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Outline

 Design of CMOS Op Amps

« Compensation of Op Amps

 Two-Stage Operational Amlifier Design

* Power Supply rejection Ratio of the Two-Stage Op Amp

e« Cascode Op Amps

e Simulation and Measurement of Op Amps
 Macromodels for Op Amp

Goal

Understand the analysis, design and measurement of simple
CMOS op amps
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Design Hierarchy

Functional blocks or circuits
(Perform a complex function)

=

Blocks or circuits
(Combination of primitives, indipendent)

Sub-blocks or subcircuits
(A primitive, not independent)
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Design of CMOS Operational Amplifiers:
High level viewpoint of an Obo Amp

Differential transconductance stage:
Forms the input and sometimes
provides the differential-to-single

) 4

g ('Ulli[\‘rlm[iun

Circuitry

ended conversion | o—)

*High gain stage: 6y

+ Differential-

Stage

Transconductance

b

High-
» Gain

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

sCompensation:

A

Stage

VOUT

Output

Buffer

Bias

Circuitry

Necessary to keep the op amp stable when resistive negative

feedback is applied
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ldeal Op Amp

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.
l.e.,

V;-V,=V,=0
And

1,=0 and i,=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

Non inverting voltage amplifier:

Vinn:O - Rl + R2
Vour = T Vinp
1
Inverting voltage amplifier:
vinp:O - (sz
Vou =7 = [Vinn
Rl

07/10/2006 D. De Venuto



Example- 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, /Vi,.

R iy 7 R
oA AN ———0
+ + |, +
Vin Vi 5 | Vinges
_ - +
o . T i
Solution Virtual Ground Fig. 110-04

If Av=>0, then vi->0 because of the negative feedback path through R2. (The op amp
with —fb makes its input terminal voltages equal)

vi=0 and i=0
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

.V .V
,=—"" and i,=-

1 2
Since, i;=0 then i, +i,=0 giving the desired result as Vout Rz
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Linear and Static Characterization of the Op Amp

C \IRR st % @
. I
) |— = f'l.’,._: -
1 oA .‘. 2 Hf m"
T3
V] ©

[dL al Op Amp

R, C,~=finite differential input impedance
R~ output resistance
R.,=common-mode input resistance

V =input-offset

| ,c(not shown)= input-offset=Ig,-l5,

e?,, I2, rms voltage- and current-noise source, spectral density (mean-
square volts/Hertz)

v,/CMRR= CMRR model
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Linear and Dynamic Characteristics of the Op Amp

Differential and Common-mode frequency response is:

Differential-frequency response:

o o A (s) = (S—lj[ B ‘@( s 1} (5= p)s— P, Ns— Py ).

20 ll.lf_f 10lA0)

Vi(s) +V, (S)j

Vi (8) = A (S (5) -V (8)] Ms)( :

Ao _ Ao PP, Ps

=2 Magnitude
// I

Actual
Magnitude

Py

—6 dB/oct.

P2 Ps
Where p,,p,, ... are poles of the

op-amp open-loop
differential-frequency

“response
(i.e.: transfer function)

18 dB/oct”

(ignoring zeros).
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Other Characteristics of the Op Amp

Power Supply Rejection Ratio (PSRR):

PSRR = AVDD A\/ (S) — VO /Vin (Vdd = O)
AVour Vo IV (Vin = O)

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 (T): . ) o Upper Toleranee

Final V ‘l!'\'.\‘

Final Value — & |- ;, .
I |\I - -
O < Settling Time — >
0
()
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Classification of CMOS Op Amps

Categorization of CMOS Op Amps:

Conversion Hierarchy
Voltage to Classic differential Modified differential
current amplifier amplifier
sxs e n s sa et e R T ! i T R First
: — o ity _ S i _ voltage
Current to Differential-to-single-ended Source/sink MOS diode | s
. : stage
voltage load (current mirror) = current loads load &
S A s R T - | - sl SRR | (WL
v - v Current
Voltage to Transconductance | [ransconductance stape
stag
current grounded gate grounded source L
' I e s e e Second
Y A
) - - voltage
Current to Class A (source | Class B i Slive
voltage or sink load) | (push—pull) ' f
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Classical two stage CMOS Op Amp

« The first stage consists of a differential amplifier converting the
differential input voltage to differential currents. This differential currents
are applied to a current mirror load recovering the differential voltage.

