 = (40/2.5) = 16.

5.) Next the values of R| and R, are designed. For the resistor of the self-biased cascode
we can write R| = Vpg1a(sat)/250uA = 2kQ and R, = Vgp7(sat)/250pA = 2kQ

CMOS Analog Circuit Design © P.E. Allen - 2003
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Example 6.5-2 - Continued

Using this value of R; (Rp) will cause M11 to slightly be in the active region under
quiescent conditions. One could redesign R; to avoid this but the minimum output
voltage under maximum sinking current would not be realized.

6.) Now we must consider the possibility of conflict among the specifications.

First consider the input CMR. S3 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 Vjp(max) so that we continue to use $3 = 16 which gives Vjp(max) = 1.95V.

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

-8m3 ~2KpS3l3 0
p3 = Cys3+Cgss = (0.66T)(W3L3+WLg)Coyx = 33.15x10° rads/sec or 5.275GHz

which is much greater than 10GB.
7.) Next we find g,,1 (gm2). There are two ways of calculating g,.

(a.) The first is from the A, specification. The gain is
Ay = (gm1/28ma)(gme6 + &ms) R
Note, a current gain of k could be introduced by making S¢/S4 (S8/S3 = S11/53) equal to k.

gm6  8mil . [2Kp’-Sels L
8ma = 8m3 ~ \2Kp'-S4ls =
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Example 6.5-2 - Continued

Calculating the various transconductances we get g4 = 282.4 uS, gm6 = gm7 = gms = 707
uS, gm11 = 8gmi12 =707 uS, rgse = rg7 = 0.16 MQ, and ry511 = rgs12 = 0.2 MQ. Assuming
that the gain A, must be greater than 5000 and k = 2.5 gives g;,;1 > 72.43 uS.

(b.) The second method of finding g, is from the GB specifications. Multiplying the gain
by the dominant pole (1/CyR;y) gives
gm1(&m6 + gm8)
28 maCL
Assuming that Cy= 25 pF and using the specified GB gives g;,1 = 251 uS.

GB =

Since this is greater than 72.43uS, we choose g,,1 = g2 = 251uS. Knowing /5 gives S1 =
S»=5.7=6.

8.) The next step is to check that §1 and $7 are large enough to meet the —1V input CMR
specification. Use the saturation formula we find that Vpgs is 0.261 V. This gives S5 =
26.7 = 27. The gain becomes A, = 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.) With S5 =7 then we can design S13 from the relationship

g 113 _125pA2 3375 - 34
13= 5 SS_lOOHA 7=33775=3

CMOS Analog Circuit Design © P.E. Allen - 2003
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Example 6.5-2 - Continued
10.) Finally we need to design the value of Vp;,s, which can be done with the values of S5
and /5 known. However, M5 is usually biased from a current source flowing into a MOS

diode in parallel with the gate-source of M5. The value of the current source compared
with /5 would define the W/L ratio of the MOS diode.

Table 2 summarizes the values of W/L that resulted from this design procedure. The
power dissipation for this design is seen to be 2 mW. The next step would be begin
simulation.

Table 2 - Summary of W/L Ratios for Example 6.5-2

S, =S,=6
S;=8S,=16
S =27

Se=S,=S;,=S,=5,;,=40
Se=S,=5,=5,=182
S;=34
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Technological Implications of the Cascode Configuration

4 A B C D
(o]
Bo—] Thin Em =
D oxide "\, [PolyT_TINTPoly T
/4 L Cohanne
¢ H L. p substrate/well
D

Fig. 6.5-5
If a double 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.

Minimum Poly

A separation
A D
Bo—]
D PolyT ] v [ PolyI
= Jnchannel[p [ n-channell
7t EEETEN
¢ - }_ . p substrate/well

Fig. 6.5-5A

CMOS Analog Circuit Design © P.E. Allen - 2003

Chapter 6 — Section 5 (2/25/03) Page 6.5-13
Input Common Mode Range for Two Types of Differential Amplifier Loads
Vbp-Vsp3+VTn
Vop-Vsga+V Yop T
DD-VSG3TVTN + + +
\% V. \%
5G3 —1| Vspa Input /D3
Input Common
Common Mode
Mode Range
Range ’—{ }‘l l ’—{
Vss+Vpss+V, s Vss+Vpss+VGsi
SSTYDSSTEOSL, % M5 viem N % M5 view
VBias \ VBias \
. . VSS. . . - VSS -
Differential amplifier with Differential amplifier with
a current 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.
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The Folded Cascode Op Amp

Comments:
* I4 and I35, should be designed so that /¢ and /7 never become zero (i.e. I4=I5=1.513)

 This amplifier is nearly balanced (would be exactly if R4 was equal to Rp)

* 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 R4 and Rp are greater than g;,1 or g,;2.
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Small-Signal Analysis of the Folded Cascode Op Amp

MOdCl: 8m6Vgs6 8m7VgsT
Recalling what we

learned about the

resistance looking into &m1vin

the source of the 2 Riis
cascode transistor; Fig. 140,07
FasstRot(1/gm10) 1 iR Yas1 + Ry Ry . P
— ~ an = ~ where =g, oF sl
A 1+ guetase 8mé6 B= 1+ guitas1 ™ &mrlast 11=8m9ds9" ds11

The small-signal voltage transfer function can be found as follows. The current iy is
written as
. -8m1(Tasillrgsa)Vin - -&m1vin
0= 2[Ry + (rgsillrgs)] = 2
and the current i; can be expressed as
_ gm2(rasollrggs)vip gm2Vin 8m2Vin Ri[(8ds2+8ds5)
7= 2[ Ry = 2[1 s Rigasrteass)) = 2(1+k)  Where k=""¢

Em7"ds7 + (I’dsz||7'ds5) Em71Tds7
The output voltage, v,,;, is equal to the sum of i; and i;( flowing through R,,. Thus,

Vout

Vin —

8m1 Em2 2+k
2+ 2(1+k)]Rour = (2+2k] EmiRous
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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

Pout = Ry Cour
where C,,, is all the capacitance connected from the output of the op amp to ground.

