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6.2 INTRODUCTION TO OP AMPS
INTRODUCTION

Objective
The objective of this presentation is:

1.) Characterize the operational amplifier

2.) Illustrate the analysis of both BJT and MOS op amps
3.) Illustrate the design of both BJT and MOS op amps
Outline

* Introduction and Characterization of Op Amps

» Compensation of Op Amps

General principles
Miller, Nulling Miller
Self-compensation
Feedforward

Simple Op Amps
Two-stage
Folded-cascode

Design of Op Amps

* Summary
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INTRODUCTION AND CHARACTERIZATION OF OP AMPS

High-Level Viewpoint of an Op Amp

Block diagram of a general, two-stage op amp:

> Compensation
Circuitry |
A
A 4 A 4 v
vi o—{+ Differential High vouT | output |vout
Transconductance » Gain » Buffer
V20— - Stage Stage

A A A

Bias
Circuitry Fig. 6.1-1

* 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.

» Compensation:

Necessary to keep the op amp stable when resistive negative feedback is applied.
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Ideal Op Amp
Symbol:
i VbD
?_;_'_ +
2,
V]_ g_- —
WssVouT = Au(V1-V2)
V2
° -+ ° Fig.612
Null port:

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

Le.,
vi-v=v;=0
and

iIZOandi2=O

flows into or out of the differential inputs.
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If the differential gain of the op amp is large enough then input terminal pair becomes a null port.

Therefore, ideal op amps can be analyzed by assuming the differential input voltage is zero and that no current
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General Configuration of the Op Amp as a Voltage Amplifier

Vinn

Noniverting voltage amplifier:

R{*tR,
Vinn — 0 = Vout — R, inp

Inverting voltage amplifier:

Ry
Vinp =0 = Vout ~ - R_l inn

Fig. 6.1-3
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Example 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,

Vour/vin'
R i1 i2 Ry
— <—
AW T
+ +| L +
Vin Vi () Vout
- - eV +
. '}
Virtual Ground Fig. 6.1-4
Solution

If the differential voltage gain, 4,, is large enough, then the negative feedback path through R, will cause the
voltage v; and the current i; shown on Fig. 6.1-4 to both be zero. Note that the null port becomes the familiar
virtual ground if one of the op amp input terminals is on ground. If this is the case, then we can write that

_Yin
i R,
and
~ Yout
Iy = R,

Since, i; = 0, then i; + i, = 0 giving the desired result as

Ry
Rl ’

Vout

Vin
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Linear and Static Characterization of the Op Amp

A model for a nonideal op amp that includes some of the linear, static nonidealities:

1

CI\\;IRR Ricm%Bzé) 62
N M) ()
At \_/ J_ Rout Vi

Vo © <
2 \/
Vos i2 Cid

i Rid
Vi o n T

Ideal Op Amp

Fig. 6.1-5
where
R;; = differential input resistance
C;;=  differential input capacitance
R;.,, = common mode input resistance
V os = input-offset voltage
Ip and I, = differential input-bias currents
I g = input-offset current (/g = Ig;-Ip))

CMRR = common-mode rejection ratio

e , = voltage-noise spectral density (mean-square volts/Hertz)

i , = 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:

V1(s)tV>(s)
Vout(s) - Av(s)[Vl(S) - V2(S)] + Ac(s) T

Differential-frequency response:

A6) Ay Ay p1Pop3
S = =
T g SPDE P pa)
P1 2) P3
where p{, py, p3, are the poles of the differential-frequency response.
IAjow)| dB
Asymptotic
20l0g10(Av0) ==—r¥ Magnitude
/o
Actudl| -6dB/oct.
Magnitude /
0dB : > ®
01
-18dB/oct.” Fig. 6.1-6
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Other Characteristics of the Op Amp
Power supply rejection ratio (PSRR):

AVpp y Vo/Vin Vaq=0)
AVour s) = Vo/Viaa (Vin =0)

PSRR =

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):

T, = time needed for the output of the op amp to reach a final value to with a predetermined tolerance when
excited by a small signal. (SR 1is large signal excitation)

VouT(t)
A |
Final Value + eb——- v/ N\ UpperTolerance
€ |
vouT Fina Value |- Y S S A
VI —© , | € Lower Tolerance
_ Final Value - ef - f--— -\ fomo SRR L
| l
< Settling Time »i
0 : —>t
0 Ts Fig. 6.1-7
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Classification of CMOS Op Amps

Categorization of op amps:

Conversion Hierarchy
Voltage Classic Differentia Modified Differential I
to Current Amplifier Amplifier _
T T First
""""""""""""""" * * *""“"' - Vé)tltage
Current Differential-to-single ended ] | Source/Sink || MOS Diode age
to Voltage Load (Current Mirror) Current Loads Load
_____________________________ [ | | I . A
v \ Current |
Voltage Transconductance Transconductance Stage
to Current Grounded Gate Grounded Source
____________________________________________________ Second
v v Voltage
Current Class A (Source ClassB Stage
to Voltage or Sink Load) (Push-Pull) l
Table6.1-1
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Two-Stage Op Amp Architecture

Simple two-stage op amp broken into voltage-to-current and current-to-voltage stages:

................. ﬁ
LU

............ & o L

N 3

B I R 3

>

1

l:l\l\;l
|-V

IIIIIIIIIIIIIIIIII

VA

IRYE
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Folded-Cascode Op Amp Architecture
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COMPENSATION OF OP AMPS
GENERAL PRINCIPLES
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.

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

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

3. Self compensating - Load capacitor compensates the op amp.
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Single-Loop, Negative Feedback Systems

Vin(s)

Definitions:
* Open-loop gain = L(s) = -A(s)F(s)

 Closed] VoS )
08ed-100p 81N =y (5) ~ 1+A(s)F(s)

Stability Requirements:

[AGeoe)Fjege)| = |L(jope)| < 1
where e is defined as

Arg[—A(joge) F(jwge)] = Arg[L(joge)] = 0°
Another convenient way to express this requirement is

Arg[-A(joygp)F(foodp)] = Arg[L(jwygp)] > 0°
where wygp 1s defined as

|[4GGwoap) F(j@ogs)| = |L(jopgs)| = 1

F(s)

A(s)

A

Pree 13 —\

A(s) = amplifier gain (normally the differential-mode voltage gain of the op amp)

F(s) = transfer function of the external feedback from the output of the op amp back to the input.

