OTA-1
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% OVA-Operational Voltage Amplifier

« Ideally a voltage-controlled voltage source

« Typically contains an output stage that can drive “arbitrary” loads, including small
resistances

* Predominantly used for board-level circuitry

% OTA-Operational Transconductance Amplifier

* Ideally a voltage controlled current source

* Typically restricted to capacitive (or moderate resistive) loads
* Primarily used in integrated circuits

OpAmp
A

; ; OTA Symbol
IF OpAmp Symbol (Fully Differential)
1

S SRS

Differential Second Output buffer
lm put stage gain stage |
|
OTA

*The op-amp (OVA and OTA) is a fundamental building block in Mixed Signal design.

« Employed profusely in data converters, filters, sensors, drivers etc.

*Continued scaling in CMOS technology has been challenging the established
paradigms for op-amp design.
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*With downscaling in channel length (L)
v Transition frequency increases (more
speed)
v'Open-loop gain reduces (lower intrinsic
gain)
v'Supply voltage is scaled down (lower
headroom)
v'VDD is scaling down but V1, is almost
constant (Design headroom is shrinking
faster)

vRandom offsets due to device i\?‘{v‘
.h' i
A

i
-
T,

mismatches i

T L

Integration of Analog into Nano-CMOS?

v'Design low-VDD op-amps.

v'Replace vertical stacking (cascoding) by horizontal cascading of gain stages

v'Explore more effective op-amp compensation techniques.

v Offset tolerant designs.

v'Also minimize power and layout area to keep up with the digital trend.

v'Better power supply noise rejection (PSRR)
*Even if we employ wide-swing biasing for low-voltage designs, three- or higher stage opamps
will be indispensable in realizing large open-loop DC gain.
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The op amp (operational amplifier) is a high gain, dc coupled amplifier designed to be
used with negative feedback to precisely define a closed loop transfer function.
The basic requirements for an op amp:
« Sufficiently large gain (the accuracy of the signal processing determines this)
« Differential inputs
* Frequency characteristics that permit stable operation when negative feedback is applied
Other requirements:
* High input impedance
» Low output impedance
» High speed/frequency

<+OP AMP CHARACTERIZATION

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

s L

L
Vi R.!':'m 4
CMRR Cicm g_” 2
h ' V. } u |_ ) Rowu Viour
) Cid =~ Rid
. +
1% Ideal Op Amp
Ricm C: —
icm
== == 060625-03
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where

R, = differential input resistance

C.4 = differential input capacitance

R, = common mode input resistance

R, = common mode input capacitance

Vs = input-offset voltage

CMRR = common-mode rejection ratio (when v,=v, an output results)

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

» Linear and Dynamic Characteristics of the Op Amp
Differential and common-mode frequency response:

Vo ()= 4, ()74 ()75 ()] 4, (5) 1)

Differential-frequency response: A, (joo)l dB

+V,(s)
2

Asymptotic
r# Magnitude
&
AVO Actuali

AV (S) - g g g Magnitude
RE o
D1 %) P

B 0dB -
P =0 01

20log10(Av0) |

-18dB/oct”

Fig. 110-06
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=Other Characteristics of the Op Amp
*Power supply rejection ratio (PSRR):
Vu ()17, (5)

out

Vout (S) / Vda’ (S)‘Vm(s):o

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): maximum current available to charge and discharge a capacitance
SR = output voltage rate limit of the op amp

*Settling time (Ts): the time needed for the output of the output of the op amp to reach a final
value value when excited by a small signal (SR 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.

vouTit)
Y

Final Value 4 e poeeteeeeeefoee N Upper Tolerance

£
pre— 3 ii YOUT Final Value f---- |; ———————————————————————————————————————————
VIN —o0
, . Lower Tolerance
= _/\P Final Value - gf—--—--——f—---mmmmmmme o A2 Do oS e
I
I

0 : - >
0 T: Fig. 110-07
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+OP AMP CATEGORIZATION
Amplifiers generaly consist of a cascade of V-l (transconductance stage) or I-V (load stage)

Classification of CMOS Op Amps

Conversion Hierarchy
Voltage (Classic Differential Modified Differential [
to Current Amplifier ‘ Amplifier _
First
""""""""""""""" ¥ I ¥ I e VFultage
Current Differential-to-single ended | | Source/Sink || MOS Diode Alage
to Voltage Load (Current Mirror) Current Loads Load
_____________________________ | | I . S
v v Current |
Voltage Transconductance Transconductance Stage
to Current Grounded Gate ‘ Grounded Source
| Second
---------------------------------- A 4 | I -‘Joltage
Current Class A (Source Class B Stage
to Voltage or Sink Load) (Push-Pull) l
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» Output configuration
— Single ended

— Differential
* Predominantly used for integrated high-performance or high precision amplifiers

* Requires common mode feedback circuit

— Class-A
» Output cannot source/sink currents larger than quiescent point bias current

— Class-AB
» Output can provide large drive currents “on demand”

— Dynamic, comparator-based
« Still a research topic

v Two-stage single ended Miller CMOS OTA

Vbp
_Efri-‘ll-'r_arl 1 Em1Vin Vol
7 ‘_’||__||‘_‘ > —*||‘_’ M6
M3 M4 Rl-‘!:[lLl‘:jlllll_lh—l Cr_" l,iflrlri-f:-l',}l
B = \ | Vit
. O L
.'-:H-'l " !Hl I Em2Vin /1l {_‘-l o
- 2 lIII?tJ'{u':['L1~~f".l||rl,l~_-" Vv | )
' ' oul Sml -Smb6 |
M1 Mf_ﬂ—_ : ]
l—_b Vi Vin gtf‘- "‘3&’*4] ﬁdsﬁ+§fiﬁ'7.]
5 . ok
Assume proper hg
common mode  + =|—> Il: M7
input voltage  VBias
B Vs Fig. 170-01
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*Classical two-stage CMOS op amp broken into voltage-to-current and current-to-voltage

stages:

Fig 6.1-8

060118-10

VeBias?

11

V-l
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v'Two-stage Single ended Folded-Cascode CMOS OTA

Vb
Ve

Biasil= - M](ZIF4|E“I

. - Em1Vin Bm1Vin
Vin + Yin 3 3
on i 2

1 MO o M8 [ Mo h

oL
i

7 i) T 2 Vout
o |IE .'I- " Hr ] 2 I|' =
Vin :-..'.'i'ﬂ in T 1 .-‘.'ﬁ 1 i <
& Fa 1
e Mo6| M7

1 i — Rowt = [8mordsordsi 1]
VEEH.';‘*IEI Em2Vin N[ gmrras7(rasallrgss)]
3
Emi1Vin Em2Vin
7 g

e

VBias _I'El l:

M4 | M5

Vg Fig. 170-02

Vour (8ml  8m2)
=y = jRour:gr.‘r:l{{gmgrdsgrdsl1}ngfn?rdﬂ{rd.s'EHrde]'I}

Vin
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» COMPENSATION OF OP AMPS
*Objective of compensation is to achieve stable operation when negative feedback is applied

around the op amp. L(s)=—A(s)F(s)
F(s
Sl cLG(s)=— )
1+ A(s)F(s)
Vf”{ﬁ} 4§ A{S,} GVQMI{:SJ ‘A(ja)OdB )F(jCOOdB )‘ - ‘L(ja)OdB )‘ - 1 — 600
Fig. 120-01
- &
2
e
=~ .-20dB/decade
2 K
<

" > (1)
4 i -40dB/decade
80—y, | | /
_\ | " =27[—arg[—A(jWOdB)F(jWOdB)]

=27 —arg| L(jwygs) |

Arg|-A(jo)F(jm)]
-2
=~

3 A
15 Dy
360 = > (D
ModB

Radivoje Buri¢, 2020, Analogna Integrisana Kola

11



Why Do We Want Good Stability?