All other poles must be greater than GB = g;;,1/Cy,;- The approximate expressions for
each pole is

1.) Pole at node A: PA=- &€m6/Ca
2.) Pole at node B: pPe=~-8m7/Cp
-1
3.) Pole at drain of M6: P6 =R+ 172,310)Ce
4.) Pole at source of M8: P8~ -gms/Cg
5.) Pole at source of M9: P9 = -8m9/Co
6.) Pole at gate of M10: P10 =-8m10/C1o

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
Rp is approximately r, that this pole might be too small. However, at frequencies where

this pole has influence, C,,,, causes R, to be much smaller making pp also non-dominant.
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Example 6.5-3 - Folded Cascode, CMOS Op Amp
Assume that all g,y = gmp = 100uS, rgen = 2MQ, rgep = 1IMQ, and Cy, = 10pF. Find all
of the small-signal performance values for the folded-cascode op amp.

0.4x109(0.3x106)

Rj;=04GQ, R4 = 10kQ, and R = 4MQ . k= 100 =12
Vour (2412
Y= (ﬁ] (100)(57.143) = 4,156V/V

Rour = Ry gt 4 (Fassllr )] = 400MQII[(100)(0.667TMQ)] = 57.143MQ

1 1
Poud = RpiCom = 57.143MQ-10pF = 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-:

out :‘rfis?
 Cun |
Nl i 2
E’ Vss¢ Cour==Rour < Vs
N 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 Vgg.
We shall examine V,,,,/V, rather than PSRR-. (Small V,,,/V¢ will lead to large PSRR-.)
The transfer function of V,,/V, can be found as

Vout S ng9R0ut

Vs = $CourRourt1 for ng9 < Cout

The approximate PSRR- is sketched on the next page.
CMOS Analog Circuit Design © P.E. Allen - 2003
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Frequency Response of the PSRR- of the Folded Cascode Op Amp

IPSRR-|
/

v

A, ()

1
ng9R0ut

Dominant,
pole frequency

0dB W x > 1og10()
Coa9 L GN
Cowr | :7 -
! N\ Vour Fig. 6.5-10A
[~ _; - ‘/SS

Other sources of V injection, i.e. rg59

We see that the PSRR of the cascode op amp is much better than the two-stage op amp.
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Design Approach for the Folded-Cascode Op Amp

Step Relationship Design Equation/Constraint Comments

1 |Slew Rate I3=8SR-Cy,

2 | Bias currents in Iy=15 =1.2I3t0 1.513 Avoid zero current in
output cascodes cascodes
Maximum output 215 2I7 Vops(sat)=V¢p7(sat)

3 b - — —Qy 4= SD5 SD7
voltage, voui(max) | S5=K 5V gpys2 ST K prvigps2  (S47514755 & = 0.5[Vpp-Voudmax)]

$13=S6=57)
4 | Minimum output 2071 219 Vpso(sat)=Vpg11(sat)

voltage, vy (min) | ST1=gy 7y <72+ 597 oy (02> (510751 1&58=S9) | _ 0.5(Vyy(max)-Vss)
5 | Self-bias cascode | Ry =Vgpi4(sat)/l14 and Rp = Vpgg(sat)/lg

o Sml gm12 GB2C2
.. . 213
7 | Minimum input S3 = 5
M KN’ (Vin(min)-Vss+[I3/KN’S D) -VT1)
8 | Maxi out 214 2 S4 and S5 must meet
N 1il/{)(lmum mpu S4=S5= Kp (VDD‘ V;(max) +VT1) gr exceed value in step
9 | Differential Vour (8ml  8m2 2+k R840+ 8 sa)
Voltage Gain Vin — ( 2t 2(1+k) | Rout = (2+2k) gmiRout k= #
m S
10 | Power dissipation | Pg;ss = (Vpp-Vss)U3+12+10+11)
CMOS Analog Circuit Design © P.E. Allen - 2003
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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 1um.

Solution
Following the approach outlined above we obtain the following results.
I3 = SR-C; = 10x106-10-11 = 100pA
Select I =15=125pA.
Next, we see that the value of 0.5(Vpp-V,,(max)) is 0.5V/2 or 0.25V. Thus,
2-125pA 2-125-16
S4=155=514=50uA/N2(025V)2 =" 50 =380
and assuming worst case currents in M6 and M7 gives,
2-125pA 2-125-16
S6=57=513=50uA/V2(0.25V)2 = 50 =380
The value of 0.5(V,,,(min)-IVgsl) 1s also 0.25V which gives the value of Sg, Sg, S19 and S1;
2-13 2125
as Sg = Sg = Sl() = Sll = KN,VD582 = 110,(0.25)2 = 36.36
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Example 6.5-3 - Continued
The value of Ry and R, is equal to 0.25V/125uA or 2kQ. In step 6, the value of GB gives
S| and S5 as
GB2-C;2  (20mx106)2(10-11)2
$1=5="KyT; =T110x10-6-100x106 = 339
The minimum input common mode voltage defines S5 as
213 200x10-6