« The second stage is a common source converting the second stage
iInput voltage to current. This transistor is loaded by a current-sink load,
which converts the current to voltage at the output.

| |
| ! i I '\ Vbp
| [ -. | |
| | | [ |
) A ! :
: ' IM3 | M4| | : :
| T | | |
: | — M6 ! !
| | | | |
| ! [ [ o
- O_ﬂl:f\-'l | M EJH_ : 1 +oVout Voul
V; | | I [ | : Vin
in | | i | i
|
s l | e
r | l | I8 |
} BIAS 1 I M5 : | : | \17
| | | | ! ‘..%I
SR AN SR S /A AN IV
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Folded-Cascode CMOS Op Amp

* This architecture was developed in part to improve the input common-
mode range and the PSRR.

 One of the advantage is that it has a push-pull output: the op amp can
actively sink or source current from the load. (the output stage of the
previous two-stage op amp is Class A, which means that either its
sinking or sourcing capability is fixed.)

._ j \Vbp
Vi ! ? \ad
| Buﬁ’{l‘__m} !, l j|_—‘|_ .
| ; [ M10]M11};
. | i ! |
+ 0——&—{[:‘.\-'11 M}jl—l | | j|__‘— |
Vin_ | | (M8 | M9 | You Vout
_ O : — i i ! : —-I—O o Vin
. M6 M7
! ‘L"ls[}\le | I !
: ‘~"l;jj~\S|E I—n— |
| . M4 M5| | ;
: l , Vss
- Vsl | 1 | IV
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Design of CMOS Op Amps
Steps:

Choosing or creating the basic structure of the op amp.

This step results in a schematic showing the transistors and their
interconnections. The 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.

Selecting dc currents and transistors size.
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.

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.
Fabrication

Measurement (prototyping test)

Verification of the specifications

Maodification of the design as necessary
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Boundary conditions and requirements

« Boundary conditions:

1. Process specification (VT, K,
Cox, etc.)

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

4. Operating temperature and
range

07/10/2006

SRl A o

8.
9.
10.
11.
12.

D. De Venuto

Requirements
Galin

Gain Bandwidth
Settling time
Slew rate

Input common-mode range,
ICMR

Common-mode rejection ratio
CMRR

Power-supply rejection ratio,
PSRR

Output-voltage swing
Output resistance
Offset

Noise

Layout area
15



Boundary Conditions Requirement

Process Specification

Supply Voltage +2.5V =10%

Supply Current 100 pA

Temperature Range 0 to 70°C

Specifications Value

Gain =70 dB

Gainbandwidth =5 MHz

Settling Time s 1 usec

Slew Rate = 5 V/usec

Input CMR =xl5V

CMRR =60 dB

PSRR = 60 dB

Output Swing =2xl5V

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

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

07/10/2006

D. De Venuto
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Some Practical Thoughts on Op Amp Design

1. Decide upon a suitable topology
- Experience is a great help
- 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 size 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
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Compensation of op amps

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. Self compensation — Load capacitor compensates the op amp

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

07/10/2006 D. De Venuto 18



Single-loop, Negative Feedback System

Block diagram:
A(s) = differential-mode voltage gain of the .
Op amp

F{(s) = feedback transfer function fromthe ' "

output of op amp back to the input.
Definitions:
* Open-loop gain = L(s) = -A(s)F(s)

. Vouds) A(s)
* Closed-loop gain = 5y = TrA(5)F(s)

Stability Requirements:

L F(s)

e

A(s)

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

A(wo°)F(joge)| = |L(jwge)| < 1
where wge 1s defined as
Arg[-A(joge)F(jwoe)] = Arg[L(jqe)] = 0°
Another convenient way to express this requirement is
Arg[-A(jwodB) F(jwods)] = Arg[L(jwog)] > 0°
where wogp is defined as

|A(jwodB)F(jwod)| = |L(jwod)| = 1
07/10/2006 D. De Venuto
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Stability Requirement using Bode Plots

A

% -20dB/decade

0dB -~ )
-400dB/decade
1804 — o

A(jw)F(jw)l

fg

% 135°

_\%

< 90

80 . .o N\

245 <I>MT

0° 32
. N
Frequency (rads/sec.) 18- F1g-

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(jwodp)]
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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

10 [

Vour(?) 08 F
A E
Y 06 F

04 F

0.2

Wt = Wyt (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 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.
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Uncompensated Frequency Response of two-stage op
amps (1)

Two-Stage Op Amps:

Em%

I

o s
it
2

Vour Vour
o[ M1 M2 —o0 o—.Q Q2 [
m Vin
; 5
| + I/ V 7
VBms "'IMS IHM‘? Vf?ias r\\ Q5 '\?
Vss VEE
Small-Signal Model:
D1, D3 (Cl, C3) D2, D4 (C2, C4) D6, D7 (C6, C7)

gmlvm Cy :::Vl sz L. C "::VZ C3,....
Emavi 2 : - Em6V2

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 (2)

For the MOS two-stage op amp:

1 1
Ry = m3 lrggalirgsy = o3 Ry = rgpll rgea and R3=rgll rgg7

C1 = Cgs3+Cosa+Cpa1+Cpa3 C2 = Cgs6+Cpd2+Cpas  and C3 = Cp +Cpae+Cpdy

For the BJT two-stage op amp:

1 ke
Ry =% 3 Wrallrmliroiliros=5 < a3 R2=Taoll o2l roa ~7ra6  and  R3 =rygll ro7

C1 = C3+Cpy+Coes1+Ccs3 C2 = CpptCesp+Coesa and (3= Cp+Ces6+Ces7

Assuming the pole due to Cy is much greater than the poles due to C7 and C3 gives,

T 0]
P+
Em1Vin :-... V2 C3 ::: Vﬂm @ gm1Vin :.,__ Ry Ciza= Vour
Cz 2m6V2 Gi . - gmnVl -
—~ O

The locations for the two poles are given by the following equations
-1 -1
P1=RC adp2=RiCy
where R; (R;) is the resistance to ground seen from the output of the first (second) stage
and Cj (Cyy) is the capacitance to ground seen from the output of the first (second) stage.

07/10/2006 D. De Venuto
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Uncompensated Frequency Response of an op amps

4
Ayg(0) dB —~
: -20dB/decade
_ /
3 X
=
<
GB
0dB , ./ » logio(w)
Phase Shift i ~40dB/decade
4 -45°/decade | | <
180 i L
s BN o
S : -45°/decade
T 90°f- LG
2
< RSO N
0° — - » logio(w)
Ipy'l Ip2'l wogB

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.

07/10/2006
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Miller Compensation of the Two-Stage Op Amp

T : Ce Vout Vout

o—{l:M 1 M2 B s o —
_‘ .‘.. - - - C
‘1;; | j G ~ Cn e I
o , = = I

+ |I_ ] + l/ V

VBias""| M5 7EM7 VBias H Qs h??

Vss VEE

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

Cys = capacitance associated with the first-stage mirror (mirror pole)
C7 = output capacitance to ground of the first-stage
Cjy = output capacitance to ground of the second-stage
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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 + 8ds1

Em3
2.) Assume that Cyy > GB

Therefore,

gm] Vin " ngVm Vout
rasillras3[ A:I;;ﬁ ) ngzllrdg m6V2 Yrasollrds CLl
V2 \ [
. /1 A
Vi : oy o ¥
in gmiVin I 1ol ass < Em6V2 A5 Cn out

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

where

o—
: i@ 8mi = 8m1 = 8m2> R = rasallrasa, Cy= Cy
“ - gmiVin C;TRI emttV2 \/ Rii Ci | Va_“‘ and

Emil = 8me6> Rir = raselirgss, Cpp=Cy =
Nodal Equations:

“8miVin =[G+ 5(C; + CHIV, - [sCIV,,, and 0=[g,, - sCIV, +[G, + 5Cy + sC ]V,
Solving using Cramer’s rule gives,
Voul(s) Emi(&mir- SC.)
Vin($) = GGyrs [GUCACHGAC,AHC)+8uC s CLCAHC.CHCCy]
Ao[l -8 (Ctjgmff)]
= 145 [RACHC ) RACHC I8, R RCI+SIRRACCHC.CHC.C]
where, A, = g8,8muRRy

s 1 1 52 32
In general, D(s)z[l-;‘;‘] [l-p ] = l-s[P Pz] 5, D(s) = l-P PP, if |p,>>lp||

2 et Emir
» RI(CFI-CH)"-RH(CH"'CCHgmHRIRHCc - ngIRIRIICc & ey Cc
-[RECAHCIHRINCTIHCoH+gmIR IR IC ] -gmIICc -&mll
P2 = RRI(CICICCHCCrp ~CICIHC.CrC.Cy=Cy | Cr> Ce>C
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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:
gmil _ m6
Sl CC = CC
This root is very undesirable- it boosts the magnitude while decreasing the phase.
2.) Dominant left-half plane pole (the Miller pole):
-1 ~(8ds2+8ds4)(8ds6+8ds7)
P1= gmIRIR[ICe = 8m6Cc
This root accomplishes the desired compensation.
3.) Left-half plane output pole:
“8mll  ~Emb
P2=Cp = CL
This pole must be > unity-gainbandwidth or the phase margin will not be satisfied.