*Consider the step response of second-order system which closely models the closed-loop

gain of the op amp connected in unity gain.

1'4 III_IIIIII | 5 A S - L ST | B A S L - oY ST

1.2

10

Vm.'f(f ) 0.8
A0

0.6

o~

0 5 10 15

Wyl = 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 rise time.
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» 1st order feedback system

Root Locus

jm

s-plane

(1+Tg)p4

P4

A so-called “root locus” plot shows the movement of the poles in the s plane as we vary the

low-frequency loop gain TO

»2nd order feedback system

1
1= EW WY
wol * wj
for Q = 0.5 ﬁ
-Q 0.5 =2
for Q < S1,2 20

A+ T wpiwy;

s12 = —5 0 (144402~ 1) :
~ 2 (1+1-40?)

jeo

s-plane

.
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»3rd order feedback system

*Consider a feedback network consisting of a forward amplifier with three identical poles, and
a feedback network with a constant transfer function f

3
1- EJ /
P4 Ip=8 ¢ plane
3 T
w3 L
[1_ EJ P/ 60 l
=% MK ol 7 §
1+a(s)f 1 3 s
ta———3 [1 - —] + T,
[1 _EJ p1
P, \
The poles of A(s) are therefore the solution to

3 : 3
(e
‘r1—§=‘ =3-T, =31, or ‘f1—§\| = 3T, or ‘f‘t—pi\‘ = YT,e ™
| » \ ) 1)

0=1-Re(YTe™)  0=1-3T, cos(60°) =T,=8
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MATLAB:

The transfer function with three poles
s = tf('s");
p1=-1; p2=-2; p3=-4;
T=1/[(1-s/p1)*(1-s/p2)*(1-s/p3)];
rlocus(T)

Root Locus

Imaginary Axis (seconds™)
[~ ]

10 1 1 I ] 1
-14 -12 -10 -8 -8 -4

Real Axis (seconds™)
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Adding a Zero:
s = tf('s");
=-5; p1=-1; p2=-2; p3=-4;
T=(1-s/z) I [(1-s/p1)*(1-s/p2)*(1-s/p3)];
rlocus(T)

Root Locus

15

10+

Imaginary Axis (seconds™")

10}

-15 ! L ! 1 i

5 5 -4 :y i A 0
Real Axis (seconds™)
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=Benchmarking

In order to compare the merit of various compensation techniques, it makes sense to inspect
the loop’s unity gain frequency before and after the compensation is applied

*Rationale: The maximum bandwidth we can possibly expect from a feedback amplifier is the

unity gain frequency of the loop
v'Regardless of the order of the feedback system, the closed-loop response departs from
1/f as |T(s)| crosses unity

a(s) f{) for |T(s)| » 1
L+a(s)f (9) =a(s) for|T(s)|« 1
v'Consider a loop transfer function with n “dominant” poles that occur before the unity
crossover

A(s) =

x Ty Ty
I'(s)= [ S s\ g
1——J{1——). |1 —— 1+ 4+ —
( Pl)( PE) ( Pn) P1Pz - Pn

Wy = T‘1\./’1’”\U|p1|||3}'_| o |Pnl = VLP

v'The product of the low frequency loop gain and all dominant poles is called the loop gain
pole product (LP product)
v'Note that in a first-order system, the LP product is simply the gain bandwidth product

Radivoje Buri¢, 2020, Analogna Integrisana Kola
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"Feedback Zero Compensation

v'Leave amplifier poles unchanged and introduce a zero in the feedback network

Magnitude Magnitude
o) t Tgo)
To
14{jeo)
6] (0]
Efficiency of Feedback Zero Compensation
‘Magnitude 1Magnitude
Tijeo) T(je>)
Ty L . T L
g, oD
Wy Wy
LE} LEF
X - T

Gk = ﬂ,f'f‘{,mmmpz
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v'To first order, since we do not change the poles, the LP product and w, are (approximately)

unchanged.
v'Feedback zero compensation is therefore bandwidth efficient, since we do not need to

sacrifice bandwidth to stabilize the circuit.
v'To second order, the LP product will change slightly due to loading from the capacitance
added in the feedback network

*Narrowbanding Compensation

A1T0ON e @y,
Ta -

ldea: Make one of the loop poles dominant,
leave other poles unchanged

\-.- 0
Efficiency of Narrowbanding
A TGl o w, that gives a maximally flat magnitude response
To : p for the closed-loop amplifier?
\ i Wy
Wp1 = 2 7
Wy = fTowprwp
1
\"'"'” wy = Tyw,, = > Wp2
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v'The crossover and bandwidth is limited to some fraction of w

v" At first glance, this makes narrowbanding appear to be inefficient

v'However, provided that w,, is close to the transit frequency of the process technology, this
compensation approach is acceptable and hard to surpass in terms of absolute achievable
closed-loop speed

s*Example: Single Gain Stage with Current Buffer

*Cgs introduces a non-dominant pole at
high frequencies w, = wt
~Em T I}I 1 *CL is adjusted until the circuit achieves the

desired phase margin

*This type of narrowbanding is called “load
- = —— compensation,” since stability is ensured by
properly sizing the load capacitance CL

Radivoje Buri¢, 2020, Analogna Integrisana Kola
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=»Two-Stage OTA
*The two-stage amplifier shown below has two comparable poles, assuming that there is no
additional significant pole from the feedback network

v'If the feedback network is resistive, we may
be able to compensate the amplifier by
introducing a feedback zero

== SR> vWhat can we do if the feedback is
capacitive?

mi T B T
R;

v'Narrowbanding is not a good idea, since both poles are at low frequencies

»>Miller Compensation
v'Purposely connect a capacitor across the second transconductor!

1 *Two interesting things happen
I v'Low frequency input capacitance of second
stage becomes large — moves the first pole to
i - I\I ] a lower frequency
e |}| v'Qualitatively speaking, at high frequencies,
R, o= R, Cc turns the second stage into a “diode
connected device” — low impedance, i.e. large
= = = = 0,
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» Using the dominant pole approximation:

- 1 Ry[Cy+Co(1+guR2) |+R2(C, +C;)
Ry[ Ci+Co(1+mR;) | +R,(C, +C; ) 2 REICC.+00 400 )
RHP zero: 57— 4 9m
C
v'"We can approximate further as shown below
Wy = ! 890 = 9miRiGmeRo |G GBW set by gm1 and Cc
9m2RoRCe 92R.RCc  |Cc
C.C,
f g..C. 1 C, G, ] 1 C,+C,
= = + = VRN TR
TG +C(C, +C,) ®2 \Im2  Im2 C.
v“Pole Splitting™: Increasing Cc reduces w,, , and increases wpz'
Jo
A
s plane
Poles split
& v (v ﬂ - G-
B g,Cc 1 o 1
oy + {Cat C) R5Co R,C, g.R1RoCe
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v'A very nice “knob” for adjusting the phase margin of the circuit!