53 = I L 100
KN\ Vi, (min)-Vgs- K—’Sl -V 110x10-6{-1.5+2.5- 110-35.9 -0.7

We need to check that the values of S4 and S5 are large enough to satisfy the maximum
input common mode voltage. The maximum input common mode voltage of 2.5 requires
214 2-125uA
547552 Ky Wpp-Vigtmax)+ V12 = 50x1000A/v2[0.7V]? = 102
which is much less than 80. In fact, with S4 = S5 = 80, the maximum input common mode
voltage is 3V. Finally, S;,, is given as

=91.6
2

125
S1p= m53 =114.53

The power dissipation is found to be
P i = SV(125uA+125uA+125pA) = 1.875mW
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Example 6.5-3 - Continued
The small-signal voltage gain requires the following values to evaluate:

S4, Ss, S13, S1a: gm =A2-125-50-80 = 1000uS and gy = 125x10-6-0.05 = 6.25uS

Se, S7: gm =N2-75-50-80 = 774.6uS  and gy, = 75x10-6-0.05 = 3.75uS

Ss, S0, 810, S11: &m = \/2-75-110-36.36 =774.6uS and g, =75x10-6-0.04 = 3uS

S1, Sr: gml = \/2-50-110-35.9 =628uS and gy, =50x10-6(0.04) = 2uS
Thus,

1y 1
Rir =~ 8m9rds9rds11 = (774.6;15)(m)(m) = 86.07MQ

I 1
Rous ~ 86.0TMQII(774.608)| 57555 | 3ps w6255 | = 19-40MQ2

Rif(8aso+84s4)  86.07TMQ(2uS+6.25uS)(3.75uS)
- Em7Vds7 = 774.6“8

=3.4375

The small-signal, differential-input, voltage gain is

24k 243.4375
Ay = (m) EmiRour = (m} 0.628x10-3-19.40x106 = 7,464 V/V

The gain is larger than required by the specifications which should be okay.
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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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SECTION 6.6 - SIMULATION AND MEASUREMENT OF OP AMPS

Simulation and Measurement Considerations

Objectives:

* The objective of simulation is to verify and optimize the design.

* The objective of measurement is to experimentally confirm the specifications.
Similarity Between Simulation and Measurement:

e Same goals

e Same approach or technique

Differences Between Simulation and Measurement:

* Simulation can idealize a circuit

* Measurement must consider all nonidealities
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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):

+
% - — VDD
& +O AN vour [~
Simulation: - J_ ° . e
This circuit will give the voltage transfer CrL—/1 RL — Vss
function curve. This curve should identify: :I: -

1.) The linear range of operation Fig. 240-01 =
2.) The gain in the linear 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)
Measurement:
This circuit probably will not work unless the op amp gain is very low.

CMOS Analog Circuit Design © P.E. Allen - 2003

Chapter 6 — Section 6 (2/25/03) Page 6.6-3

A More Robust Method of Measuring the Open-Loop Frequency Response
Circuit:

1+
—VbpD
VIN o— I vour |~
)
- 4
4 1 A+ =
N CL RL — Vgs
cT I )
- Fig. 240-02
Resulting Closed-Loop Frequency Response:
¢ o Op Amp
T Open Loop
" Frequency
X
Response

0dB ; AVI(O) > log1o(w)
RC RC Fig. 240-03

Make the RC product as large as possible.
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Example 6.6-1 — Measurement of the Op Amp Open-Loop Gain

Develop the closed-loop frequency response for op amp circuit used to measure the open-
loop frequency response. Sketch the closed-loop frequency response of the magnitude of
V..V, if the low frequency gain is 4000 V/V, the GB = 1IMHz, R = 10MQ, and C = 10uF.

Solution

The open-loop transfer function of the op amp is,
GB 27tx10s
AS) = 5(GBJA,(0)) =5 +500m

The closed-loop transfer function of the op amp can be expressed as,

-1/sC %0
Vour = AV(S)[( R+(1 /SC))VOUT iy T T TN
-1/RC ) - N
= A9 [FTRC) orr i Jaof BN
Vour __-Is #(1/RO)IA(s) . Vini) |\
viw — 8 +(1I/ROC)+A(s)/RC R \\
-[s +(1/RC)] -(s+0.01) 0f S
=S +(1/RC) — 5 +0.01 220 ; .
A(s) +1/RC A(s) +0.01 0.001 0.1 10 1000 10 10

Radian Frequency (radians/sec) SO1E2S2

Substituting, A,(s) gives,

Vour 27x106s -25tx 10+ 2mx106s 2nx10¢ -2mwx106(s +0.01)
Vo = (5+0.01)(5+500m)+ 27X 10¢ = 524500715 +2mx 10¢ = (s+41.07)(s+1529.72)
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Simulation and Measurement of Open-Loop Frequency Response with Moderate
Gain Op Amps

VN o—A

=
+
%’
./
11l
|'||+

A

o

>l

Fig. 240-04 —~ = =

Make R as large and measure v, and v; to get the open loop gain.
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Simulation or Measurement of the Input Offset Voltage of an Op Amp

+
—Vbp
=\\ vour=Vos |~
| > ° L
Vost_ ) d 1 A+ =
- 1 T —Vss
CL| RL -
) - Fig. 6.6-4

Types of offset voltages:

1.) Systematic offset - due to mismatches in current mirrors, exists even with ideally
matched transistors.