The requirements for stability for a single-loop, negative feedback system is,

Nout(S)
Fig. 6.2-1

© P.E. Allen, 2009—)
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Illustration of the Stability Requirement using Bode Plots

|A(o)F(o)

Arg[-A(jw)F(jm)]

) -200B/decade
- N -400B/decade
180% i /
1359 5
900 __________________ i
45° f
(I)M—I
0° | .
®0dB _
Frequency (rads/sec.) Fig. 6.2-2
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A measure of stability is given by the phase when |[A(jw)F(jw)| = 1. This phase is called phase margin.
Phase margin = @, = Arg[-A(jaygp)F(ygp)] = Arg[L(japgp)]
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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.
14

12

1.0

Vout(t) 0.8

A
0 06

04

0.2

0 IIIIIIIIIIIIIIIIIIIIIIIIIIIII

0 5 10 15 Fig 6.2-3
ol = ot (SeC)

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 good rule of thumb for satisfactory stability is that there should be less than three rings.)
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Uncompensated Frequency Response of Two-Stage Op Amps

Two-Stage Op Amps:

Vbb Vee
n
M3 M4 3 4
[ve KQG
VOUt Vout
o+l M1 M2 ——o o—{ 01l Q2 —o
Vin Vin
+ +
[,
| + l/ l/
M7 7
N N Y
Vss VEE OAO016
Small-Signal Model:
D1, D3 (CL, 03) D2, D4 (C2, C4) D6, D7 (C6, C7)
gleln C1::IV1 gm2 in c ::I C3:3z Vout
' JmaV1 2 gm6V2 '

OAOQ3

Note that this model neglects the base-collector and gate-drain capacitances for purposes of simplification.
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Uncompensated Frequency Response of Two-Stage Op Amps - Continued

For the MOS two-stage op amp:

Ry ~ s 174537 ds1 ~ s Ry =rgell 7gsa and Rz =ryll 7457
C1 = Cou3tCosttCrpi1 T Cpas € = Cou6tCpantCha and  C3=Cp +CpystCpyy
For the BJT two-stage op amp:
e e
Ry . ||”7r3||r7c4||”o3“gm3 Ry =1zl rooll 7os = 76 and  Ry3=rygll7y7
Cl = C7r3+C7t4+Ccsl+Ccs3 C2 = C7I6+Ccs2+ccs4 and C3 = CL +Ccs6+Ccs7

Assuming the pole due to Cy is much greater than the poles due to C, and Cj gives,

'+ T2
Z22V RIS Cyiz32 Vout
SRR o
1 1 O

OA045

O

.

Cz>3Z Vout E» Im1Vin
o

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

where R; (Rj;) is the resistance to ground seen from the output of the first (second) stage and C; (Cyy) is the
capacitance to ground seen from the output of the first (second) stage.
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Uncompensated Frequency Response of an Op Amp

A
Avd(0) dB 2eo
! -20dB/decade
3 i
< i !
| | GB
! ! /
0dB ; —X > logao(w)
Phase Shift | . I\ -400B/decade
A -45°/decade i i X
180 e o
T35 L
> ! -4|5°/de;cade
T 0 A NG
= o
< 450 oD '_____i
0° , T » 0g10(m)
Ip1'| Ip2'| ®odB Fig. 6.2-5

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.
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MILLER COMPENSATION
Two-Stage Op Amp

Vpp Vce

Vout Vout

P

VEE OA046

The various capacitors are:

C,. = accomplishes the Miller compensation
Cjs = capacitance associated with the first-stage mirror (mirror pole)
C; = output capacitance to ground of the first-stage

Cyy = output capacitance to ground of the second-stage
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Simplification of the Compensated Two-Stage, Small-Signal Frequency Response Model

Use the CMOS op amp to illustrate:

1.) Assume that g,,;3 >> g3 + 8451

Em3
2.) Assume that =— >> GB

Cm
Therefore,
C
Vi V2 \] o
1 1 ; 1
'gn121Vi n 1S gmoVin Vout
rastllr dsa[ M| 9m3 2 9mavaYC1| rasllrasal 92\ assliras C:r5
Ce
o— V2 )| o
i 1 ; 1
Vin Vi | Ci Vout
) 9m1Vin ,P"d32||rds4 Imev2 I dssl|r ds7 T i
o o _
L Fig. 6.2-5B

Same circuit holds for the BJT op amp with different component relationships.
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General Two-Stage Frequencv Response Analysis

where

Vin ImVi Vout &l = &m1 = &m2 Ri=Tasallrasy Cr= €
Y TRI mitV2 CH/I\ and

Fig. 626

Emil = &me> Rir = rasellras7 Crr= C2 = €,
Nodal Equations:

ButVin =G+ s(Cp+ COI - [sCVpyy  and  0=[g,, ;- sC NV + [G+ sCpp+ 5C )V
Solving using Cramer’s rule gives,
Vout(s) _ gml(gmll - S Cc)
Vi) GGypts [G{CrrCi+G ACrrtCoyt gy Colts*LCiCrtC.CrC .Chyl
B A1 -5 (Clgum]
- s [RUCHCHRUCot Co)+ iR 1Ry Cl+s R R (CCrC.CrrC Cp)
where, A, = gy

In general, D(s)=|1-—1(1-—|=1 1, 1), & eD()AlS+S2 if [p,[>>[p |
n general, )=[1-—]||l-—|=1-s|—+— s -— o1
& pill 2 p1 pa| pipo p1 ppp’ PETTHI
-1 R -1 EmlIl
P17 RACAHCI)TRIACTHC ) &miR 1R1Ce * iR R 1C, C.
ARACHCDTRIA(Crrt COF iR 1Ry C EmiiCe Enll] oo
P2= RR(C/CptC CrC.Cyp) *copc.cpc.ep® e Vet S S
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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:
This root is very undesirable because it boosts the loop magnitude while decreasing the phase.

2.) Dominant left-half plane pole (the Miller pole):

Emil  8m6
o= omil
1 CC CC
. -1 _ (8a2"8as4)(8us6 8 ds7)
PL® g nRR;C. gm6Ce

This root accomplishes the desired compensation.

3.) Left-half plane output pole:

This pole must be beyond the unity-gainbandwidth or the phase margin will not be satisfied.