*Graphical View of Pole Splitting

First pole moves to
lower frequency

¥

Magnitude

a(s)f(s) is large

TR e g a(s) when |a(s)f(s) << 1

a(s) Second pole moves b(s}:ﬂ; 1
to higher frequency 1+a(s)i(s) ]ﬁ when |a{s}f{s}|>>1
1/ f(S) m—
N> O
: : VoD
»>Miller Compensation of the Two-Stage Op Amp
M3 | M4
The various capacitors are: :I I:
C, = accomplishes the Miller compensation —Cm IIE»-[&
C,, = capacitance associated with the first-stage T Ly Vout
mirror (mirror pole) _o—||}11 = }d‘_j H|—.—_L—o
C, = output capacitance to ground of the first-stage Vin EE G IC I
C, = output capacitance to ground of the second- o I—Jr = =
stage +—| - BN &
VBEGSII_’FVI:’ III i
Vss
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»Compensated Two-Stage, Small-Signal Frequency Response Model Simplified
Use the CMOS op amp to illustrate:

* Assume that:
gm3

Ce >> Coies 8m3 >> as3 + Lus1 >> o, =GB
M
» C‘r
Vi ¥2 \ | o
/1 i
~SmlVin = T e — Yout
5 C Em2Vin C Zm6V?
Fastraa UM\ B3 [ 3 N amav Y| rgolirgal” 702 Yraslira Co|
Ce
va \
o— 71 O
+ +
Vi . S, - Cy —— Vowr
" &mlVin ' Traoliraa<s 8mV2\Y/raelirgr s " |
o o)
=— Fig 120-09

gml = gm]’ gm6 = gmH
1 1
——=R;,,——— =Ry
8us2 T 8usa 8as6 T 8as7

Cr =Cupr + Cppa + Co6- Crp = Cp + Cpg + Cp7 + Coy7
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Nodal Equations:
|G, +5(Cr+C) [Vy =SCV 0y ==&tV

C Out
[gmH Vz +|:G11 +s C]I +C, ] out =
— Vout (S) _ EmI (gmH _SCC)
Vi (S) G,Gy "'S[GH (CI + CI[)+ G, (CH + Cc)+ gm[ICc] +5° [C[CII +C.Cr + CCC]I]
s
1—
Vut(S)_ AO( gmH/Cc]

Vie(s)  1+5[ R, (C; +Cpy )+ Ry (Cpy +C. )+ € R Ry C. |+ 5°RiR, [C,Cyy + C.Cp + C.Cy ]

_ 818 _ Eml Emé6
%_GG
101 8as2 T 8asa 8ase T 8as7

2
D(s):Ll—i](l—ijzl—s(LJr 1} >
P P> P P PP

2
‘p2‘>>‘pl‘:>D(s)zl—i+ > —l+as+bs
P PP
oL a
P > P2 b
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1 1 _ 82 1 8asa ase T 8as7

P = ~ — =
R (Cr+Cy )+ Ry (Cyp +C, )+ gy R Ry C., i Ri R C, Emé6 C.
C,<C.<Cy
p,=—2 R (C+Cy)+ Ry (Cy +C) + g R Ry C. ~_8mil _ _8mé
> b R,R,[C,Cyy +C.C, +C.Cy] c, C
v'Right-half plane zero:  z, =+ Emil _ Emé
c. C
. . . 1
v'The unity gain bandwidth: ~ GB = 4| p,|= 2151 _ Eml _ Eml
GGy g RyC, €. G,

v'w,, must be greater than unity-gainbandwidth or satisfactory phase margin will not be
achieved.
Influence of the Mirror Pole

-

The transfer function from the input to the output voltage of the first stage

S

R
VOI (S) _ Eml /2 |: gm3 + &as1 T 8us3 _|_1:| ~_ Eml 2gm3 /C3

Vin (5) Sas2 + &asa | &m3 T &ast + a3 +5C; S

8as2 T 8dsa 14

Em3 / C3
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1 et : Vor Gy =03 =Cgp +Capz + 03 6
- rdsi rds3 [gm3 [ C3 2 B3N/ rds2< rdsdp _

s4
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Ayq(0) dB Ce=0

—6 dB/octave

e
P}

z3=-2g,3/ G
P3=—8,3/ G

0dB » logp(w)

—12 dB/octave

$
H
o

\

Phase shift

00
45°

I
]
I
]
I
]
]
jilgiee]
I:C(-: 0
—45°/decade

90° L
135° I C. = Phase margin
------ pmmmm—m O T~ : .
Phase margin due to C3 A "\ |:/ ignoring C3
180° N

; » logio(w
Ip, Ip3liz4lip, | N g10(«)

*The requirement for 45° phase margin is:

®,, =+180° —arg[A(ja))F(ja))] ==+180° —arctg @ —arctg . —arctg££] =45
@, @,
@, = -pi,i=12,0w,,=—z
v'Let w = GB and assume that w,,; >=10GB,

o [e] GB GB
45 =180 —arctg| — |—arctg| — |— arctg(O. 1)
Ct)pl a)p2
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= 135" ~arcig(4,) + arctg{gj +arctg(0.1), 4y >>1

= 135" ~90° + arctg{gj +5.7° =135 290" + arctg[@J +5.7°

Dp2 @p2
= arctg B z39.3°:>@:0.818:>a)p221.22-GB
@p2 @p2

v'If 60° phase margin is required, then the following relationships apply:
w,210GB=> w,, 22.2-GB

Emé6 > 1Ogml
C C

C C

— 8me > logml

Ene o 228l _y ¢ 5022,
c,  C

C C

»CMOS op amp Slew Rate (SR)

*Slew rate occurs when currents flowing in a capacitor become limited and is given as

dv

Liim = C—¢%
dt
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Voo Vi

I——E[:“ —I[:J M6 I——{% —|E!\Ih
4 14

M3 N CoIs lh' lct M3 b .15 fn_*-}r'r
- ) AL —* . S

g i I
= W
Assime a

=it .i M1 M2 AssUmc a
sl A‘ virtual

i'.'.i
virtual
n |
ground — ground l =
+ |‘ ™7 +—4 : I M7
VBias “j M5 VBias “1 M5

! .\.k | ..‘\.‘u

Positive Slew Rate Negative Slew Rate (BT 1140
| L5 L —15—1 1 _ | L I, -1 1
SR" =min| 2,05 T =25 ] >> ], SR™ =min| =>,~ L2 =2 if [, >> I,
c CL Cc Cc CL Cc

v'Therefore, if CL is not too large and if 17 is significantly greater than 15, then the slew rate of
the two-stage op amp should be, 15/Cc.

»RIGHT-HALF PLANE ZERO

=Controlling the Right-Half Plane Zero

Why is the RHP zero a problem?