2.) Mismatch offset - due to mismatches in transistors (normally not available in
simulation except through Monte Carlo methods).
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Simulation of the Common-Mode Voltage Gain

+
Yos — Vpp
/ \ +\ Vv -
] >_ out
+ / __+ lT
Vem T = Vs
- Cr| Ry, -
= = = Fig. 6.6-5

Make sure that the output voltage of the op amp is in the linear region.
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Measurement of CMRR and PSRR

Configuration: ) ,{})\%Q
VoS vos 0—< §

Note that vi~Tgpg or vos~ 1000v; l 100KO VSET
How Does this Circuit Work? 101(9% = L
CMRR: PSRR: L
1.) Set 1.) Set = VoD

Vpp'=Vpp+ 1V Vpp’=Vpp + 1V -
Vg =Vgg+ 1V Veg' = Vgg 10QS vy —_iVT
5 5 _ — VSS
vour =vour+1V  vour =0V -
2.) Measure vpg 2.) Measure vpgs - == Fig. 240-07
called vpsq called vps3 Note:
3.) Set 3.) Set 1.) PSRR- can be measured similar to
Vpp =Vpp- 1V Vpp'=Vpp-1V  PSRR* by changing only V.
Vss' =Vss- 1V Vss' =Vss 2.) The 1V perturbation can be
vour =vour- 1V vour =0V replaced by a sinusoid to measure
4.) Measure vog 4.) Measure vogs CMRR or PSRR as follows:
1000- 1000-
called vpso called vps4 PSRR* — 000-vggq _PSRR- = 000-vgs
5.) 5) Vos Vos
2000 L2000 1000-vep,
CMRR=f h00vostT  PSRRT=504v0s3T  and CMRR =——,
CMOS Analog Circuit Design © P.E. Allen - 2003
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How Does the Previous Idea Work?
. ... . . 100k€2
A circuit is shown which is used to measure 2 AN,
the CMRR and PSRR of an op amp. Prove Vos 0 + N
that the CMRR can be given as l 100kQ Vicm
1000 v;., 10kQ = =
CMRR = Vos % M 1
Solution vour T- Vpp
The definition of the common-mode rejection n —1
ratio is Viem "
Avg (Vour Via) —Vss
CMRR = Acm| = Ooud Viem) = = E = _pig_ 240-08

However, in the above circuit the value of v,
is the same so that we get
Viem
CMRR = Vi
VOS

But v;y=v; and v, = 1000v; = 1000v,; = v;y=T000

Substituting in the previous expression gives, CMRR ==, =
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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:

+ -
A + V2o 2
LA = Vpp AWV1-V2) é
1 Vout E.
Vi 1 Vi Vour
_ + _+/ At = y
L Vo = Yn A Ve
N *  Fig. 6.6-7
V+V,
Vout = AV(VI_VZ) i140m 2 = _Avvout + Acchm
+A,, +A,,
Vout = 1+Av om = Av cm
Vv
v cm
MRRI| = =
IC. | Acm Vout
(However, PSRR* must equal PSRR-)
CMOS Analog Circuit Design © P.E. Allen - 2003
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CMRR of Ex. 6.3-1 using the Above Method of Simulation

85 e —rrrr e 200 T T
80 [ : 150 E /3
2 70 E T / :
g ZARE
S 0l ey z
55 F \ 1 <00 .
50 E \ A so E V
45 Bl vvvd voad cod v el vod 200 B vl vl vod e vl 1

100 1000 10* 10° 10° 10" 10® 100 1000 10* 10° 10° 10" 10®
Frequency (Hz) Frequency (Hz) Fig. 240-10

—_
(e
—_
(e
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Direct Simulation of PSRR

Circuit:
A
. -
— 1. V2© 2
Vs —Vpp Ay(Vi-V2) é
Vi >__° — O v Vou
t __;,. - VSS - O
= _ ;%,L ? 55 *AdaVaa /'
U - - Fig. 6.6-9
Vour =AV1-V2) 2A1Vis = AV, £ ApdVa
*A 4, *+A 4
Vour = 1+A, Vi = A, Vaa
ﬂ Vdd v Vss
PSRR - Add = Vout and PSRR_ = Ass = Vout

Works well as long as CMRR is much greater than 1.

CMOS Analog Circuit Design
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Page 6.6-13

Simulation or Measurement of ICMR

vour
A
!
I
T
7 L > VIN
1
1< -/[CMR—">
!
1
Also, monitor
IpporIss. g 240-11

Initial jump in sweep is due to the turn-on of M5.
Should also plot the current in the input stage (or the power supply current).
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Measurement or Simulation of the Open-Loop Output Resistance
Method 1:

vour .
Vol « Wl.thout Ry,
+o—\+\ vour = VDD Voz “—With R,
VI —»
-o— b D » v/(mV)
—Vss
Fig. 240-12
Voi .
Rouw =R |V, - 1 or vary Ry until Vpop =0.5Vp1 = Rousr=R[,
Method 2:
O
<_Rout
O
= Fig. 240-13

11 A, 1 100R,
out=[R0+ TOOR * 100R0] =4,

CMOS Analog Circuit Design © P.E. Allen - 2003
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Measurement or Simulation of Slew Rate and Settling Time
l Ipp —_i _v Settling Error
Y TVDD A Tolerance
+ v
Omo Vout
+ _L ¥
Vin A — . e > ¢
- —VSS A R v
p— — — Settling Time
’ - - Feedthrough Fig. 240-14

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

CMOS Analog Circuit Design © P.E. Allen - 2003




Chapter 6 — Section 6 (2/25/03) Page 6.6-16

Phase Margin and Peak Overshoot Relationshi
It can be shown (Appendix C) that:

Phase Margin (Degrees) = 57.2958cos-1[\J4c4+1 - 2¢2]

e 100
Overshoot (%) = 100 exp \/17 TV S L L B L L B
-C - ]
70 o \ /_/-//:
R i ______ I P e _/ -
5 60 F I\
= =
: : {105
8 sof A 1 €
£ f . -1 g
& 4of  Phase Margi Overshoot
For example, a 5% overshoot g 40 FHARERAIEl I
corresponds to a phase margin of 7 - 1 3
approximately 64°. =iy 1.0
A f / ]
20
10 F
O 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0'1
0 0.2 04 06 0.8 1
= Fig. 240-15
C 20 ig
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Example 6.6-2 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 analyzed 1 5um MEJ% o
by SPICE to determine if the specifications m [ 1y
are met. The device parameters to be used ( o
are those of Tables 3.1-2 and 3.2-1. In 30uA 3um P A T
addition to verifying the specifications of Lyum "‘ 95uA | I 10pF
Example 6.3-1, we will simulate PSRR+ =
and PSRR-. .5 '_
Sum I l4um

Solution/Simulation Tum 1\'45 Lum

The op amp will be treated as a Vss= 2.5V e 240-10
subcircuit in order to simplify 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 PS could
be calculated if the physical layout was complete, we will make an educated estimate of
these values by using the following approximations.

AS=AD = W[L1 + L2 + L3]

PS=PD=2W +2[L1 + L2 + L3]
where L1 is the minimum allowable distance between the polysilicon and a contact in the
moat (Rule 5C of Table 2.6-1), L2 is the length of a minimum-size square contact to moat
(Rule 5A of Table 2.6-1), and L3 is the minimum allowable 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  Fig. 240-17

.SUBCKT OPAMP 12689

M1 423 3 NMOS1 W=3U L=1U AD=18P AS=18P PD=18U PS=18U

M2 513 3 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 54 8 8 PMOS1 W=15U L=1U AD=90P AS=90P PD=42U PS=42U

M5 3799 NMOSI 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 6799 NMOSI W=14U L=1U AD=84P AS=84P PD=40U PS=40U

M8 7799 NMOSI W=4.5U L=1U AD=27P AS=27P PD=21U PS=21U

CC563.0P

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

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

.ENDS
CMOS Analog Circuit Design © P.E. Allen - 2003
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Example 6.6-2 - Continued
PSPICE Input File for the Open-Loop Configuration:

EXAMPLE 1 OPEN LOOP CONFIGURATION
.OPTION LIMPTS=1000

VIN+10DC 0 AC 1.0

VDD 4 0 DC 2.5

VSS05DC2.5

VIN-20DCO

CL 30 10P

X1123450OPAMP

(Subcfrcuit of previous slide)

.OP

.TF V(3) VIN+

.DC VIN+ -0.005 0.005 100U

.PRINT DC V(3)

ACDEC 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:

2.5_"" LA rTrrt Trrr T T T 1T L

2 -
i Vos
B ~
> I —[—
I -
>
) 0 5
-~ 5
1 E
2 L —
2 -1.5 -1.0 -05 O 0.5 1 1.5 2
viN(mV) Fig. 240-18
CMOS Analog Circuit Design © P.E. Allen - 2003
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Example 6.6-2 - Continued
Open-loop transfer frequency response of Example 6.3-1:

80 T T TTTI T T TTTI T T TTTI T TTTTIT TTTTHT LILLLRLLL LILLBLLLLL 200 L T T TTTI T T TTTI T TTTTI LELBLLLAL T T TTIT LILBLLLLLL T Illllll

: : 1 F N ]

60 F 1 50 E G

~ ] £100 F ]

m 4 ) C 3

240 ¢ 1 & 50 L ]

3 C 1 = N .

220 2 0 F .

g C 1 @ c ]

S oF ] £ ¢ N :

C A 1 oo e ]

20 [ 1 1 : t N 3

C G@i Y -150 F—Phase Margin "GB .

L | - 1/ =

40 owvwd v vl v vvid v Al i -200 -ml#m...' sl v i oKl
10 100 1000 10* 10° 10° 10" 10% 10 100 1000 10* 10° 10° 10" 10%

Frequency (Hz) Frequency (Hz) Fig. 6.6-16
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Example 6.6-2 - Continued
Input common mode range of Example 6.3-1:

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

VIN+ 1 0PWL(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 -
VSS05DC2.5 —
CL 3 020P
X1133450OPAMP

CJX®

~
S

ID(MS5)
/ < Input CMR >

/—>

(Subcircuit of Table 6.6-1) 3

|
|

[\*)
[e]
ID(M5) pA

.DC VIN+-2.52.5 0.1 2
PRINT DC V(3) >
.TRAN 0.05U 10U 0 10N B 1
.PRINT TRAN V(3) V(1) e
.AC DEC 10 1 10MEG

.PRINT AC VDB(3) VP(3) 1
.PROBE (This entry is unique to PSPICE)

.END 2

—_
=]

S

-2 -1 0 1 2 3
vin(V) Fig. 240-21

1
w
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Example 6.6-2 - Continued
Positive PSRR of Example 6.3-1:

50

IPSRR+(jm)| dB
N
o

-50

Arg[PSRR+(jw)] (Degrees)

of / N Vi

10 100 1000 10* 10° 10°®° 10" 10® 10 100 1000 10* 10° 10° 107 10f
Frequency (Hz) Frequency (Hz) Fig. 240-22
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Example 6.6-2 - Continued
Negative PSRR of Example 6.3-1:

C ] 150 F
100 ‘7 E
o S 100 F
2 T . B F
= gol N a 50 F
E i ™ = :
~ i \\ \% OF
g 60f A A
6 L N ¢ -50 EF
- - PSRR+ ™\ g F I
ol N ED-IOO E \
i <150 E
10 100 1000 10* 10° 10° 107 10® 10 100 1000 _10* 10° 10° 10" 10%
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 F
: / 0L b () —s [I\
0.5 0.05 [
. / \«w,mm I f‘ oult) \
GO0 e s 0 B |
-0.5 -0.05
Vin(f) —» \ ] [ \
1t V ] 0.1 F Ve
15k - IR T 3 S N S S
0 1 4 5 2.5 3.0 ] 315 4.0 . 4.5
Time (Microseconds) Time (Microseconds) Fig. 240-24
Why the negative overshoot on the slew rate? Vob