Root locus plot of the Miller compensation:

Closed-loop poles, C0 1€
Open-loop poles
P CC:B p
| 4 }/\4 <
X X—X % O > G
P2 p2 p1r P1 4 Fig. 6.2-7A
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Compensated Open-Loop Frequency Response of the Two-Stage Op Amp

A
_AwWQ)dB " T+, Uncompensated
B - "X, -20dB/decade
= I ~*
LL ! .
@ ! : Aﬂ
4 Compeénsated” !
N
0dB f f — > l0g10()
Phase Shift | i 1\ -40dB/decade
A '~ Uncompensated bo\K
= 180° -t deea L
S | |, -45°/decade |
L 1359 o= > o
z e
? 90°-----—--- R : A ] | -45°/decade
| I / 1 AN d
= . Compensated ! W | Phase
z oo S SN o Maa
i No phase margin;—s, | ‘ argin
o Pl ol el A 090
1 Fig. 6.2-7B
Note that the unity-gainbandwidth, GB, is
1 Eml Eml 8Em2
GB=A4,/0)|p; = RR ;) = = =
Vd( ) |p]| (gmlgmﬂ ! H)ngIRIRIICc Cc Cc Cc

\E€E 4430 - Analog Integrated Circuits and Systems
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Conceptually, where do these roots come from?
1.) The Miller pole:

Vbbb
1 C. R
A et B Vout
2l Ri(gmeRuCe) R ]
L W I me
Vi
ngmGRIICcI
= = ~ Fig. 6.2-9
2.) The left-half plane output pole:
Vbb Vbb
R R
Ce
)I l OVout L --- Vout [p | Em6
~0 N
---L—[ ™6 GB-C L{ M6 A% C
I C|| —C I C|| I

— — Fig.6.2-10

3.) Right-half plane zero (Zeros always arise from multiple paths from

: Ril
the input to output):

R gﬂ 1 Vout
-EmeR1(1/5C.) Ry TsC, } M6
Vout = / 14 ’ + —/ v V= 1/ C \% \Y '
RH+ 1 SCC RH+ 1 SCC RH+ S c
wherev=v ' =v”’. — Fig.6.2-11
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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. If [p,| = |p3|, we have problems in compensation. This pole is given approximately as

Closed-loop poles jf:)
Avg(0) dB

A \
X X %X—X %
P2 Open-1oop poles 1

aale]

NO

» log10(m)
-12dB/octave

#0
-45°/decade

Phase
: Cc=0 N T+ Margin
! in_——= T\ “ 9
B T ietops  aNp 10
3 \ :
P1 3 \42_ Excess Phase Fig. 6.2-11A

dueto p3
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Summary of the Conditions for Stability of the Two-Stage Op Amp (Assuming p3>GB)

* Unity-gainbandwith is given as:

- B 1 Eml 1 8ml
GB = A4,(0)|p1| = (gmlngIRIRII) (ngIR[R[ICc] (gm1gm2R1R2) [g 2R1R2Cc] Ce

* The requirement for 45° phase margin is:

+180° - Arg[AF] = +180° - tan'l(ﬁ] - tan'l(ﬁ] - tan'l(g)) = 45°

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

+180° - tan- (%) tan- (SBJ tan'l(@) 45°

GB GB
135° = tan-1(4,(0)) + tan-l(m) +tan-1(0.1) = 90° + tan'l(@) +35.7°

=0.818 = | [po| € 1.22GB

GB GB
39.3° = tan- 1( ]

p2l) = Ipal

* The requirement for 60° phase margin:

lp2| €2.2GB if z € 10GB

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

gm6  10gm1 gm6  2.2gmi1
C. > C. = | gm6>10g,1| and s > C. = C.>022C
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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
. A
Jo3
j®
J02 180° > 01> 0 > 03
: 0
jop >0
0
7 *C  Fig.6.2-11B

Solution of the problem:

If zeros are 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

Vi
o
Vout E» Vingm|vin4>cl JI: R|%
O

The transfer function is given by the following equation,

Vols) (EmDEmm)RDRr)
Vin($) ~ 1+ s[R;Cr+ RyCrr+ RiCo + guiiRiR i C.] + s2[RR;Crf(Cr + Co)]

Model:

Ce
)|
1

O
L +
i @ % o
/X\ R Ci |
V {1 .
gmi Vi 5

OA047

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

-1 -1
PY=R,Cr+ RyCyy + RiCo+ gnuRRCe ~ gmiRRiCe

and
_ _ngICc
P2=Ccr+ C)
Comments:

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

For 60° phase margin, |p,| must be greater than 1.73GB
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Use of Buffer with Finite Qutput Resistance to Eliminate the RHP Zero

Assume that the unity-gain buffer has an output resistance of R,.

Model:

1T ] Vout | 2
RS Fo @ % Vout

;;; v VRIS Cii | )

gmi Vi S

OA0475
It can be shown that if the output resistance of the buffer amplifier, R ), is not neglected that another pole occurs at,

—1
P4= R [CLCHC+ CL)]

and a LHP zero at
e 0
ZZ = ROCC

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)ﬂ

v TR
o— M o
+ /1 +
vouT E» Vi”9m|Vin®C| + R|% v @RI |% C“,JI: Vout
—O - Omi1 Vi -
o il o

Fig. 6.2-13
Nodal equations:
Vi sC, ” sC.,

ngVin +E+SCIVI+ 1 +SCch (VI_ Vout) =0 ngIVI+R_H+SCHV0ut + 1+ SCL‘RZ (Vout_ VI) =0
Solution:

Vout(S) . a {1 - S[(Cc/gmll) - Rch]}

Vin(s) ~ 1 + bs + cs2 + ds3
where

a = gmgmiRRy

b=(Cy+ CORy+ (Cr+ CORp + &R Ry Ce + R.C,

¢ = [RR(CiCyp+ C.Cr+ CcCpp) + R,CAR,Cr+ Ry Cp)]
d=RRyR.C/CyC,

¥ William J. Parrish, "An Ion Implanted CMOS Amplifier for High Performance Active Filters", Ph.D. Dissertation, 1976, Univ. of Calif., Santa Barbara,
CA.
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Use of Nulling Resistor to Eliminate the RHP - Continued

can be approximated as

-1 -1
PY=(1 + gpiRiDR,Ce = gmiRiRIC,
_ _gm][Cc _ —8mll
P2=cicp+ C.Cr C.Cp = Cop
e
P4= R.C;

and
B 1
Cc(l/gmll - RZ)

Note that the zero can be placed anywhere on the real axis.