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

v'Solution of the problem: The compensation comes from the feedback path through Cc, but
the RHP zero comes from the feedforward path through Cc so eliminate the feedforward path!
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»Use of Buffer to Eliminate the Feedforward Path through the Miller Capacitor

C-

o Vi \ | .

+ /1 0

1'{} {_-'-T D V.I” g"”n":” {-.‘I :"‘_"- RI Vﬂur 3 :: ll'r_l;r
E A gmiIVi Ri Cr _
© o)

= Fig. 430

Vout (S ) _ AO

Vin (S) e S|:RI (CI +Cyy ) + R, Cp + ngIRIRHCc] + S2R1R11C11 (Cz + Cc)

P = l ~— 1 _ _8as> t 8asa 8dse T 8as7
R, (CI +Cy ) + Ry Cy + g Ry Ry, C. R Ry C, mé C

(4

C,<C.<(Cy

Dy = _a_ R, (C;+Cy ) + R, Cy + g Ry Ry ~_ ZnCe
b R,R,C,(C,+C,) C,(C,+C,)

v'Poles are approximately what they were before with the zero removed
v'For 45° phase margin, w,, must be greater than GB
v'For 60° phase margin, , w,, 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 Ro

: O
+ Vour 3.
. R —
VouT D Vin EmlVin i R‘r o [ —  Vour
° = EmitVi i -
O

Fig. 430-03

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

1
R [(C,Cc )(CI + Cc):|

Ps =~
and a LHP zero at
1
ROCc
v'Although the LHP zero can be used for compensation, the additional pole makes this
method less desirable than the following method.

Zzz_

»Use of Nulling Resistor to Eliminate the RHP Zero (or turn it into a LHP zero)

C. R
Y —AAN Cc R;
7l - A ;
+ +
B —_— | AR—— Cr=—R == Vout
R i< | vour [ b ”‘@ i % SWIVIQRH% Ci|
Stap s

O
Fig. 430-04
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Nodal Equations:

V, sC
Vip+—L+sCV, +| ———|(V; =V, ) =0
gm] in R[ 171 £1+S j t)

ngV R V +SC Vout+ out
Ry 1+s

R/R;|1-
v (s) ) Emi8mil 11[ S[gmﬂ D

Vin(S) 1+bs +cs® +ds°

b=R, (C] + Cc)+ Ry (CH + Cc)+ g R R C. + R.C,
c= RIRH(CICH +C.C; + CcCII)+Rch (RICI +RHCH)

vIf Rz is assumed to be less than R, or R, and the poles W|dely spaced, then the roots of the
above transfer function can be approximated as

1 1 1
Pr=- ~ = ~ =
R, (CI +C. ) + Ry (CH +C, ) + 8 R Ry C. + R,C, (1 + &Ry )RIC(: i Ry R, C,
Dy - g €, ~ _ 8Smll 1
? CCr+CCp+C.Cy Cy oo c ( 1 R
- 1 ‘ Emil ’
Py R.C,
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v'Note that the zero can be placed anywhere on the real axis!
v'We desire that z1 = p2 in terms of the previous notation

ral y PO TN
|

— —
P4 -p2 P1 21 Fig. 430-06
1 C cC +C,;, 1
p2=21:>CC[——RZ)=—i:RZ: c I
Emir Emil C. &

v'With p2 canceled, the remaining roots are p1 and p4(the pole due to Rz) . For unity-gain
stability, all that is required is that

4,
d d Ry R, C,
L 8w _gp
RC, C,

v'Substituting Rz into the above inequality and assuming C;, >> C_ results in

C > /M c,C,
Emir

v'This procedure gives excellent stability for a fixed value of C,, (= C)).
v'Unfortunately, as C; changes, p2 changes and the zero must be readjusted to cancel
p2!
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»Incorporating the Nulling Resistor into the Miller Compensated Two-Stage Op Amp

Viop

MI1 |} Mﬂ |——||i M4

Va —" M6
M3

MI0 |+ Cyr—=~ ft ¢ Vout
, L, .
bfj Vin™ R Vint LI' L
M1 A2
::>—|[: M :]I—G T &
lfﬁm.\ =
MO M5
M1 |FH5 i M7
Ve Fig. 160-03
P~ — 1 - _ Eml - _ Eml pzz_gmll z_gm6
g Ry R, C. (g mir &mi R Ry ) C. 4,C. Cy Cy
Dy~ 1 Z 1
4 ° T 1=
RC 1
z~] Cc L _ RZ )
gm6

*Design of the Nulling Resistor (M;)
v'For the zero to be on top of the second pole (p2), the following relationship must hold

_C.+Cyp 1 C.+Cp 1 C.+C 1
’ Cc Emll Cc Emeo CC \/2]D6:upcox(W/L)6
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v'The resistor, Rz, is realized by the transistor M8 which is operating in the triode region
because the dc current through it is zero. Therefore, Rz, can be written as

1 1
Oipg / OVpgg Vpss=0 :upcox(W/L)g(VSGS _‘VTHPD
v'The bias circuit is designed so that voltage VA is equal to VB. As a result

21
v V. — D10
‘ GS10 THP‘ \/,U C (W/L)IO
v'Equating the two expressions for Rz gives

p - ox
o 1 _ \/(W/L)lo

z

= ‘VGS8 - VTHP‘

z

w1, C..(W/L) 2lpio (W/L)8 21, Corlpro
p T ox 8 lupcox(W/L)lo
r _CtC 1 1 \/ w/L),
. C, \/2ID6,upC0x(W/L)6 (W 1 L)\ 2,Coi i
—WiL), =S |wiL) w/L) ‘ee
S C+( 10 5 Ipio
w/L) (W/L)
VGSU:VGS6:>(KJ =ID—10(ZJ = (W/L), = C. ( o )s
L)y Ips\LJg 5 C.+C (wW/L),
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*An Alternate Form of Nulling Resistor

M3 M4
—0 Vou
o—Il___ M1 M
Vin y C.’_
+ o b,
+—i= M7~
VBias M M5 L—’ {

v'To cancel p2,
_C.+Cp 1 1

= =g =g £1+ CL]
z - 6 — 6B TN
Cc gm6 gm6B " " Cc

\/ 2 pg :\/ 21 pep (1_,_ CL]
,upCOx(W/L)6 ,upCOX(W/L)éB C.