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 -dv,;/dt = -2V/0.3us = -6.67V/us. For a 10pF
capacitor this requires 66.7uA and only 95uA-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. Vss Fig. 240-25
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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 (kQ2) - 122.5kQ
CMOS Analog Circuit Design © P.E. Allen - 2003
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Example 6.6-3 _ Vpp=25V
Why is the negative-going overshoot 0w/l T
larger than the positive-going overshoot i Ji
on the small-signal transient response of 4’% i

the last slide?

Consider the following circuit and
waveform:

>l e —» K
0.1us 0.1us

During the rise time, e 24026

icL = Cr(dvyyy/dt )= 10pF(0.2V/0.1ps) = 20pA and i, = 3pf(2V/us) = 6uA

. ig=95uA + 20uA + 6uA = 121puA = g;6 = 1066uS (nominal was 942.5uS)
During the fall time, iy, = Cr(-dv,,/dt) = 10pF(-0.2V/0.1us) = -20pA

and ic. = -3pf(2V/us) = -6pA

. ig = 95PA - 20pA - 6pA = 69uA = gme = 805uS
The dominant pole is p| =~ (Rjg;6R11C.)-1 but the GB is g,,,j/C = 94.25uS/3pF =

31.42x106 rads/sec and stays constant. Thus we must look elsewhere for the reason.
Recall that pp = g,,,6/Cr, which explains the difference.

. p2(95pA) = 94.25x100 rads/sec, pr(121uA) = 106.6 x1006 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 6.7 - MACROMODELS FOR OP AMPS
Macromodel

A macromodel is a model that captures some or all of the performance of a circuit
using different components (generally simpler).

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
e Small signal, frequency independent

e Small signal, frequency dependent
» Large signal

Time independent

Time dependent

CMOS Analog Circuit Design © P.E. Allen - 2003
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SMALL SIGNAL, FREQUENCY INDEPENDENT, OP AMP MODELS
Simple Model

OIS, ©,
V vo @ R, Vo @ A\ Vo
— Rid QA (vi-v2) — R 22y, v ) (TR,
V3 @ @ R

(a.) b) () Fig. 010-01

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

SPICE Description of Fig. 1c Subcircuit SPICE Description for Fig. 1c
RID 1 2 {Rid} .SUBCKT SIMPLEOPAMP 12 3
RO 30 {Ro} RID 12 {Rid}
GAVD 03 12 {Avd/Ro} RO 3 0 {Ro}

GAVD 03 12 {Avd/Ro}
.ENDS SIMPLEOPAMP
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Example 6.7-1 - Use of the Simple Op Amp Model

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 Avd = 100,000, Rid = 1IMQ, and R, =
100Q. Find the input resistance, Rin, the output resistance, Rout, and the voltage gain, Ay,
of the noninverting voltage amplifier configuration when R1 = 1kQ and Rz = 100k<.
Solution

The circuit with the SPICE node @ R
numbers identified is shown in Fig. 2. _ AT>—oVou
Figure 2 — Noninverting R, = 100kQ
voltage amplifier for Ex. 1. ,
Fig. 010-02
The input file for this example is given as follows.
Example 1 The command .TF finds the small signal input
;%L&EEP ?SSIIMPLEOP AMP resistance, output resistance, and voltage or current
R130 1KOHM gain of an amplifier. The results extracted from the
R2 2 3 100KOHM output file are:
gg)Blcngl\fgéglﬁ?\f[)PAMP 123 % SMALL-SIGNAL CHARACTERISTICS
GAVD/RO 03 12 1000 INPUT RESISTANCE AT VIN = 9.901E+08
.ENDS SIMPLEOPAMP OUTPUT RESISTANCE AT V(2) = 1.010E-01.
TFV(2) VIN
END
CMOS Analog Circuit Design © P.E. Allen - 2003
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Common Mode Model
Electrical Model:
A (ViHY,
Vo = Ayy(vi-v,) + R R,| 2
Macromodel:
)
o
+
chI ch2
Ava(V1 V2><T> é Vo
Ric2 = ©
— Linear Op Amp Macromodel Fig. 01003
Figure 3 - Simple op amp model including differential and common mode behavior.
SPICE File: GAVD/RO 0312 {Avd/Ro}
.SUBCKT LINOPAMP 1 2 3 GAVCI/RO 0310 {Avc/2Ro}
RICI 10 {Ric} GAVC2/RO 0320 {Avyc/2Ro}
RID 1 2 {Rjd} RO 3 0 {Ro}
RIC2 2 0 {Ric} ENDS LINOPAMP
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Small Signal, Frequency Dependent Op Amp Models
Dominant Pole Model:

Vd( )

A4(s) = slwy) + 1) where w,= R,C, (dominant pole)

Model Using Passive Components:

oV,
% Vd(())(V -V )<P Ci=—

Fig. 010-04 —
Figure 4 - Macromodel for the op amp 1nclud1ng the frequency response of Avd.