21
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If R_ 1s assumed to be less than R; or R;; and the poles widely spaced, then the roots of the above transfer function
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Conceptual Ilustration of the Nulling Resistor Approach

Vout

The output voltage, V_ ., can be written as

our

when V=1"=V1"".
Setting the numerator equal to zero and assuming g, = g,,,; g1Ves,

1
B Cc(l/gmll - RZ)

21

1 Emb
'gm6RI Rz + SCc RI] 'RI gm6Rz + SCC -1
Vo= V' V= |
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A Design Procedure that Allows the RHP Zero to Cancel the Output Pole, p,

We desire that z; = p, in terms of the previous notation.

Therefore,

1 —8mil /TJ(D\

Cl/gur—R.) ~ Cu % % (———>0C

P1 ZAl OA0477
The value of R, can be found as

C.+Cy
RZ=( e )(ugmm

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

A4,(0) Eml
A0)|py] = =
p4| > 4.0)lp1| EmiiRRIC.  C,

and
(I/RZCI) > (ng/Cc) =GB

Substituting R_ into the above inequality and assuming Cj; >> C, results in

C.>

This procedure gives excellent stability for a fixed value of Cp; (= Cy).

Unfortunately, as C; changes, p, changes and the zero must be readjusted to cancel p,.
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Increasing the Magnitude of the Output Pole*ﬂ

)

The magnitude of the output pole , p,, can be increased by introducing gain in the Miller capacitor feedback path.

For example,

<M1l |« M4
II_ II_ CC
| {
I\
M?:I|_°V8ias i Ignore ryss
---—1 | | Cc

[ me o
+ + |\ +
mM10_JFH[, M9 lin( 4 ) RiSV1 1 g R< Co J—Vout
gms
Ves -9maVss - OmeV1 | S

Fig. 6.2-15

The resistors R, and R, are defined as
1 1
= and R,=—"—"
U gy0 + 8us T 8uso 2 Zus6 T us7

where transistors M2 and M4 are the output transistors of the first stage.

Nodal equations:

ngSCc
L, =GV, -g,5Vis =GV '(

ngSCc
Ems t SCc out

}Vout and Ozgm6Vl+ G2+SC2+gm8+SCC

¥ 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,, /I;, gives,

— SCC —
1+—
Vout _ “Em6 Ems
Iin Gl G2 |+ S[ Cc n 2 n & n gm6cc:| ) CCC2
g gns G Gy GG, gm3G2 |

Using the approximate method of solving for the roots of the denominator illustrated earlier gives
-1 -6

P1= C. + & + 2 + g—m6cc ) gM6rdSZCc
gns G Gy GG,
and
gm6rdszcc 5
_ 6 _ngFds G2 Em6 _ Ems! ds R
Py = c.C, 6 Gl {3 Pyl
gm8G2

where all the various channel resistance have been assumed to equal 7, and p,’ is the output pole for normal
Miller compensation.

Result:

Dominant pole is approximately the same and the output pole is increased by roughly g,,.7 4.
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Concept Behind the Increasing of the Magnitude of the Qutput Pole

Vbp
I'ds7
Ce ds
) I OVout L
[ wms GB-C.~Y---
T MeT~ Cil
3 3
R, =7 A
out dS7|l(gm6gm8rds8] Em68m8’ ds8
Therefore, the output pole is approximately,
Em6Em8! ds8
P2l =3¢,

Fig. 6.2-16
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FEEDFORWARD COMPENSATION

RHPZero

Ce

/

Vi Vout
—— . . o
Inverting :
High Gai Cing~Ru -
Amplifj i
Vom(s) AC, s+ g,/AC,
Vi(s) — C.+ Cyy|s + V/[R(C, + CH)]

\E€E 4430 - Analog Integrated Circuits and Systems

Use two parallel paths to achieve a LHP zero for lead compensation purposes.

Pase 37

LHP Zero using Follower

Inverting /’\
High Gain C|| ,
Amplifier i L

+
Vi OIml |V| Ci =<Ri

Ce
| {
I\
Vout Vi ‘b Vout
) o= o
O
+
Vout
5 Fig. 6.2-17

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 which 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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/—l-rnroduction to Op Amps (7/17/00)

SELF-COMPENSATED OP AMPS

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

|dB|
Rout(must belarge)  A,(0) dB
Vin o Vout
+
:I: CL I:»
OA048 0dB
Voltage gain:
v

out
e 4,(0)=G,R

n

out

Dominant pole:
-1

out

P11~ R C;

Unity-gainbandwidth:
Gm
GB = 4,001l =7,

Stability:
Large load capacitors simply reduce the GB and the phase is 90° at the unity gain frequency

\E€E 4430 - Analog Integrated Circuits and Systems
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SIMPLE TWO-STAGE OP AMPS
BJT Two-Stage Op Amp

Circuit:
aVcc
D s,
* IBias
<> 3] Q4 \
) lle
Ill l'Z Co l VouT
o—{ Q1 Q
VIN I
5 i | “
Q5 |1 7:[
) ak ¢ Q7"
(I x1 x1 XN
YWee OAQ2
DC Conditions:
]5 = Ibias> ]1 - 12 = 0'515 = O'SIbias’ 17 - 16 = ”]Bias

Viem(max) =Vece - Vgps - Vepi(sat) + Vg
Viem(min) = Vg +Vegs(sat) + Vg,
Voudmax) = Ve - Vpeg(sat)

Vyudmin) = Vpp + Vepe(sat)

Notice that the output stage is class A = I;,, =17 and I ... = Bls - I
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Two-Stage BJT Op Amp - Continued

Small Signal Performance:

Assuming differential mode operation, we can write the small-signal model as,

gm1V|n Cl:::vl gmz in c ::: Cg:::V
! gmaV1 2 9rr16V2 !

OAO035
where,
1 1 _
Ry . ||V7r3||”7z4||ro3“gm3 Ry =1yl 7ooll 74 = 76 and Ry =rull 747
C1=CptCpytCr1Ces3 Cy = CretCrsntCrsa and C3=Cp+C61tC.57

Note that we have ignored the base-collector capacitors, C 1 except for M6, which is called C,.