R
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»Increasing the Magnitude of the Output Pole

- Voo
[ MI11 (= MI12 |
M7
II_ II_ C Il.:
G VOUT
E Yy E’ lin
Mgl:ll_owﬂms

e [, Ms

MID:“——| M9
FERERE L"';.;? IJ"H Rl
Fig. 6.2-15B -8

8as2 T 8asa t 8us9 8as6 T 8as7

Nodal equations:

]in = GIVI _ngVSS - GlVl _gLSCCVout
g3 +5C,

0=g W, +£G2 +5C, +gLSCCJV
g5+ 5C.

v'Solving for the transfer function Vout/lin gives

sC,
1+
Vout (S) - _ gm6 ng
Iz’n (S) G1G2 1+S[ Cc 4 CZ + Cc + gmGCc)_'_SZ CICZ
g G G GG, gm80n
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v'Using the approximate method of solving for the roots of the denominator gives
1 6

p _ — ~ —
-G +O G 8l g,guC
Ems GZ G2 G1G2
2
8melasCe ,
_ 6 __gmgrdst e _ &mslas - :_M
GG 6 G 3 ¢
s

where all the various channel resistance have been assumed to equal rds and p2’ is the output
pole for normal Miller compensation.
v'Result: Dominant pole is approximately the same and the output pole is increased by =g,r,.

v'In addition there is a LHP zero at -g,,,s/sC. and a RHP zero due to C s (shown dashed in the
previous model) at g,,,6/Cgge-

v'Roots are:
I.ftﬂ
x O % - > G
“EmoEmirds -Bmb -1 2mé |
3C? Ce gm6rdsCe ngt} Fig. 6.
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»FEEDFORWARD COMPENSATION
v'Use two parallel paths to achieve a LHP zero for lead compensation purposes

LHP Zeto  ~_ C. LHP Zero using Follower

Vi _b Vout
e L 5

i
gmil ;-<4> Eif =

Fig 430-00

54 Smil
Var(s)  AC, AC,
VZ(S) C.+Cy . 1

R,C.+Cy

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

phase margin
v'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

v'This type of compensation is often used in source followers. The capacitor will provide a
path that bypasses the transistor at high frequencies
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¢+ POWER SUPPLY REJECTION RATIO OF THE TWO-STAGE OP AMP
What is PSRR?

/i poppt - (Vi =0)
]+ i (Vin =0)
— Vop
>—0 Vour +__l_ PSRR™ = AV(VSS - O)
V“ — 1,;; g sS (Vin = O)
T
\_/I Fig 180-01

Method for calculating PSRR:

+ {,‘f"—fiﬁ_ Vour = AaaVaa — AV2 = AgadVaa = AV o

Voo <
~ _:+v A(V1-V ; ' Vg =~ Via = AdVdd R Vaa
DD 1-V2 out — +
7 1+
| o D‘.ﬁ . A, A, PSRR

Vis _; V 55 +A4dVdd V V
T
Yl

= PSRR* =—%. = PSRR™ =%

out out
vIf we connect the op amp in the unity-gain mode and input an AC signal of Vdd (Vss) in
series with VDD (VSS), PSRR will be equal

PSRR" =

Flg. 180-02

Vaa pspr= Vs

out out
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*Negative PSRR

M3 M4

j —] l:_ — [__Jl M6 % Vbp

C Cﬁin — Vs

* t
cemrg Ay = F.'n'.f () % Fedss | ||f
|?_‘ M3 - |[: 3 [’ s # +
Vs = e, M7 Vs . Cr —=RISV ZmnVy Crp == Tds6 <, Vi
BEHS? \ _,_r/—-\ e gmﬂ‘rn!;! _
— )
VBias connected to Vig \—K—% Vss =

Fig. 180-07

(G, +5C, +sC )WV, — (g +5C. )V, =0

out —
(gmll _SCc)Vl +(GII +SCc +SCH +Sng7)V0ut :(gds7 +Sng7)Vss
Solving for Vout/Vss and inverting:
Vout ) Em7 |:G1 +S(Cc + C] ):I b= G[ (Cc * CH +ng7)+ GH (Cc + C1)+ Cc (gmH _gml)
c=G,G, +
Solve for approximate roots: 190 Emll Emd

£1+S Cc }(1+S(CCC[ +CCCH +Cccll)j
PSRR— — I/ss — gm]]gm] gml gmHCC

Vour — O184s7 £1+SCC +C]j£1+scgd7]
G, 8ds7
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[l-l—Sch[l-l—SCHj (1+S (1+SJ
PSRR™ = Vis ~ EmiiEml Eml Emil ) _ GUAV(O) GB )

Vout Glgds7 (1+chd7j(1+sccj 8as7 (1+chd7j 1_|_nglj
8ds7 I 8ds7 GB G,

Comments:
« DC gain has been increased by the ratio of G, to g4,
* Two poles instead of one, however the pole at -g4;/C,4; is large and can be ignored.

GriAvo 4
8dsT |
I Invalid
= i region
= : of
S | analysis
e |
& |
:$ : |
| I
| |
| |
i |
0 > (0
Gy GB Ip2/
C_L.. 2 Fig. 180-08
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“*Positive PSRR

gmﬁtv | ‘V:a'-r."} %
Felsty
S c.
M3 M4 ¥
A =
L{[:ML M o/ S O el %ﬂm
i"’-l:”‘nli.f
! M5 .

- e
| { : Em6(V 1-Vaa)
|
J__ 3 : Tds4 2ml Vi, st
- r L e'u".']v
Via C) :33 51 Vdd
S
|
|
|
|

Fels? 'CH nur Fls7

Fig. 180-03

(G, +5C, +sC, )V, = (g +5C, )V,

out

(&mir =SC )N +(Gy +5Co +5Cy Wy =&t + &as )V aa
G = 8us1 + 8asa = 8as2 + asa> G = &ase + us7> &t = &m1 = &m2> Emit = &mé
Using Cramers rule to solve for the transfer functionV,,/V,, and inverting the transfer

function gives the following result
Ve as® +bs+c

SS

Vout B G856 +S|:Cc (ngI +G, +gds6)"‘ ¢, (gmH + 8us6 )]
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a=C.C; +C,C,; +C,C,
b=G(C.+Cy)+Gy(Co+Cp)+Co( &t — &mr)
c=GGy + 8 &mi
v'"We may solve for the approximate roots of numerator as

[l-i-S Cc ][l_i_S(CCCI +CcCH +CCCII))

Voul Glgds6 |:1 + g ngICc j|
GlgdSG

Where g, > 9, and that all transconductances are larger than the channel conductances:

£1+S Ce ](1+5CH] (I-I-SJ[H-SJ
PSRR™ = Vad _ Emit &mi Eml Emil ) _ G4, (0) GB oFy)

Vout Glgds6 gm]ICc 8ds6 N GHAV(O)
| B 1+
GB 8is6

GlgdSG

v'At approximately the dominant pole, the PSRR falls off with a -20dB/decade slope and
degrades the higher frequency PSRR + of the two-stage op amp.
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Lds6 |
|
faa) |
= |
= :
.‘--:_; :
& |
o |
ol |
=B :
|
|
I
I "
0 ' — » )
8ds6GB GB P2l Fig. 180-04

GriAvo

Approximate Model for PSRR+

The M7 current sink causes VSG6 to act like a battery

2) Therefore, Vdd couples from the source to gate of M6

3) The path to the output is through any capacitance from gate to drain of M6

v'Conclusion: The Miller capacitor Cc couples the positive power supply ripple directly to the
output.

v'Must reduce or eliminate Cc!
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TN
~ L Vour
:“__”: (—Tj M6 " =+ Yop Vg * " 1
R S R . -
) v, (
M1 M2 M ==C ==l Vai ()R, 3
f[: :] 1 : - o o Other sources
3 l_[ M5 = = =w = of PSRR+
:} “ ™
. II—P Il: M7 besides C,
VBias —
o
’ 1 vss
JL kse Fig_ 180-05

Approximate Model for Negative PSRR with VBias Connected to Ground

L+ »
;.l li C: M6 — Vop M5 or M7 k”
\ l
!

