CMQOS Operational Amplifier (1)

05/05/2004 D. De Venuto



Operational Amplifier

o QOperational Amplifiers are amplifiers (controlled sources) that
have sufficiently high forward gain so that when negative
feedback is applied, the closed-loop transfer function is
practically independent of the gain of the op amp.

F

 The primary requirement of an op amp is to have an open-loop
gain that is sufficiently large to implement the negative feedback
concept ->most CMOS op amps use 2 or more stages of gain.
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Block diagram of a general two-stage op amp
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ldeal Op Amp

|deally, an op amp has:

» Infinite differential-voltage gain
e Infinite input-resistance

e Zero output resistance

In reality, an op amp only approaches these values. For most

applications where unbuffered CMOS op amps are used, an open-
loop gain of 2000 or more is usually sufficient.
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Symbol for an op amp

In the non-ideal case the output voltage v, ; can be expressed

as

Vour= Au(Vi-Vy)
A, is used to designate the open-loop differential-voltage gain.
v, and v, are the input voltages applied to the noninverting and
Inverting terminals respectively.
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Op Amp = null port

« If the gain of the op amp is large enough, the input port of the op
amp becomes a null port when negative feedback is applied.

A null port (or nullor) is a pair of terminals to a network where
the voltage across the terminals is zero and the current flowing
into or out of the terminals is also zero.

* V=V,-V,; 1=1,=-1,; vi=1=0

i vVDD

O— — +
vouT = Av(vi—-v)

V2 vVss

° T

O
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Characterization of Op Amp
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Idc, al Op Amp

Riem< I

* R, C=finite differential input impedance

* R,,= output resistance

* R, ,,=common-mode input resistance

« V =input-offset

* | (not shown)= input-offset=I,-15,

« €2, 2, rms voltage- and current-noise source

 Vv,/CMRR=CMRR model
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Differential-frequency response

» The differential-frequency response is given as

Vour (s) = AV(S)[Vl(S) Vz(S)]"'A (S)éfl(s) 2V2(S)0

’ 3 A
Asymptotic A (5) =
Magnitude where "( )

gi_l i_l __1_
P1 P2 P3 @

Actual!

ey —6 dB/oct.
Magnitude

P.:P,, ... are poles of the
op-amp open-loop
transfer function.

0dB

W]

18 dB/oct™

05/05/2004 D. De Venuto 8



Power-supply rejection ratio (PSRR)

« The PSRR is defined as the product of the ratio of the change In
supply voltage to the change in output voltage of the op amp

caused by the change in the power supply and the open-loop
gain of the op amp.

PSRR = DVDD AV(S) — Vo /Vm (Vdd = O)
DVour Vol Vg (Vi =0)

* Ideal op amp would have an infinite PSRR.
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« Common-mode input range is the voltage range over which the
Input common-mode signal can vary. Typically, this range is 1-2
V less than VDD and 1-2 V more than VSS

 The output of the op amp has several important limits, one of
which is the maximum output current sourcing and sinking
capability. There is a limited range over which the output voltage
can swing while still maintaining high-gain characteristics.
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Other nonidealities

 The output also has a voltage rate limit called slew rate

 The slew rate is generally determined by the maximum current
available to charge or discharge a capacitance. Normally the SR
IS not limited by the output, but by the current sourcing/sinking
capability of the first stage

« The Settling Time is the time needed for the output of the op
amp to reach a final value (to within a predetermined tolerance)
when excited by a small signal.