Model Using Passive Components with Constant Output Resistance:

O)

:} Vo
Vd( ) V3
Vi-V = == R
( 1 ) C] Ro 0
V2

Fig. 010-05 = = =
Figure 5 - Frequency dependent model w1th constant output resistance.
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Example 6.7-2 - Frequency Response of the Noninverting Voltage Amplifier

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

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

Example 2

VIN1ODCOAC 1 R12 32 0 IKOHM GAVD/RO 03121000
*Unity Gain Configuration 522, 22 329KOHM R130 100

XOPAMPI1 1 31 21 Gain of 100 Configuration C1 3 0 100UF
LINFREQOPAMP XOPAMP3 1 33 23 .ENDS

R11 310 15GOHM LINFREQOPAMP ACDEC 10 100 1I0MEG
R21 21 31 10HM R13 33 0 1IKOHM .PRINT AC V(21) V(22) V(23)
*Gain of 10 Configuration R23 23 33 99KOHM .PROBE

XOPAMP2 1 32 22 :SUBCKT END

LINFREQOPAMP LINFREQOPAMP 1 2 3

RID 1 2 IMEGOHM
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Example 6.7-2 - Continued

40dB
L [ 1

304 | \Galn of 100
[ |

~0dBE Gain of 10| N

I IR I____:
L |
10dBf 7\

0dB [ Gain of 1 N\
ek i P F---—--- — - ~
i i TN
-10dBf | , !
: 15.9kHz| ' 159kHz| 11.59MHz| | \
_20dBEt Al A A
100Hz 1kHz 10kHz 100kHz 1MHz 10MHz
Fig. 010-06

Figure 6 - Frequency response of the 3 noninverting voltage amplifiers of Ex. 2.
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Behavioral Frequency Model
Use of Laplace behavioral modeling capability in PSPICE.
GAVD/RO 0 3 LAPLACE {V(1,2)} = {1000/(0.01s+1)}.

Implements,
Avd(0)
Avd(S) R()
GAvd/Ro = Ro = s
o t1

where Avd(0) = 100,000, Ro = 100€2, and w1 = 100 rps
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Differential and Common Mode Frequency Dependent Models

Op Amp Macromodel

chI
@ ¢ ¢ -
R

Figure 7 - Op amp macromodel for

) separate differential and common
@ = % voltage gain frequency responses.
AvaVi-v2)(TN c=— V3 /4\ VA/4\ R, v
VAT YA o o
Rica R, R, R,
-
— = _é_ Fig. 010-07
CMOS Analog Circuit Design © P.E. Allen - 2003
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Zeros in the Transfer Function
Models:
@ ®
Avd(Vi-V2) 1 @ vo Advi-v) (N om= RS KA Ly
RO ]_‘1 I{1 0
@) (b.) Fig. 010-08

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

Inductor:

Vols) = [y 6L + Ro) V1(5)-Va(9)l = AvaO) R + 1] Vi)Vl

Feedforward:

Avd(0)
Vo(s) = Slo1) +1 [1+k(s/m1)+K] [V1(s)-Va(s)] .
1
The zero can be expressed as A —(1)1(1 + E)

where k can be + or - by reversing the direction of the current source.
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Example 6.7-3 - Modeling Zeros in 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 1002, and a zero in the right-half,
complex frequency plane at 107 rps.

Solution

The transfer function we want to model is given as
105(s/107 - 1)
Vo(s) =7(s/100 + 1)
Let us arbitrarily select R1 as 100kQ2 which will make the GAVD/R1 gain unity. To get
the pole at 100rps, C1 = 1/(100R1) = 0.1uF. Next, we want z1 to be 107 rps. Since w1 =
100rps, then Eq. (6) gives k as -10-5. The following input file verifies this model.

Example 3 GV3/RO04300.01

VIN10DCOAC1 GAVD/RO40120.01

XOPAMPI1 1 0 2 LINFREQOPAMP RO 40100

.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 3 0 100KOHM .PROBE

C1300.1UF .END
CMOS Analog Circuit Design © P.E. Allen - 2003
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Example 6.7-3 - Continued

The asymptotic magnitude frequency response of this simulation 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.

0 —
| |
I
F |
80dB | \
S 60dB[ ! \
EJ/ L |
= [ ’ \
40dB i \.
I |
[ | 159Hzor 1 Orps \
20dB !
L i 5 ]
0dB [mniid- ' e

1Hz 10Hz 100Hz 1kHz 10kHz 100kHz 1MHz 10MHz
Frequency Fig. 010-09
Figure 9 - Asymptotic magnitude frequency response of the op amp model of Ex. 6.7-3.
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Large Signal Macromodels for the Op Amp
Output and Input Voltage Limitations

© Rpv
o VN Nonlinear Op
D1 Amp Macromodel
Ric +
Vim— VIL1_
T = D6
— RLIM—

VOH— OL

i
ch4 VC Vs
Vd(V4 V5)
O

Fig. 010-10
Figure 10 - Op amp macromodel that limits the input and output voltages.

Subcircuit Description

SUBCKT NONLINOPAMP 12 3
RIC1 10 {Ricm}
RLIM1140.1

D1 4 6 IDEALMOD
VIH1 6 0 {VIH1}
D2 7 4 IDEALMOD
VIL170{VIL1}
RID 4 5 {Rid}

RIC2 2 0 {Ricm}
RLIM2250.1

D3 5 8 IDEALMOD
VIH2 8 0 {VIH1}

CMOS Analog Circuit Design

D4 9 5 IDEALMOD

VIL2 90 {VIL2}

GAVD/RO 03 4 5 {Avd/Ro}
GAVCI1/RO 03 4 0 {Avc/Ro)}
GAVC2/RO 0350 {Avc/Ro)
RO 3 0 {Ro}

D5 3 10 IDEALMOD

VOH 10 0 {VOH])

D6 11 3 IDEALMOD

VOL 110 {VOL}

MODEL IDEALMOD D N=0.001
ENDS

© P.E. Allen - 2003
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Example 6.7-4 - Illustration 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 = 1ML, Ricm = 100M€2, Avc(0) = 10, Ro = 100€2,

Von =-VoL = 10V, VIH1 =VIH2 =-VIL1 =-VIL2 = 5V.
Solution
The input file for this example is given below.