M3 M4

[:+ v'Path through the input
()"”w stage is not important as
ey gl b . long as the CMRR is high

=l M5 - I i =

VBi il IW K M7 Vis &
ias — + _
T R =
— VBias grounded \{/J—g Vss

= Fig. 180-(

V.Em:.'

u||—'|||}+j
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3 Path th h th tput stage:
-y ath through the output stage

F[: Vout ~ [sszout = gm7Vsszout

Vigice .. —
) _l ()Vﬁ Zout =R 1 Rout

B N o H SCout - 1 + SCoutRout
v
T- " Vout ~ gm7R0ut
o Vss 1 s CoutRout
Vour
]"’{SS
A
20 to
40dB

0dB >

:
:
:
|
i
I

RouCout Eagnt-1

v'The two-stage op amp will never have good PSRR because of the Miller compensation
v'The two-stage op amp is a very general and flexible op amp
v'Cascoding!
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»Feedforward compensation without Miller Capacitor

*The compensation scheme used in this paper employs a feedforward path to create LHP
zeros, but does not use any Miller capacitor.

*The dominant pole is not pushed to lower frequencies, resulting in a higher gain-bandwidth
product with a fast step response.

4B @ oV, A, = gg': =123
01

wod BT T |RET G s,

)2
— L L 0

He—

Ay Ay + A4y [1 + S] 1+ A
H(s)=- e (A Ay, +A,3) (414, +43)0,
£1+SJ[1+SJ £1+SJ(1+SJ
a)pl a)pZ a)pl a)pZ

v'The OTA transfer function has two poles and a LHP zero created by the feedforward path.
The location of the LHP zero is

2 = _(1 +Mja)p1 o —8mi 8m2
3 Cor &m3
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v'The second and feedforward stages can be designed such that the negative phase shift due

to w,, is compensated by the positive phase shift of the LHP zero
When the frequency of w,, exactly coincides with that of the LHP zero, the amplifier phase

margin is 90 and the unity-gain frequency is given by

GB~(AyAyn +A43)~ A 4 0,

----- Closed- loop
A & —  Open-loop

pole-zero pair
i

N
Gl mansnrnsss & "\
(1]

pole-zero pair

Ay,
QG FrErr e

Wz N ®, b

(a) Perfect pole—zero cancellation (b) Pole—zero mismatch

v'This compensation scheme results in an amplifier with high gain and fast response
v'The bandwidth improvement is due to the fact that the poles are not split, as is the case in

any amplifier with Miller compensation

Radivoje Buri¢, 2020, Analogna Integrisana Kola
49



UTwo-Stage CMOS Unbuffered Op Amp-Design

Relationships for the Two-Stage Op Amp:
*Slew rate SR =I5/Cc(Assuming 17 >>15 :||——||: II: M6

and CL > Cc) M3 M4
First-stage gain

Ay=——Em 28m1 . 0—||:Ml M;H)T e

8as2 1 8usa Is (/12 "‘14) i

o
ol

o O Vout

+ o | L
*Second-stage gain = L
A, = . 8me 28,6 VBias B M5 'l:
2 8ase T 8us7 Iy (/16 +2’7) ) Vss S LOL0
Gain bandwidth
GB=g,,/C.
*Qutput pole
P> ="&me /CL
*RHP zero
Zl - gm6 /CC
*Positive ICM

Vinmax = VDD _‘VT03‘maX + VTlmin Y 15 /183 ’163 = /upcox (W/L)3
*Negative ICM

V;'nmin = VSS + VDSSsat + VTlmax + \ IS /:Bl 9ﬂl = :uncox (W / L)l
*60° phase margin requires that C.>022C,
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DC Balance Conditions for the Two-Stage Op Amp

Vbp
*For best performance, keep all transistors in Veeu.F Vecs
saturation. ‘_‘||_ - I‘_‘ —||‘_‘ M6
‘M4 is the only transistor that cannot be forced into M3 M4 114 C. 1.&;.—
saturation by internal connections or external H + o Vg
voltages. Therefore, we develop conditions to force | o 1
M4 to be in saturation. ;_D_ll—_vh'” M'j|_ !_f‘*{-f-
1. First assume that Vgg, = Vgge This will cause " l___
“ . . y = . * O J‘ -
proper mirroring” in the M3-M4 mirror. Also, the | l.fg II:MT
gate and drain of M4 are at the same potential VBias '-'l M5 '
so that M4 is “guaranteed” to be in saturation. - ¥
2. If VSG4 = VSG6, then » -
I =(S6 /54)]4
3. However,
I =(S7 /55)15
4. For balance, I6 must equal I7
(S¢/S4)=2(S,/S5) “balance conditions”
5. So if the balance conditions are satisfied, then VDG4 = 0 and M4 is saturated
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Op Amp Specifications:

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

1. Gain at dc, Av(0)

2. Gain-bandwidth, GB

3. Phase margin (or settling time)
4. Input common-mode range,
ICMR

5. Load Capacitance, CL

6. Slew-rate, SR

7. Output voltage swing

8. Power dissipation, Pdiss

Max_ ICMR
and/or p3 . —
VbD Vo max)
Vs
M6 S

/ + . 4
Vsa 4 ﬂ_hﬁ
j li li 8m6 0L
M3 M4 l" ¢+ Proper Mirroring
GR = Zml - Vscs=Vsae
- 0_|[: Ce °Vout
: Cr
Vin . M1 I
to— 1. =
I . MO ‘I'—
E « HR? l 2 Vo min)
+ I|_

Fig. 160-02

Unbuffered Op Amp Design Procedure:
1. From the desired phase margin, choose the minimum value for Cc, i.e. for a 60° phase
margin we use the following relationship. This assumes that z = 10GB.

2. Determine the minimum value for the “tail current” (/15)

3. Design for S3 from the maximum input CM voltage specification.

C.>0.22C,
I,=5R-C,
15
7K = HpCox
kpp (VD - Vinmax o ‘VT03‘max + VTlmin)
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4. Verify that the pole of M; due to Cys; and Cyq, (= 0.67W,L5C,,) will not be dominant by

assuming it to be greater than 10 GB

Em3_S10GB
2 gs3

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

2
Em
Eml = GBCC = S1,2 = k 15 9kpn =:unCox
pn
6. Design for S; from the minimum input voltage. First calculate Vpgg s, then find Ss.

Visssat = Vinmin = Vss = Vrimax =I5/ A 2100 mV = S = 225
kanDS5sat
7. Find Sg by letting the second pole (p,) be equal to 2.2 times GB and assuming that
= Vsas
— CL gm6_\/S616 _& _ %
Em6 _2‘2gm2 > = = :>S6 —S4
Cc Em4 \ S4I4 S4 Ema
8. Calculate Ig from ; 22
6 = A1 o
2k, S

Check to make sure that S, satisfies the V,ymax) requirement and adjust as necessary.
9. Design S; to achieve the desired current ratios between |5 and ;.