(This is not to be confused with the slew rate, which is a large-
signal phenomenon)

Small-signal settling time can be completely determined from
the location of the poles and zeros in the small-signal equivalent
circuit, whereas slew rate is determined from the large-signal
condition of the circuit.
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Settling time
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Transient response of an op amp with negative feedback

illustrating settling time 7. & is the tolerance to the final value used to
define the settling time.
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Categorization of CMOS Op Amps

Conversion Hierarchy
Voltage to Classic differential | Modified differential
current amplifier amplifier
"""""""""""""""""""""""" I [ I J "“""'“'“““‘“ " First
3 — , . : : W voltage
Current to Differential-to-single-ended | Source/sink | | MOS diode g
olt: ; = R @ q ; 1 stage
voltage load (current mirror) current loads | load .
______________________________________ ¥ -------1 i E: = ot s I # . L ---A&Ii--;‘-'i.--'-------'--'_-- . 2
y : v Current
Voltage to Transconductance | Transconductance | stage
: e =
current grounded gate grounded source | l
T = e g beE e i T Wi &=
......................................................................................... Second
- 3 ; 3 voltage
Current to Class A (source | Class B | stage
voltage or sink load) (push—pull) '
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Classical two stage 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 1 \ VoD
|

I
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| |
| |
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Folded-cascode op amp

e 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.)
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Design of Op Amps

The design of an op amp can be divided into two design-related
activities that are for the most part independent of one other.

« Choosing or creating the basic structure of the op amp. A
diagram that describes the interconnection at all of the
transistors results.

e Selecting dc currents and begining to size the transistors and
design the compensation circuit.

Most of the work is associated to this 2"d phase. Computer
circuit simulations, based on hand calculations are used
extensively to aid the designer phase.
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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

05/05/2004
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Requirements
Gain

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
17



Boundary Conditions Requirement

Process Specification

Supply Voltage +2.5V =10%

Supply Current 100 uA

Temperature Range 0to 70°C

Specifications Value

Gain =70 dB

Gainbandwidth =5 MHz

Settling Time < 1 usec

Slew Rate =5 Vl/usec

Input CMR =215V

CMRR =60 dB

PSRR =60 dB

Output Swing =15V

Output Resistance N/A, capacitive load only
Offset <x10 mV

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

05/05/2004 D. De Venuto



05/05/2004

Circuitry
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Compensation block

 Two basic methods of compensation are suggested by the
opposite parallel paths into the compensation block

1. Feedback
2. Feedforward

« The method is greatly dependent on the number of stages
present
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Design steps

1. Decide on a suitable configuration

(for example, if extremely low noise and offset are a must, then
a configuration that affords high gain in the input stage is
required. If there are low-power requirements, then a class AB-
type output stage may be necessary. )

2. Determine the type of Compensation Needed to meet the
specifications.

3. Design Device Sizes for proper dc, ac, and Transient
Performance
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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.
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Single-loop, Negative Feedback System

F(s) je—

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

Vin(s) 0—% Als)

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

Definitions:
* Open-loop gain = L(s) = -A(s)F(s)
. Vouds)  A®s)
* Closed-loop gain = Vin(s) = 1+AG)F(s)
Stability Requirements:
The requirements for stability for a single-loop, negative feedback system is,
IA(woe)F(jwpe)| = |L(jwee)| < 1
where wge 1s defined as
Arg[-A(jope)F(jwpe)] = Arg[L(jog°)] = 0°
Another convenient way to express this requirement is
Arg[-A(joodB) F(joods)] = Arg[L(jwogs)] > 0°
where wggp 18 defined as

|A(joodB)F(jwodB)| = |L{jwod)| = 1
05/05/2004 D. De Venuto

OV il 5)

23



Stability Requirement using Bode Plots

&

-20dB/decade

IAGw)Fw)l

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

> (D
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 = ®ys = Arg[-A(jwgdB)F(jandB)] = 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

17 et

1.0 F

Vour(t) 0.8 5
A L
® 06}

04 F

02 |

’ 0 5 0 s
gl = 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 Freguency Response of two-stage op

amps (1)

Two-Stage Op Amps:

Ern% 1. W

1 I\Qﬁ

o™ M1 M2 o oo Q@ 3"
""r.r: I—‘ £1
¥ V.
* 7
V.B'm.s Ij M5 Jnl:'w VBias I\1 Q5 h\‘*‘
Vg Vee
Small-Signal Model:

D1, D3 (C1, L3} D2, D4 (C2, C4) D6, D7 (C6, C'I;