Example 4 VIL170-5V RO 30100
VIN 1 0 DC 0 RID 4 5 IMEG D5 3 10 IDEALMOD
XOPAMP 122 RIC2 2 0 100MEG VOH 100 10V
NONLINOPAMP RLIM2250.1 D6 11 3 IDEALMOD
SUBCKT D3 5 8 IDEALMOD VOL 11 0-10V
NONLINOPAMP 1 2 3 VIH2 805V MODEL IDEALMOD D N=0.0001
RIC1 1 0 100MEG D4 9 5 IDEALMOD ENDS
RLIM1 140.1 VIL29 0 -5v DC VIN-15150.1
D1 4 6 IDEALMOD GAVD/RO 034 5 1000 PRINT V(2)
VIH1 6 05V GAVCI1/2RO 034 00.05 .PROBE
D2 7 4 IDEALMOD GAVC2/2RO03500.05 .END
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Example 6.7-4 - Illustration of the Voltage Limits of the Op Amp - Continued

7.5V

svg /

2.5V}

V() oV |

2.5V

5V

7.5\t
10V 5V oV 5V 10V
VIN Fig. 010-11

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

Technique:

2 Fig. 010-12
Macromodel for Output Voltage and Current Limiting:

Vi

O) . @ *D@ Dl*
® < . R‘é “AD4 DzTDS@ 6:k|!
A Rvod (V1-v2) T biic (©) VOHI VoL=

Fig. 010-13 = = — T
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Example 6.7-5 - 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. Assume the Vo, = -V = 10V, V,; = -
V. = 10V, the maximum output current is £20mA, and R, = R, = R, = 500Q where R, is a
resistor connected from the output to ground. Otherwise, the op amp is ideal.

Solution

For the ideal op amp we will choose Ayd = 100,000, Rid = 1M, and Ro = 1002 and
assume one cannot tell the difference between these parameters and the ideal parameters.
The remaining model parameters are VoH = -VoL = 10V and ILimit = £20mA.

The input file for this simulation is given below.
Example 5 - Influence of Current Limiting on the Amplifier Voltage Transfer Curve

VIN10DCO D4 6 4 IDEALMOD

R1 12500 ILIMIT 5 6 20MA

R2 23500 D5 3 7 IDEALMOD

RL 3 0 500 VOH 7 0 10V

XOPAMP 0 2 3 NONLINOPAMP D6 8 3 IDEALMOD

.SUBCKT NONLINOPAMP 12 3 VOL 80 -10V

RID 1 2 IMEGOHM .MODEL IDEALMOD D N=0.00001

GAVD 04121000 .ENDS

RO 40100 .DC VIN-15150.1

D1 3 5 IDEALMOD PRINT DC V(3)

D2 6 3 IDEALMOD .PROBE

D3 4 5 IDEALMOD .END
CMOS Analog Circuit Design © P.E. Allen - 2003
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Example 6.7-5 - Continued
The resulting plot of the output voltage, v3, as a function of the input voltage, viN is shown
in Fig. 14.

10V
5V|
: o
s
> 0V ]
[ ..--""'ﬂ-'"-:
_5v: .-—--""/Fd J
-10M
15V -10V -5V oV 5V 10V 15V
VIN Fig. 010-14

Figure 14 - Results of Example 5.
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Slew Rate Limiting (Time Dependenc

Slew Rate:
dv, =ly
dt = C, = Slew Rate
Macromodel:
©,
Vi
© D3, ~Dl1 ©
Riq | @ Vo
D2 V4-V
Vg Avd(o) (Vl -V Rl Cl o @ i{o 3 R
A 5% |
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Example 6.7-6 - 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 Ayd = 100,000, w; = 100rps, Rigd = IMQ, and R, =
100€2. The simulation input file based on the macromodel of Fig. 15 is given below.

Example 6 - Simulation of slew rate limitation

VIN 1 0 SIN(0 10 200K) D27 0 IDEALMOD
XOPAMP 1 2 2 NONLINOPAMP D35 6 IDEALMOD
.SUBCKT NONLINOPAMP 12 3 D4 7 5 IDEALMOD
RID 1 2 IMEGOHM ISR67 1A
GAVD/R104121 GVO/R003450.01
R14 0 I00KOHM RO 30100
C1450.1UF .MODEL IDEALMOD D N=0.0001
D1 0 6 IDEALMOD .ENDS
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Example 6.7-6 - Continued

The simulation 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,

- Input
- Voltage

_10\ A A
Ous 2us 4us 6us 8us 10us
Time Fig. 010-16

Figure 16 - Results of Ex. 6 on modeling the slew rate of an op amp.

CMOS Analog Circuit Design © P.E. Allen - 2003

Chapter 6 — Section 7 (2/25/03) Page 6.7-22

SPICE Op Amp Library Models
Macromodels developed from the data sheet for various components.
Key Aspects of Op Amp Macromodels
* Use the simplest op amp macromodel for a given simulation.
 All things being equal, use the macromodel with the min. no. of nodes.
e Use the SUBCKT feature for repeated use of the macromodel.
* Be sure to verify the correctness of the macromodels before using.

* Macromodels are a good means of trading simulation 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
Power supply rejection ratio of the two-stage op amp
Cascode op amps
Simulation and measurement of op amps
Macromodels of op amps

* Purpose of this chapter is to introduce the simple two-stage 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.

* 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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