S7 = (17 /Is)Ss

Check the minimum output voltage requirements.
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10. Check gain and power dissipation specifications

2gm2gm6 % 1% +
4 ]5(/12 +/14)]6(/16+/17) diss ( DD+‘ SSD( ’ 6)

11. If the gain specification is not met, then the currents, IS5 and 16, can be decreased or the
WI/L ratios of M2 and/or M6 increased. The previous calculations must be rechecked to
insure that they are satisfied.

If the power dissipation is too high, then one can only reduce the currents |5 and 16.
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.

+DESIGN EXAMPLE OF A TWO-STAGE OP AMP

If K,=120uA/V?, K,= 25uA/NV?, Voy = |Vp| = 0.5V, A, = 0.06 V7, and A, = 0.08 V', design a
two-stage, CMOS op amp that meets the following specifications: Av > 3000, Vp =2.5V GB =
OMHz, SR > 10V/us, 60° phase margin 0.5V<V,; n0e<2V, Ioyr = 1.25V to 2V, Py < 2mW.
Assume the channel length is to be 0.5um and the load capacitor is C, = 10pF.

1) The first step is to calculate the minimum value of the compensation capacitor C,,

C.>0.22C, =2.2pF
2) Choose C, as 3pF. Using the slew-rate specification and C, calculate I.
Is=8SR-C,=22pA = [, =30pA
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3) Next calculate (W/L)3 using ICMR requirements (use worst case thresholds +0.15V).
S3:(W/L)3: s > =30
kpp(VD _Vinmax _‘VTOS‘maX +VT1min)

(W/L)s :(W/L)4

4) Now we can check the value of the mirror pole, p3, to make sure that it is in fact greater
than 10GB. Assume the Cox = 6fF/um2. The mirror pole can be found as

g5  12510°
27r-2C, 5 27

P3| = grad/s = 199MHz > 10GB = 50MHz

5) The next step in the design is to calculate gm1 to get

2
g, =GB-C,=9425uS= S, = Eml =2.47:(Kj :(Zj _3
, kpnIS L 1 2

6) Next calculate VDS,

21
VDSSsat=Vinmin_VSS_VTlmax_\l[5/ﬁ1 :O'3IV>100mV:>SS :k 25 :5.16:(%j =0
anDS5sat 5

7) For 60° phase margin, we know that
g6 210g,, =942.5uS

Assuming that gm6 = 942.5uS and knowing that gm4 = 150uS, we calculate (W/L)6 as
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S6=S4%=188.5:>(Zj =190
Ema L 6

8) Calculate /16 using the small-signal gm expression:

2
Emé
[, =—"—=942uA =95 pA
2k, S6
Calculating (W/L)6 based on Vout(max), gives a value of 15. Since 190 exceeds the
specification and gives better phase margin, we choose (W/L)6 = 190 and 16 = 95uA.

With 16 = 95uA the power dissipation is
P =(Vop +Vss|) (15 + 15 ) = 2.5(30+95) pW=312.5 pW

9) Finally, calculate (W/L)7
S;=(1,/15)Ss =19:>(W/L)7 =20

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

21,
w,C, W /L

=281 mV

VouTmin = VDssat7 :\/

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
Ay = 8 28ms 3180

Is( A+ A4 ) Is (A6 + 47)
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which barely exceeds the specifications. Since we are at 2xLmin, it won’t do any good to
increase the channel lengths. Decreasing the currents or increasing W6/L6 will help.
*The figure below shows the results of the first-cut design. The WI/L ratios shown do not
account for the lateral diffusion discussed above. The next phase requires simulation.

Vpp =25V
M3 M4 M6

I 5pem I I 5pm 85um
”ﬁ;rmj Eﬂ_ﬁp m [ MI11

Vb

0.5um

II! I'.'I.'n' \'[10
30uA M M2 / | Ciom

| I Spem ].ﬂ;nnj Vo
I:ﬁ,"r;:m (.5um 1_‘ 1}5’.,_.-\1' I 10pk =

[Ms
l:—l Vot

L CL
= - |Ifii.cn' B
3pum :IL l I lmﬁd I 10pm A
: It J
0.5um ' "% 3um '[: 0.5um M2 |FHE e | M7
M8 M5 0.5um M7 FT
—- 072702 Fi'_':—'.- 160-03

»Incorporating the Nulling Resistor into the Miller Compensated Two-Stage Op Amp
*Design compensation circuitry so that the RHP zero is moved from the RHP to the LHP and
placed on top of the output pole p2
*The task at hand is the design of transistors M8, M9, M10, M11, and bias current /70. The
first step in this design is to establish the bias components. In order to set VA equal to VB,
then VSG11 must equal VSG6
Sty :(111 /16)S6
*Choose /11 =110 = 19 = 15uA which gives

Siy= (1, /1) Se =(15/95)190 = 30
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*The aspect ratio of M10 is essentially a free
parameter, and will be set equal to 1. There must MI

H —1[' M4 Vg
be sufficient supply voltage to support the sum of : i_: | : . M6

VSG11, VSG10, and VDS9. MIQ

*The ratio of 110/I5 determines the (W/L) of M9. v
This ratio is

(W/L)y=(Lo!Is)(W/L);=(15/30)6=3 Vi ‘

I no

*‘Now (W/L)8 is determined to be

2 _CtC ] _ 1 \/ w/L),
z C, \/21D6ﬂpc0x(W/L)6 (W1 L)\ 21,Cod 10
C, Iy 3 [1-190-95
W /L) = WI/L). (W/L = =8
= )8 C, +CL\/( ) ( )61D10 3+10 15

It is worthwhile to check that the RHP zero has been moved on top of p2. To do this, first
calculate the value of Rz. VSG8 must first be determined. It is equal to VSG10, which is

2] /2 15
p ox 10

*Next determine Rz
1

R =
lupcoxSS (VSGIO _‘VTPD
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*The location of z7 is calculated as

z, = 1 =-94.91 Mrad/s

c, (I—RZ]
Emé6

Dy R _Em6 _ _95 Mrad/s
CL
v'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.
v'The results of this design are summarized below where L = 0.5um, Wy = 4um, W, = 1.5um
W,,=0.5umand W,, =15 um

*The output pole, p2, is
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»The Folded Cascode Op Amp

VoD
Comments: VB
* I, and |5, should be designed so that Ig ;4'|j;_f_¢|j L1s
and |7 never become zero (i.e. 1,=15=1.5l;) M4 M5
. . . &
« This amplifier is nearly balanced (would i ' .
be exactly if R, was equal to Rg) Ll bl Ba=R VB2 § "B
» Self compensating fﬁlj L‘ltl"? YouT
» Poor noise performance, the gain occurs ch—l[:Ml Mz:] MG '*’wgf':ﬂT J
at the output so all intermediate transistors VIN MST_]IJ 4 “IIMQ c
contribute to the noise along with the input @ vEl I 5
transistors. (Some first stage gain can be 1{,3.-31.‘_|l:lf3 M10 |——|[:M11 =
achieved if R, and Ry are greater than g,
or gm2' — 06062504
+Small-Signal Analysis of the Folded Cascode Op Amp
Em6Vest EmTVey7
& ”ﬂ ik
Emlt i . -;m'”' in
rdst<rasa 8% 46 | rds2<Zr dss ‘-’“7 T g Voul
Em1l
18]
R, = Taso +(1/ &mio) _ 1 R, = Tas1 YRy Ry _ &molusolusin ”
S
1+ g674s6 gm6 I+ 8urtusr  &miTasy Em1Tds7
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iy = _&mlVin  Tast | s ~_ gmVin
2 Ry+ry 7 2
i = EndVin  Tasa |l Vags gsz Taso | s gsz 1
2 Rp+ryollivys 2 Ry + 10 || s 2 Ry(&ao + ass) 41
gm7rds7 gm7rds7
=i _ 8mdVin 1 ,k:RH(gds2 + &uss)
2 k+1 gm7rds7
Vo 1. . S &mw 1 ) 1k+2
=i, +1iy) R, =| 22+ 20 R
Vin (7 10) out ( 7 7 k4] 2 k+1gml out