Root locus plot of the Miller compensation:
Closed-loop poles, C0 1 1

[2

P2 p2 pr Pi Z)

* 0o
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Miller compensation

Closed-loop poles, C.=0 jo
-,

P2 pPr Z]

07/10/2006 D. De Venuto
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Compensated Open-Loop Frequency Response of the

AGw)F(Gw)l

two-Stage Op Amp

Note that the unity-gainbandwidth, GB, is

4L
Avq(0) dB o T~ o Uncompensated
i | % -20dB/decade
Compq::nsated ; \ »
L N e
0dB : : ; > logio(e)
Phase Shift ! : -40dB/decade
i Uncompensated ! e
3 180 .. " oo
= : g -45°/decdde
& 135F------- e % P
s el
% g SRS H-— —— ' -45°/decade
B gqo|Compongued” N Phas
< . ; No phase margin E—-\Q;\E I‘/_ l\ldarg(;(n )
0 p1l 1) P21 Ipal > 10B100®
1 Eml 8ml 8Em2

GB = Ayg(0)-lpjl = (SmlgmHRIRH)gm IIRIR[IC.= C. = Ce = C.

07/10/2006
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Conceptually, where do these roots come from?

1.) The Miller pole: Voo
N Ry
Ipil = R(g,,6RnC.) N '\‘/Q\I/\, T j_ffl—i M6
N\ mmRUC T

2.) The left-half plane output pole:

Vbp Vbp
C. Rn Ry
8mb H Vout i i Vout
Ip2l =T L™ GBC.~0 --- M6

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

8Emé J—
= Rfe -1

8neRu(1/5C,)) .
Ri+155C)V =Ry+1iC.V ()

Vout = | "R, + 1/5C. J v+

wherev=v =vy”’,

07/10/2006 D. De Venuto
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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 1s shown below:

gmVin ‘3T —gmzvsn : Vol
2 rds1 U rds3 gm3 2 B3N/ rds2 rdsép>

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

Voi(s) ____"8ml 8m3+8ds1+8ds3 ~&ml
Vin(s) = 2(8dsr+8ds4) |8m3+ 8ds1+8as3+5Ca + 1| = 2(gasrtgasa)
We see that there is a pole and a zero given as

gm3 28m3
p3=-¢, amdlzg=-"gy

5C3 + 28m3)
SC3 + gm3 |
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Influence of the Mirror Pole

Fortunately, the presen e of the zero tends to negate the effect of the pole. Generally,
the pole and zero due to (3 is greater than GB and will have very little influence on the
stability of the two-stage op amp.

The plot shown illustrates A, 4(0) dB
the case where these roots are
less than GB and even then
they have little effect on

__, -6dB/octave

<y

stability. |
_ In fact, they actuall}f | GB
increase the phase margin 0dB : .' + log1o(e)
slightly because GB is . Magnitude influence of C3': -
decreased. Phase Shift X _-12dB/octave
3
0 Ce=0
e * _ -45°/decade
ol SRy P P Cin0
90° —2 | ~45°/decade
135kt sasees e Cc=0Ng B\ ~ Phasemargi
Phase margin due to C3 il 1: : RN I‘ lgnonng ('J,
1804 : e 39 » logo(w
Ip,l Ip3lizslipyl g10(w)
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Summary of the Condition for Stability of the two stage
op amp

 Unity-gainbandwith is given as:

C

1 gml 1 Eml
GB = A/0)Ip1l = (@mgmuRR) g " RR;C.| = C, = @m&m2R1R2) g "R R,C.| = C.,
* The requirement for 45° phase margin is:

@ [0
+180° - Arg[AF] = £180° - tan-1{p 7] - tan-1(p) - tan-1(7] = 45°
Let w = GB and assume that z = IOGB therefore we get,

GB 1 ) GB) .
+180° - tan- (lpll] - tan- ip2l - tan- = 45

GB
135° = tan-1(Ay(0)) + tan-I(i25]) + tan-1(0.1) = 90° + tan-1({gy] +5.7°
GB GB
lpzl] = Ipl=
* The requirement for 60° phase margin:
Ip21 = 2.2GB if z =2 10GB
* If 60° phase margin is required, then the following relationships apply:

6 10gm1 m6 2.2gmil
ggc > cg:l = | gm6>10gm1|  and gC2 > (j‘fc'" = | Cc>0.22C2

39.3° ~ tan-1((5] —~0.818 = [[p2i= 1.22GB
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Controlling the right-half plane (RHP) zero

Why is the RHP zero a problem?