Assuming the pole due to Cy is much greater than the poles due to C, and Cj gives

-- -| |-
Vi _l_ i Vou
Om1Vin Ry CZ,.:,\_VZ 2@ %Cg,?\
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Two-Stage BJT Op Amp - Continued

Summary of the small signal performance:

Midband performance-

Ay = Emi8miRIRI = €m18€me” 16 o6l07) = &m1BreTo6llT07)> Rows = To6llto7,  Rin =277
Roots-

Zero — Emll  Em6

CI'O— Cc - Cc
Poles at = -1 = -1 = Eml and N Smll A Smé
P1 =g iRRUC, ~ gmensTosllro1)Ce AoCe % cr * ¢

Assume that Bz =100, g,,,; = ImS, g, = 10mS, r,, =r,7 = 0.5MQ, C.= 5pF and C; = 10pF:
A, = (1mS)(100)( 250k2) = 25,000V/V, R;, =2(Br/g,,1) 2(100kQ) =200k, R, =250kQ

10mS
Zero = 51'% = 2x107 rads/sec or 318.3MHz,
-lmS _ -2x108
-10mS

and p,= ﬁ =107 rads/sec or 159.15MHz

jo

-8x103 T
\4
X X O—>oC
-109 | 210%  oaoe
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Slew Rate of the Two-Stage BJT Op Amp

\E€E 4430 - Analog Integrated Circuits and Systems

Page 42

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

dVC
L = 7 where v 1s the voltage across the capacitor C.
Vce Vce
—‘) Q6 —J Q6
3 4 | 3 4 6=0
Cols_ |'61gt vy, ‘ Cols, |} Jot '
o J_O o J_O out
- Q1 Q2 ’ '\A_ssumea CL - Q1 Q2 ) '\A_ssumea CL
Vip>>0 virtural ll7 :I: Vin<<0 virtural ll7 :I:
+ ground . + ground 1
o X = o X -
I I
+ Q7 + K Q7
VBias \1 Q5 \1 VBias H Q5 \1
== - VEe
Positive Slew Rate Negative Slew Rate OAO07
Is Ig-Is-17| 15 Is I-I5| s
+ — . —~ 2 < |__Z -— . — L | __= .

SR™=mi o q C. because 1g>>15 SR-=mi Co ¢, C, if [7>>15.
Therefore, if C; 1s not too large and if /5 is significantly greater than /5, then the slew rate of the two-stage op amp
should be,

I
SR = C
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Folded-Cascode BJT Op Amp

Circuit
____Vcc
VBe+ L Qla \Qll
Vce(sat) :_'i(j,lol ic11
.
o8l 39 =% Vout
Koes /Q7 J_
Ny
t,\—RA t—RB:—I:
— Q4 l|c4 Q5 llcs
B +
Q4 VBE =
o Ve Vee
Simplified circuit Biasing details of the output  0A08
DC Conditions:
I3 =Ipiq, 11 =1 =0.515=0.51p,4, Iy=Is=klpiys  I1g=111 = klpjss - 0.51p;4s (k>1)

Viem(max) =Vee - Vegs(sat) + Vipy Viey(min) = Vpg +Vepa(sat) + Viey(sat) -Vpg)
Vout(max) = VCC - VEcg(Sat) - VECI l(sat) Vout(min) = VEE + VCEs(Sat) + VCE7(sat)

Notice that the output stage is push-pull = [;,; and [, are limited by the base current.
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Folded-Cascode BJT Op Amp - Continued
Small-Signal Analysis:

Om6Vbes Om7Vbe7

—»

Page 44 —\

RB i
;
I10
9m1V|n r oS 76 Vbe6 Pob gm2V|n Vbe7 r07 1o
ot gmlO Fo5

ro7tBpro11/2  ra7
1+gm7r07 A 2 lfl"o']zl"oll

where Ry = 1/g,,¢ and R =

_ Em1"'n6Vin  “8m1Vin . Em2" 7Vin Em2" n7Vin . Em2Vin
0= tR) AT 2 1720t RE) * 200105 3

. 5 : Your 5
Vout — (17'110)IBPR0utVin 6 (gmllBPRout)Vin if g1 = 8ma= Vi, =6 (gmllBPRout)

R ut — ﬁPFOIIH [ﬁN (1’05”1’02)] and Rin = 27'7-[1
Assume that By =100, Bgp =50, g,,1 = &,» =1mS, r,y=1MQ, and r,p = 0. SMQ:

y
M _14285V/V R, = 14.285 MQ and R, = 100kQ

in

\E€E 4430 - Analog Integrated Circuits and Systems

o)
+
V,
Brolé out
o

OA09
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Folded-Cascode BJT Op Amp - Continued
Frequency response includes only 1 dominant pole at the output (self-compensation),

-1
Pr = Rout CL

There are other poles but we shall assume that they are less than GB
If C; = 25pF, then |p| = 2800 rads/sec. or 446Hz =  GB=6.371 MHz
Checking some of the nondominant poles gives:

1 Emé6 : : :
P4l = m = CﬂA = 159MHz if C 4 = 1pf (the capacitance to ac ground at the emitter of Q6)

1 2
Pl = RgCp = rCp = 6.37MHz if Cg = 1pf (the capacitance to ac ground at the emitter of Q7)

This indicates that for small capacitive loads, this op amp will suffer from higher poles with respect to phase
margin. Capacitive loads greater than 25pF, will have better stability (and less GB).
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Two-Stage CMOS Op Amp

Circuit:
Vbp
el Vg
I — e
G)'B'as Isljms ME1I4 J's
Vout

x1 >|<_1’|* MS Xn
Vss OA10
DC Conditions:
15 - Ibias> ]1 - ]2 - 0'5]5 - O'SIbias’ 17 - ]6 - n]Bias
Viem(max) =Vpp - Vsgz + Vi
Viem(min) = Vo +Vpgs(sat) + Vg
Voudmax) = Vpp - Vepe(sat)
V,yu(min) = Veg + Vpgr(sat)
Ky We

Notice that the output stage is class A = Iy, = I7 and Ly =5 L Vpp-Vss-Vp)? -1

© P.E. Allen, 2009—)
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DC Balance Conditions for the Two-Stage Op Amp

For best performance, keep all transistors in saturation. Vbp
. : : : + ¥
M4 is the only transistor that cannot be forced into saturation by VsG4 VsGe
internal connections or external voltages. :I|__|l: |r—_ NII6
.. : . M3 M4 l4 6
Therefore, we develop conditions to force M4 to be in saturation. l ?,C l

1.) First assume that Vg4 = Vggg. This will cause “proper

)| J_OVout

5.) So if the balance conditions are satisfied, then V54 = 0 and M4 is saturated.