Kmilm Ci: -.-.VI Enﬂ L 'J_vz C].,L Your
EmaV|

Note that this model neglects the base-collector and gate-drain capacitances for purposes
of simplification.
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Uncompensated Freguency Response of two-stage op
amps (2)

For the MOS two-stage op amp:

1 1
Ry =g 3 lirge3llrgs) = em3 Ry = rgoll rggq and R3 = rygell rgs7
C1 = Cgs3+Cos4+Cpa1 +Cpay C = Cos6+Cpa2+Cpaa  and C3 = Cp +Cpyie+Cpar
For the BJT two-stage op amp:

1 1
Ry = Zm3 lrallrpllrg Ilrﬂ3ﬂ:g‘n:§ Ry=rpell rooll rpa=rpe and R3y=rygll ry7
C = C3+Cm+Cos1+Ces3 Ca = Cu+Ces2+Ces4 and (3= Cr+Cps6+Cey7
Assuming the pole due to C is much greater than the poles due to C7 and C3 gives,

L] a L _ﬂ
g : ¥ i : T
EmlVin iy ¥ R3S C3237 Vour I’ &m| Vin B R l‘.:'",__ifvnur
é”z %Cﬂ b Hm&‘“z¢ % o Ri< GV gVt Ll
1 ] 3 ] i _ﬂ

The locations for the two poles are given by the following equations
-1 -1
P1=RC adp2=R.Cy
where R; (Ry;) 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.
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Uncompensated Frequency Response of an op amps

Ava(0) dB
zg_
—
=
B _ : . + logplw)
Phase Shift | 1\ -40dB/decade
AS°ldecade | 4

K b RSP S . ;
: -45°/decade

LY
Moy

9"_"'“‘ o e
45 -—-------

Argl-A(jw)]

» logp(w)

& P 1521 oo
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.

05/05/2004 D. De Venuto
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Miller Compensation of the Two-Stage Op Amp

Voo
M;ﬂF—lE\M
—1Cm JIIE'I"IG KQG
Q—l 3 j Ce Vour Ce Vout
o MI M2 o < S {15 N—-
Vin }_‘ g 2 Oy Vin i i Cn
— i T S V
ey [ M7 + 7
""_Bfﬂsll_' M5 IE VBias H Q5 '\Q
Vs Vee

The various capacitors are:
C. = accomplishes the Miller compensation
Cas = capacitance associated with the first-stage mirror (mirror pole)
Cy = output capacitance to ground of the first-stage
Cjr = 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

¥

3
2.) Assume that Cj{ >> GB

Therefore.
Ce
\ |
71

eee O o 2 .
+
“Em1Vin j o J_ .
I Em2Vin o il
2 m
: rasillrds3 Cﬁ;l?'?m.’i% 2 ;g"ﬁi; C ,-m"rﬁ% Em6V2 fd;dkfd;%[lj )
Ce
y2 V1
v J_ 71 0
5 i o
:ﬂ i * : Tﬂiﬂ”"dﬂ Em6V2 T, (.[\ﬁ”f' ds7 ‘o e
o < L3

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

where
O

J Bmi = 8m1 =8&m2s Ri = rasolirgsa, Cy= C)
in  gmiVin CITR., Vs RH Cﬂ . and

Emil = 8mé> Rir=rasellrasr, Cpp=Cr=Cp
Nodal Equations:

“8uiVin =[G+ 5(C; + CJIV, - [sC]V,,, and 0=[g.;-sC]lV,+[G;+ sC;+sC]V,,
Solving using Cramer’s rule gives,
Vam‘{s) gmf(g mll~ SCC}
Vi($) = GGyrts [GUCAHCHGACHC)+8niC I+ CCACCACCy]
An[l - § (Cc.jgmﬂ’)]
= 145 [R(CACHRACAC)H R RCHSURR(CCAHCCHC.C)]
where, A, = g8l Ry