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

o
jo3

g 180° > 6 > 67 > 63

jor

1 s 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:
Ce
—<i- v
The transfer - I 9
function is given ™ v Vin gmmink ¥ ) CI = RIS Vou T~ Vou
by the following ~——— lg = » ;rv,,,@ g ‘ " gmnV YR ?_"__._4
equation, d
Vo(s) (8mD)(EmiD)(RD(Rip)

Vin(s) = 1 + s[RiCy + RuCr + RiCe + gmuRIRHCc] + S2[RIRpCi(Cy + C)]
Using the technique as before to approximate p; and p; results in the following

b -1
P1= RiCy + RiCy + RiC; + gmuRIR1C = gmuRIRIIC,
and
—2milCe
p2 - CI[(C[ + Cc)
Comments:

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

For 60° phase margin, Ipy| 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:

Ce
|
|

O
VOM! -
—  Vou
a e
gmHVI C" d -
. " _._0

It can be shown that if the output resistance of the buffer ampllﬁer R,, 1s not neglected
that another pole occurs at,
-1
P4 = R,[CICH(Cy + Cp)]
and a LHP zero at
-1
22=R,C.

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)

Cf Rz

—”_W\'_ Vi \

+
: V £ R Vour
nverting VOUT in I
s : = .9 8miVin < :> !% gmnV:< : ;R"% C’T ]
-l —0

Nodal equations:

V[ SCC
EmiVin + R, + sC/Vi + (TTS“C”;R;] (Vi=Vou) =0

V, [ Bl
gmHVI + ﬁ; + SCHVOHI T SCch] (Vour = V) = 0

Solution:
Vouls) a{l - s[(Cddgmn) — R;C.]}
Vin(s) = 1 + bs + ¢s2 + ds3
where

a = gmigmiRIR

b = (Cp + CRyp + (Cp + CoRy + gmuRIRiC + R,C,

¢ = [RiRi(CiCy1 + C.Cy + CcCpp) + R;CAR(Cy + RuCup)}
d = RiRyR,C/Cy/C,

07/10/2006 D. De Venuto
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Use of nulling Resistor to Eliminate the RHP Zero

If R; is assumed to be less than R; or Ry and the poles widely spaced, then the roots of the
above transfer function can be approximated as

-1 -1
P1= (1 + gmuRiDRICe = gmuRnRIC,
—8miICc —8mil

P2=CiCpyp+ C.Cr+C.Cii = Cgg
e
PA=R.G
and

1
2= Co(1/gmir - Ry)

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

The output voltage, V,,, can be written as

R % 8mé

-8meR i R, + e Ry Ry gm6R; + " i 1

Vour - 1 Vr + 1 V” — 1 / V
R+ R +5C, Rij+ R, +5C. Ry + R + 53¢

when V=V =V,
Setting the numerator equal to zero and assuming g,,¢ = 2,7 gives,

1
4= CVgmi - Ry)
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A Design Procedure that Allows the RHP Zero to
Cancel the Output Pole, p2

We desire that z; = p7 in terms of the previous notation.

Therefore,
1 —8mlil = me“mm_&
C(l/gmi—-R) = Cu X éf % T e >C
The value of R; can be found as P4 P2 P1 21
Ce+Cyp
N A

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
Ax0) gml
Ipal > AVO)p1| = gmRuRiC: = T,
and
(MR Cp) > (gmiCc) = GB
Substituting R, into the above inequality and assuming Cj; >> C_ results in

A [EmL
This procedure gives excellent stability for a fixed value of Cy (~ C).
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,

'"{El 1 Vbp
&MU .':ng |

T rih
——13" @B n(d)r3v

M8 |0 Vgias

i M6
_"MIOFT—LII%M‘)