\EeE 4430 - Analog Integrated Circuits and Systems

- M1 M C
mirroring” in the M3-M4 mirror. Also, the gate and drain of M4 Viz_-ll‘_’ %—'“_‘ llil: -
are at the same potential so that M4 is “guaranteed” to be in + g —
saturation. . |Ij l5 |l:M7

Vs Ty S |
2)LetS=E ifVeca=V thenlzﬁ ] V.
. i~ Li > SG4 SG6° 6 S4 4 S Fig. 6.3-1A
87 87
3.) However, I; = Ss 5= |55 (214)
S¢ 257
4.) For balance, [ must equal /; = S_4 = S_5 which is called the “balance conditions”

© P.E. Allen, 2006—)



/—l-rﬁroduction to Op Amps (7/17/00) Page 48 —\

Small-Signal Performance of the Two-Stage CMOS Op Amp

Vbp
V +
T
e offs [ widps [ &0

Vin
+ —
° s '
me_| v M5 M7
X1 >|<_1’| Xn
Vss
Cc
\| o
A 1
'gm1V| " gleI n J_ Vout
Fas||rds3 C'V' QmS 9mavaY 1 raeoliras]” 9m"2 Y aseliras C:ré
Om3 > Ods2+Gisa i gm3>GB

Vin Vi Ci VOUt
Im1 ”?{ ,I\rd52||rds4% ngZ@dsG”Hs?% T 5
A1l

Small-Signal Performance of the Two-Stage CMOS Op Amp

Summary of the small signal performance:

© P.E. Allen, 2009—)
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Midband performance-

Ao - gmlngIRIRH = gmlgm6(rds2||rds4)(rds6||rds7)9 Rout = rds6||rds7> Rin -

Roots-
Jero — Emll _ Em6
€ro = Cc = Cc
Poles af . -1 _ (Cas218asa)(Cas6TEds7) o . ~Emil . -gmé
PL® g iIRR;C, gm6Ce ntc, ¢

Assume that g,,; = 100uS, g,,6 = 1mS, 10 = 1 g4 = 2MQ ¥y = 1 37 = 0.5MQ, C.= 5pF and C; = 10pF:
A,= (100pS)(1IMQ)(1000uS)(0.25MQ) = 25,000V/V, R;, =00, R, ;= 250kQ

1000uS
Zero = ?pF“_ = 2x108 rads/sec or 31.83MHz,

-1
P17 (1mS)(1MQ)(0.25MQ)(5pF)

= -800 rads/sec or 127.3Hz, GB =3.178MHz

-1000pS
and Py = T)pFL = 108 rads/sec or 15.915MHz

[0
-8x102 T
\NZ \A\/ ran Y

N\ /\|

108

O, » O
2x108 OA12
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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 is given as

dVC
Lij = 7 where v 1s the voltage across the capacitor C.
Vbp
— —Ilﬂ M6 —IH M6
Cc |5 CC I5 lIG_(l)CL
) I — ) I — o Vout
- o—] “ "Assumea "\Assumea CL J—
, virtural virtural
Vin>0 l'?
to ground ground ==
I M7
i b
L Vs Vs
Positive Slew Rate Negative Slew Rate Fig. 6.2-18
Is Ig-ls-I7]  Is Is I7-Is| Is
T=minl =, ——=|=7% >> =min &, 5 |=% if[->>
SR™ =mi o q C. because 1g>>15 SR-=mi Co ¢, C, if [7>>15.

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

should be,
I5
R=C,

c

Folded Cascode, CMOS Op Amp
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Vbp

Dy e
V14 M'leu I51'5
A B

Ra Rs
lll llz =
M13 Mella |v|71|7

+0—|l:M1 Mg__] Ri o Vout
1] [ L

T CL
I3 |——| MQ;I:
* tms Il__,lvllz

|
|
VBias M10 M11
Vss Fig. 6.5-7

Comments:

* The bias currents, /4 and /5, should be designed so that /5 and /7 never become zero (i.e. I5=Ig=1.513)
* This amplifier is nearly balanced (would be exactly if R, 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 R, and Ry are greater than g,,| or

Em?2-
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Small-Signal Analysis of the Folded Cascode Op Amp

Model:
ngVgs7
ﬂ»
i +
V957 rd57 i10 Vout
I
-0
Fig. 6.5-8
Recalling what we learned about the resistance looking into the source of the cascode transistor,
Pass PRy T (1/gm10) A 1 4 R, — 4 TRy Ry fore R
= an = where =g oF 1ol
4 1+ gm6rgs6 Emé B o1+ Em1'as1  Em7'ds7 117Em9" dso s

The small-signal voltage transfer function can be found as follows. The current i, 1s written as

. gml(rdsl||rds4)vm “8m1Vin
i
107 2[R+ (rgallrg] * 2
and the current i, can be expressed as

. gm2(r ds2||r dsS)Vin _ Em2Vin _ Em2Vin where s Rll(gds2+gds4)
7 2[ Ry ol )] o1+ Rif(8asrt8ass)| 2(114) Em7"ds7
Em7"ds7 ds2Il ds> Em'ds7

The output voltage, v, ,, is equal to the sum of i, and 7,, flowing through R . Thus,

our

Vout gml 2+k R
v, 2(1+k) 2+2k Emiout
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Frequency Response of the Folded Cascode Op Amp

The frequency response of the folded cascode op amp is determined primarily by the output pole which is given as
-1
Pout — R _C

out™~out

where C,, 1s all the capacitance connected from the output of the op amp to ground.

All other poles must be greater than GB = g,,,,/C, The approximate expressions for each pole is

out:
-1
1.) Pole at node A: PA®NR C.
A~A
-1
2.) Pole at node B: PEAR C
B“~B
-1
3.) Pole at drain of M6: Do W (R 1/g,,10)Ce
m
“Em8
4.) Pole at source of M8:pg a .
8
g
5.) Pole at source of M9:pg & ng
9
g
6.) Pole at gate of M10: Pio M CLIO
10

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 R 1s approximately , that this pole might be too

small. However, at frequencies where this pole has influence, C

oy causes R to be much smaller making p, also

non-dominant.
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Folded Cascode, CMOS Op Amp - Example

Assume that all g, = g,,p = 100uS, 74y = 2MQ, 75, p = IMQ, and C; = 10pF. Find all of the small-signal
performance values for the folded-cascode op amp.