In general, D(s) =[1-§T]‘ -

1 1) s2 52
“lS[P'PP]PtP D(s)-l-p PIP , 1f Ip,1>>lp,|

-1 -1 Smit

= RACAHCHRACACIH 8K RiC. =~ S RiCo P | 2= C,
AR(CACIARI(Ci+Co)+gmmRIRIC]  -gmiiCe -mlil
p2 = RIRIKCICIHC.CHC.Crp ~CICIC.CrC.Cp = Cyp p Cr>Ce>Cp
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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:
gmll _ Emb
4 L o o
This root is very undesirable- it boosts the magnitude while decreasing the phase.
2.) Dominant left-half plane pole (the Miller pole):
-1 (8a52+8ds4)(8ds6+8ds7)
P1= gmuRIR[IC: = gm6Ce
This root accomplishes the desired compensation.
3.) Left-half plane output pole:

“Emll -Smb6
- [y el i

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

Closed-loop poles, Co=0 11

/meblg pulm\

.-'/\h
£ o Bl 1 ]
m opr F1 I
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Miller compensation

Closed-loop poles, C.=0 11©

FE

PZ Py P1 2]
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Compensated Open-Loop Frequency Response of the
two-Stage Op Amp

&

Ava(0) dB R T o Uncompensated

| .. -20dB/decade

AGw)F(jw)l

0dB : .

: » logp(w)
Phasc Shift ! : {1\ -40dB/decade
4 | /Uncoimpensatﬁd T
% Wbty | n
2 : 1, -45%decdde |
& 135%F-----Ne- 2 R
r-‘é‘\ ' /)ﬁ\\ E E
2 90°}--be Nl S L i 45%decade
% ...| Compengated . NN o
LR N o B e S - i T i
. : No phase margin;-_3, | B]a!argm
0 ip[h h}lll Ip!fl_'lpzi > Ogl[l(m}
Note that the unity-gainbandwidth, GB, is
1 Smi 8Sml Sm2

GB = Ayd(0)lp 1) = (@migmIRIRID g, mRIR;C. = C, = C, = C,
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Conceptually, where do these roots come from?

1.) The Miller pole: Voo
| ':: Ry
Il = R(g,.:RiC,) 5 "».:'?ﬁ:ﬁr f;ll M6
Q R,
_ -nguCc’]'*/ i |
2.) The left-half plane output pole:
VoD Vop
C. Rn Ry
Emb o e
P2l -~ M6 GE%CE-E' L| Mﬂ

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

R Rl 1]
1 +
R, +'1f'sc‘] o R,. + HTC L ®_'

05/05/2004 D. De Venuto

_ (~8mefn( 1/sC)
Vout = [ Ry + 1/sC, JV +

where v=vy =vy"’,
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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:

+
gm Vi o Ty, v
2 rdsl rdﬂ g m] 2 3 rds29 rds4 __

The transfer function from the input to the output voltage of the first stage, V,1(s), can be
written as

Voi(s) —__ -8mi 8m3+8ds1+8ds3 __-8m1___ [SC3 +2gm3)
Vin(s) = 2(8dsr+8dsa) |8ma+ 8asi+8as3+5C3 + 1| = 2gasrtgasa) | 5C3 + gm3 |
We see that there is a pole and a zero given as

gm3 28m3
P3=-C; andz3=-"C;
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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 B and even then
they have little effect on
stability.
In fact, they actually

-

C.=0

. -6dB/octave

increase the phase margin

: e 0dB _ ; -+ log plm)
slightly because GB is __ Magnitwde influence of C3-1 4
decreased. Phase Shift o _-12dBfoctave
[ ]
{}D | ; EL' - {] E .
1 -45°/decade
45° e oo
: :C‘- = ﬂ
9p°} — 3 ; _.:?,-—45°fdtuld{.‘
1359.. s bomemesens LI 0N -_‘--': Ehige ma.rE;i
Phase margin due to C3 - II : Ir 'guoring C3
1809 ' - e »= loe
Iy Ipalizqlip,yl E10lw)
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Summary of the Condition for Stability of the two stage
op amp

» Unity-gainbandwith is given as:

1 | Eml 1 Em]
GB =A/0)lp)1 = (gm.fgmHRIRH}'(gﬁdeIRHCcJ = = (gmlngRIRE)'[gmzR]REC‘r =¢

* The requirement for 45° phase margin is:

W )
+180° - Arg[AF] = +180° - tan-l{WJ - tan-1{f5] - :an-l[{ﬂ = 45°
Let @ = GB and assume that z =2 10GB, therefore we get,

£180° - tan- (1) - tan-1() - an1(%7) = 4s°

135° = tan-1(A(0)) + tan-l(%] +an-1(0.1) = 90° + lan-l{gg{] +5.7°
GB GB
393° ~ tan-l{f5]| = [oo1=0.818 = [[p2= 1.22GB
* The requirement for 60° phase margin:

lp2l = 2.2GB if z = 10GB
* If 60° phase margin is required, then the following relationships apply:

m6 _ 10gm 6 22gmi
T > = [em6>10gml] ad %y >TF- = [C>022G
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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.

jo
jo3

e 180°>0;> 607> 03

J1

Z1 Fig. 430-01

Solution of the problem:
If a zero 1s 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
The transfer G= }
function is given . ‘-’.,. RO
by the following ——— ﬂwm ol ’T : eV /R Cn:|i
equation,

Vo(s) (gmD(gmm)(R1)(Rp)
Vin(s) = 1+ sIR/Cy + RiCii + RIC + gmuRiIRiC] + s2[RiRyCr(Cy + Co)]
Using the technique as before to approximate p; and p; results in the following
= ]

; Pl = R[Cf + R"CH + R(Cc + gmﬂmfﬂj_c % gm”RfR”Cf
an

—-8milCe
P2= Ci(Cr+ Co)
Comments:
Poles are approximately what they were before with the zero removed.
For 45° phase margin, Ip7l must be greater than GB

For 60° phase margin, Ip2| 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

\

'I vour

F.',, Vmu
EmiiVi Cr ‘rr

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,[C/C/(Cy + Co)]

and a LHP zero at
-1

2=RC.
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)

_) l“—'VV’v— Vi f‘

o |

Nodal equations:

VI SC(.‘
gmiVin + R, + SCiVy + ]T?CE] (Vi—= Vo) =0

Vo sC,
EmiVi+ Ry + SCnVou + [1 + A'CER:] Vo=V =0

Solution:
Vou(s) all - s[(Celgmir) — RzCel}
Vin(s) = 1 + bs + ¢52 + ds3
where
a = gmigmiRiR 1
b= (Cy+ CoRy + (Cr+ CHRy + gmiRIRyCe + R,C,.
¢ = [RRi(CiCy + C.Cy + C.Cyp) + R;CARCy + RyCip))
d = RiRyR,CiCyCe

05/05/2004 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

il -1
P1= (1 + gmuRimRICe = gmuRnRCe

—2miiCe —&mil
P22 CiCpy+ C.Cr+ C.Cyp = Cp

-1
P4=RCi
and

|
21 = Co(1/gmur - 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 he written as

emeRifRe+ 5 % RifgmeR + ¢ 1
Vour = i I V= 1 4
RH+RZ+E Ry + R, + ¢ Ry + R, +5C

when V=V =V"".
Setting the numerator equal to zero and assuming g,.¢ = g,y gives,

l
C1/gmir — Ry)
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A Design Procedure that Allows the RHP Zero to
Cancel the Output Pole, p2

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

Therefore,
1 —&mil R
Cllni=F3= C1 @ 5] T
The value of R, can be found as P4 P2 -P1 |
- [ e ] (1gmun)

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
A0
Ipal > AO)lpi| = gnuff;fff;rcc & gg:;-!
and
(1/R;C)) > (gmiC) = GB
Substituting R, into the above inequality and assuming Cj; >> C, results in

Bmli
Ce>"\| gn CiCHi

This procedure gives excellent stability for a fixed value of Cyy (=~ Cp).
Unfortunately, as Cy, changes, p> changes and the zero must be readjusted to cancel p».
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