Vss

The resistors R, and R, are defined as
1 1
Ry =i +gan+8an M R2=g v eug
where transistors M2 and M4 are the output transistors of the first stage.
Nodal equations:

ngSCc
Iin = G1V1-8msVss = G1V; “(Ems ¥ _;-Cc] Vour —and  0=gusVi+ |GotsCot 5 5T Vour

EmsS Cc
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Increasing the magnitude of the output pole
Solving for the transfer function V,,/I;, gives,

sCC]

[1 +3
m8
C. O C gm6cc] Cc.Cr
1+ 8t Gt Gt GGy | *S

Vour B [‘gm6]
Iin =1G1Gy

8m8G2) ]
Using the approximate method of solving for the roots of the denominator gives
-1 -6
PI=TC, C, C2 ZmCe ™ 2mera’C:
gms T G TGyt GGy

and
gm6Tds*Ce
6 8m87ds*G2 (8m6)  (8m8Tds) |
p2="C.C, = 6 G )=\" 3 )l
gmBGZ

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 ~ gmTds-
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Increasing the magnitude of the output pole

In addition there is a LHP zero at -g,,8/sC,. and a RHP zero due to Cggp (shown dashed
in the model ) at g,,6/Cgd6.

Roots are:
it
“Em68m8Tds -Em8 0. 1 Emb
3¢ Ce 8m67dsCe ng6
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Concept behind the increasing of magnitude of the
output pole

Vbp Vbp
Tds7 EmBlds8 < ru7
CF 3 1_
- 1 Vout |[ " - — 1 SVout
1 M8 GG~ M6 |
o e : — Cn
[ | IE h'{ﬁ-i— H

3 \. 8
Rous = rdﬂ"[gméngr ds8)~ 8m68m8Tds8
Therefore, the output pole is approximately,

Em68m8Tds8
P2l =3¢y
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|dentification 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

=
(o) C
\]
/1

Tafoud] |

b.) Positive feedback (A<1):

C3
-
(8)) (&)
1 J_ ki 3 s _I_ J_ +A
R1%C1 ‘ R:%CI@(LA)'I l
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|dentification of zeros from a schematic

1.) Zeros arise from poles in
the feedback path.

] F( S) . |
A(s) - +1
1 Vout A(s) A(s) 4 [Pl ]
EFs)="5, theny " = TA(5)F(s) = 1T =y
D1 +1 1+A(S)_’-‘E_ ) 7 +1+ A(s)
P +1

2.) Zeros are also created by two paths
from the input to the output and one of
more of the paths is frequency dependent.
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Feedforward compensation
Use two parallel paths to achieve a LHP zero for lead compensation purposes.

RHP Zero | C, LHP Zero C; LHP Zero using Follower
A > A >
1415 | {lﬁ > C.
L ‘ | =i
]l S [ Ve Vel S [ Ve Vi | Vgu
Inverting * |~ : y Inverting ~ |~ : -5,
High Gain Cn—Ruz- High Gain Cn=~-Rp=
Amplifier i Amplifier g NREET
P~ I?
0 ‘IA YRR
Vi gmunVi -fiii__ﬁ-‘ Cit —~Ru= Vo
3 Y L[5 Fig.430-09
Vout(s) Acc S+ 8 mH/A Cc

Vin(s) = Ce + Cy (s + V[Ri(C. + Cp)]
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 Amp

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

IdBI
4
R,u(must be large) A, (0) dB X
Vin i’ O Vour )
+ 5 '
Rout TCL 3
0dB
Voltage gain:
Vout
v = AW0) = GmRout
Dominant pole:
-1
P1= RoutCL
Unity-gainbandwidth:
Gm
GB =A(0)Ipil= fZ

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
I1im = C —g; where v is the voltage across the capacitor C.
Vop Vbp
I—-——-1 -—-—————i[:] M6 00 b —---——-1[:| M6
w et Jlsig o | o, o

b A _LO Vow 2N -L" b
- o._| Mt \ASSUIHC a CL H Mt M 3 '\A_SSUIM a CrL
e vnrtural 117 I "’m << virtural l h T

to +o

+ ™7 + Y
VBias M5 "'I VBias M5

Vss Vss
Positive Slew Rate Negative Slew Rate
Is Ig-Is-177 I5 Is I7-Is1 Is
SRt = mmc T Cp } i because Ig>>I5 SR- mm{c CL ] . if I7>>15.

Therefore, if Cy, is not too large and if 77 is significantly greater than /5, then the slew rate
of the two-stage op amp should be,

Is
SR = Cc
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