~ 0.4x10%(0.3x10%)

R;;=04GQ, R, =10kQ, and Rg=4MQ .. k 100 1.2
Vou[ 2+1.2
— (2 +2.2](100)(57.143) = 4,354V/V

Rour = Ry g as7( assl 7 as2)] = 400MEQ[[(100)(0.667TMQ)] = 57.143MQ

1 ]
Poul = R,,C,.: 57.143MQ-10pF

=1,750 rads/sec. =  278Hz = GB=1.21MHz

Comments on the Folded Cascode, CMOS Op Amp:

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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OP AMP DESIGN
Unbuffered, Two-Stage CMOS Op Amp
Vbb
:II——||: —||: M6
M3 | M4 Ce
) I J_ o Vout
- o—||: M1 M;—_] CL
Vin :I:
+ 5 =
+ ;lj ;l:w
VBias I"| M5
) Vss Fig. 6.3-1
Notation:
Wi
S; = 7. = W/L of the ith transistor
1
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Design Relationships for the Two-Stage Op Amp

I
Slew rate SR = ?SC (Assuming /7 >>I5s and C; > C,)

Em1 _ 2gml
a2+ 8asa  Is(A + Ay)
Em6 _ Emb6
gase t 8as1 ls(As + A7)
Em1
Ce

First-stage gain 4, =

Second-stage gain 4,, =

Gain-bandwidth GB =

Output pole p, = %’26

8mé6

RHP zero z| = C.
C

y Is
Positive ICMR Vin(max) =Vpp— \/% - |VTO3|(maX) + V7 (min))

. Is
Negative ICMR Vip(miny = Vs + B Vri(max) + Vpss(sat)

- 2Ips
Saturation voltageVpg(sat) = T

It is assumed that all transistors are in saturation for the above relationships.

60° phase margin requires that g, = 2.2g,,2(C;/C,) if all other roots are > 10GB.
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Op Amp Specifications

1. Gain at dc, 4,(0)

Gain-bandwidth, GB

Phase margin (or settling time)
Input common-mode range, ICMR
Load Capacitance, C;

Slew-rate, SR

Output voltage swing

© NS kWD

Power dissipation, Pg;

\EeE 4430 - Analog Integrated Circuits and Systems
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The following design procedure assumes that specifications for the following parameters are given.

Ome OF
Proper Mirroring

Fig. 6.3-2
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Unbuffered Op Amp Design Procedure

This design procedure assumes that the gain at dc (4,), 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 (P ) 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 C,, 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” (/5) from the largest of the two values.
Vop + V.
Is=SR -C, or  Is=10-22 Vs
2T,

3. Design for S5 from the maximum input voltage specification.
I -
~ K3[Vpp — Vix(max) — [Vpys|(max) + V7y(min)]2

S3

4. Verify that the pole of M3 due to Cyy3 and Cyyy (=0.67W3L3C,,) will not be dominant by assuming it to be
greater than 10 GB

m3
5~ > 10GB.
2Cgs3

5. Design for §; (S,) to achieve the desired GB.

Em2
gl = GB - CC=>S2=K,2]5
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Unbuffered Op Amp Design Procedure - Continued

6. Design for S5 from the minimum input voltage. First calculate Vpgs(sat) then find S;.
. Is S 215
Vpss(sat) = Vj,(min) — Vg — B, ~ Vri(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 Vg4 = Ve

gm6
G =222m(CL/C) = Se=S4o

Em4
8. Calculate /g from
I = gm62
6~ 2K'¢S¢

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

9. Design S5 to achieve the desired current ratios between /5 and /.

S7=(lg/l5)S5 (Check the minimum output voltage requirements)
10.Check gain and power dissipation specifications.
2gm2gm6
Av - [5(12 + )“3)16(16 + 17) Piss = ([5 + ]6)(VDD + |VSS|)

11.If the gain specification is not met, then the currents, /5 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 1pum.

A4,,>3000V/V Vpp=2.5V Vg =-2.5V 60° phase margin
GB =5MHz C; = 10pF SR> 10V/us
V,,range =2V ICMR=-1to2V Py <2mW

Solution

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

2.) Choose C,. as 3pF. Using the slew-rate specification and C, calculate /s.
Is=(3x10712)(10 x 106) = 30 pA

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

30 x 106 B
(50x109)[2.5 -2 — .85+ 0.55]2

4.) Now we can check the value of the mirror pole, p;, to make sure that it is in fact greater than 10GB. Assume

(WIL); = 3 > |y =y, =3

the C,, = 0.4fF/um?. The mirror pole can be found as

“Sm3 2K ,5305

A =
P3®2C,; 2(0.667)W3L,C,,

= 6.79x10%(rads/sec)

or 1.08 GHz. Thus, p5, is not of concern in this design because p; >> 10GB.

\E€E 4430 - Analog Integrated Circuits and Systems © P.E. Allen, 2009—/




/—l-rﬁroduction to Op Amps (7/17/00) Page 61 —\

Example 6.3-1 - Continued

5.) The next step in the design is to calculate g, to get
g,,1 = (5x109)(2m)(3x10-12) = 94.25u8
Therefore, (W/L); 1s

gmi®  (94.25)
2K’\I, 211015

(W/L), = (WIL), = =279=3.0= | (WL),= (WIL)=3

6.) Next calculate Vpgs,

/ 30x106
Vpss = (=1) = (=2.5) = m -.85=0.35V

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

2(30 x 10-6)
(110 x 10-6)(0.35)2

7.) For 60° phase margin, we know that

(WIL)s = =449~45 - (W/L)s =45

Assuming that g, = 942.5uS and knowing that g,,4 = 67uS, we calculate (W/L)g as

942.5 x 10-6
(WIL)6 =367 5 10:6) = 422 =40
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Example 6.3-1 - Continued

(942.5 x 10-6)2

8.) Calculate /4 using the small-signal g,, expression: [ = (2)(50 X 10-6)(42) =211.5pA = 212pA

If we calculate (WW/L)g based on ¥V, (max), the value is approximately 38. Since 42 exceeds the specification and

maintains better phase margin, we will stay with (W/L)g = 42 and I = 212pA.
With /g = 212pA the power dissipation is

P = 5V-(30pA+212pA) = 1.21mW.
9.) Finally, calculate (W/L);

234 % 10-6
(WIL); = 4.5 (30 1056

)=35.1 ~35 — (W/L); =35

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

: 2-234
V,,min) = Vpe(sat) = 11035~ 0.349V

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

B (92.45 x 10-6)(942.5 x 10-6) B
Av= 15 x 10-6(.04 +.05)212 x 10-6(.04 +.05) 3,383V/V
which barely meets specifications. We might want to consider decreasing the output current back to 190uA to
increase the second-stage gain by a factor of 1.1 or better yet, increase the channel length to 2um causing a gain

increase of 20.
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Incorporating the Nulling Resistor into the Miller Compensated Two-Stage Op Amp

Circuit:

VbD

\E€E 4430 - Analog Integrated Circuits and Systems

M M ma
Va Ir__MG
M10 | Cv== I M8 E:IC l Voout
e[y Lo 1T
o—|| M1 M2 |I—o d
L
l'Bias 1 -
|v|12:]: IK M9 IK MS Il:M7
We saw earlier that the roots were:
Em2 _ Eml _ Emé6
PIZ74,6.7 7 AC e
B 1 B -1
P3= RZC[ 2= Rch - Cc/gm6
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where 4, = g,.,8,,«RR;. (Note that p; is 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

R 1 CL + Cc CC+CL 1
2 gm6 CC - Cc \ ’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

VDs8 _ 1
iDg V=0 & 'PSs(Vsgs-1Vrpl)

The bias circuit is designed so that voltage V4 is equal to V.
[Vasiol - V11 =1Vass| - V4 S Veen=Tses = ][R
GS10 =1VGs8 SG11 = V566 L 77 I Zs

In the saturation region

2(119)
Vasiol =1V ="\ | Ky, L,g) = 1V assl = V1l

P K'pSio 1 S10
Z K'pSg 2Ly Sg \ 2K'plyg
Equating the two expressions for R, gives

ws) (_Ce 5109616
Ly ) (CL+C. Iy
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Example 6.3-2 - RHP Zero Compensation

Use results of Ex. 6.3-1 and design compensation circuitry so that the RHP zero i1s 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 /;(. The first step in this
design is to establish the bias components. In order to set V4 equal to Vp, thenV g5 o must equal Vgie. Therefore,

S11= (11/16)S6
Choose 11 =11y = 19 = 30pA which gives §1; = (30A/212pA)42 = 5.94 = 6.
Wll = 6],[11’1

The aspect ratio of M 10 is essentially a free parameter, and will be set equal to 1. There must be sufficient
supply voltage to support the sum of Vgs11, Vsgio, and Vpgg. The ratio of 11y/I5 determines the (W/L) of M9. This

ratio is
(WIL)g = (11¢/I5)(W/L)5 = (30/30)(4.5) =4.5
W9 =4.5um
Now (W/L)g is determined to be

(__3pF [422120A
(W/L)S_(3pF+IOpF) \/” 30pa B

Wg=3.98um = 4um
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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,. Vg5g must first be determined. It is equal to Vgg1o, which is

| 2L 230

Next determine R,.

1 106
R

: =K pSsVscrolVap) ~ 50-3.97(1.795-.7)  +601kL2

The location of z; is calculated as

-1

=-94.16x10° rads/sec

- 12
3x10

3 -12y - —m———

(4.601 x 10HBx1075) =575 106

The output pole, p,, is

~ 942.5x10°6
P27 10x10-12

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.

=-94.25x10° rads/sec

Wg=4um Wo=45um W;o=1lum Wi =6um
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Choose Igg = 10pA to get
2KpWeplep [ Co 2KpWealDs
- L6B N Cc+CL L6A

lea W 3 p(234
ﬁﬂ:(—]z [—](23) ~28.7 = Wep=29um

~ 8m6ACc
gmo6B — Co+ CL

or

3

LeB

WeB (3
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An Alternate Form of Nulling Resistor
To cancel p2, Vbp
o no CHCL 1 T wag]H[f o
1= P2 “ Zm6ACC  EmoB M3 | M4 s
1
Which gives 4 Vout
c. Vo—4|: M1 vzl mes—1 - ] o
8m6B = 8m6A| C_+C +'2 : Ce :I:
= M8 M9 =
In the previous example, VEJ;i as II—» M5 I|—> I|—> IEM?
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Pase 68

Two Approaches:
1.) Have to keep Vig=Vp

2.) Better - Vg not restricted

Implementation of C. using a MOS Transistor

»VGs
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Programmability of the Two-Stage Op Amp

1
A0 = EmmiR iRy 7

Eml
GB = C. = \/]Bias

C

Piss = VppHVssDAFK K g o< Ipigs

KllBias
SR = C. °< IBius
R 1 1
out 2M2]Bias IBias
Py = 1 IBias2 7. 15
N guRRICe [l 5198

| | EmlIl 7
Z| ="~ o< .
Cc Bias

[Nustration of the /;,,; dependence —
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103
102
101
100
10-1
10-2
10-3

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

VbD
L:II——HLJ —IllJM(s
M3 | M4
\
o1 :IF‘ =3

Poissand SR | [Pl

GBand z

Ao and Rou

10
IBias

| Bias(ref)

100
Fig. 6.3-4E

© P.E. Allen, 2009—)




/—l-rnroduction to Op Amps (7/17/00)

Simulation of the Electrical Design

where

- AS=AD = Wx15um

. PD=PS=2W +30um

[1lustration:

Area of source or drain = AS = AD = W[L1 + L2 + L3]

L2 = Width of a minimum size contact (S5pum)

L3 = Minimum allowable distance from the contact in S/D to the edge of the S/D (5um)
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L1 = Minimum allowable distance between the contact in the S/D and the polysilicon (5pum)

Perimeter of the source or drain = PD = PS = 2W + 2(L1+L2+L3)
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13, L2, L1 e 1,12, L3
Poly W
Diffusion Diffusion l
- ————J
L Fig. 6.3-5
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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 2mQQ/square, a metal run of 1000pm and 2pum wide will have 1Q 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 Vppr = 1V has an LSB of ImV)

\E€E 4430 - Analog Integrated Circuits and Systems © P.E. Allen, 2009—)



/—l-rnroduction to Op Amps (7/17/00)

Introduction and Characterization

SUMMARY

* Ideal op amp, virtual ground at input when gain approaches infinity
» Characteristics are static and dynamic and time-independent and time-dependent
Op Amp Architectures
* Two stage
* Folded
* Many others
Compensation
* Designed so that the op amp with unity gain feedback (buffer) is stable
* Types
- Miller
- Miller with nulling resistors
- Self Compensating
- Feedforward
Simple Op Amps
* CMOS - two-stage and folded cascode
* BJT - two-stage and folded cascode
Op Amp Design
* CMOS only
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