Ry = ol usolus11 R, = &molusolasit | &mr%as7 (”dss | ’”dsz)

Vb

s*Intuitive Analysis of the Folded Cascode Op Amp

ro2A)
e e

1
RA A Ry = Tds
8me s
~ gle : 1gm2V gm2V
ho ® g =
2 2 2 4
Vout _ ¢+ o+ gnVin , GmVin j
ML — (7, +1,, )R L L R e
Vin (7 10) out ( 7 4 out (it

.

2
Rout ~ &molds9 ” gm7rds7 /2~ gmrds /3 M

’_T_|.
;“T

lL. Al

N e

el
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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_ is 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

1) Pole at node A: 1 2,
Pa= -

R,C, Cos6 T Cant T Caps

2) Pole at node B:
Pp =~

1 1

N —
~

RpCp (Cgs7 + Capy + Cdbs)(’”dss 17457 1 7452)

3) Pole at drain of Mg:
1 Em10

ReCy (Cgle + Cg1 + Cpg + Cdblo)

Pe =

4) Pole at source of Mg: 1 g T oF
~ __ ©m8"ds8 ds10

_RSCS ) (Cgs8 + CdblO)

Pg =

5) Pole at source of My:
1 ~ Em9

E ) _(Cgs9 + Cdbll)
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*One might feel that because Ry is approximately r /3 that this pole also might be small.
However, at frequencies where this pole has influence, C,,, causes R, to be much smaller
making pg also nondominant.

out»

+*PSRR of the Folded Cascode Op Amp
*Consider the following circuit used to model the PSRR-:

r
Vout LE

1 1 'D
i +

'.fﬁ._,'. Cout T f 'er it % 1~-"rr:.:.r!
o

Fig. 6.5

e

*This model assumes that gate, source and drain of M,; and the gate and source of My all
vary with V¢s. We shall examine V, /V, rather than PSRR- (Small V, /V will lead to large

PSRR-)
*The transfer function of V, /V,, can be found as

Vout - chd9R0ut
~ ,Cogo <C
V. 1+sC R & out
SS out” out
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i IPSRR-|
l /
-
A g(©)] |
i i  CgdaRous
Dﬁllllillallti p
pole ﬁ'equ'em:}? //
1 I F
0dB : — - » logio(w)
Coas | s GB""'--..__\‘ i
Cout i .-'“'/T"
L N M‘ Fig. 6.5-10A
R —— Lfﬁﬁ

Other sources of V injection. i.e. r 0

*The positive PSRR is similar to the negative PSRR. The ripple appears at the gates of M,,
Ms, Mg, M-, M5, and M,,. The primary source of injection is through the gate/drain capacitor
of M, which is the same situation as for the negative power-supply injection.

The PSRR of the cascode op amp is much better than the two-stage op amp without
any modifications to improve the PSRR!
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**Design Approach for the Folded-Cascode Op Amp

SR

Bias current at

L=I=(12-15)I

Avoid zero current in

output cascodes cascodes
Vo utmax S = 2152 .S, = 21 72 .S, =85,8, =5, Vspssat =Vspisar =
ppVSDS kpp SD7 0-5(VDD — Voutmax)
Voutmin S, = 21121 , S = 2192 ,S10=S,1»Sg =Sy VDsosar = Vpstisar =
kanDS“ kpn DS9 O‘S(Vout min VSS )
2 Z
GB=g,/C, 5, =5, = &m _(08-C,)
kpn[3 kpn13

Minimum input S, = 21

CM voltage T o 2
2 kpn(Vinmin_VSS_ 13/(kan1)_VT1)

Maximum input S, =Ss = 21, S4 and S5 must meet or
CM voltage ko (Vior =Viemas + V1) exceed value in step 3
Differential

. g & | 1k+2 Rl[(gdSZ +gds5)
voltage gain 4, ( y Ty s lj > ko SmiRou ——

Power Dissipation

P =(Vpp +Vss ) (I3 + 1 + 1)
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“*Design of a Folded-Cascode Op Amp

Design a folded-cascode op amp if the slew rate is 10V/us, the load capacitor is 10pF, the
maximum and minimum output voltages are 2V and 0.5V for a 2.5V power supply, the GB is
10MHz, the minimum input common mode voltage is +7V and the maximum input common
mode voltage is 2.5V. The differential voltage gain should be greater than 3000 and the power

dissipation should be less than 5mW. Use Kpn'=120uA/V2, Kpp’=
VTN = |VTP| = 0.5V, An = 0.06(1/V), and Ap = 0.08(1/V). Let L = 0.5 um.

Solution:

Following the approach outlined above we obtain the following results
I, =8R-C, =100 pA

Select |, = |5 = 125pA.

Next, we see that the value of 0.5(Vpp-Viymay) is 0.9V/2 or 0.25V. Thus

s 160

S4 =S, = 5
kppVSDS

and assuming worst case currents in My and M, gives,

S¢ =5, = Lé =160
kppVSD7
The value of 0.5*V, ;i is 0.25V which gives the value of S8, S9, S70 and S711 as
Se_11 = ng =20
kppVDSS
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In step 5, the value of GB gives S, and S, as
2 (GB-C,)
(=S, =-Snl (GBCL) 359,33
kpn[?a kpnl3

The minimum input common mode voltage defines S; as

S, = =143~15

21,
2
kpn (Vz’nmin o VSS _\/13 /(kanl) o VTI)

We need to check that the values of S, and S; are large enough to satisfy the maximum input
common mode voltage. The maximum input common mode voltage of 2.5V requires
S, =85= 21 > =40
kpp (VD - I/;'nmax + VT])
which is less than 160. In fact, with S4 = S5 = 160, the maximum input common mode voltage
is 2.75V.

The power dissipation is found to be
Pyiss =(Vop +Vss (I3 + 1y +19) = 625 pW

The small-signal voltage gain requires the following values to evaluate:
*Oms=9ma=1000US, 94s4a=Tys5=T0US
*Ome=9m7=1 74.6lS, Jys6=Yas7=T0US
*Om(s-11)= BO0US, Gys(s-11)=4-OHS
*Im1=9m2=629lS, J4s1=Gas2=3US
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Thus,
R Omoldsols11=29.63M¢2
R . .=7.44MQ

out

i Ry (8as2 + &ass) — 075

gm7rds7

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

sz(gml_i_ng 1 j_lwgmllgout:%m

2 2 k+1) 2k+1
The gain is slightly larger than the specified 3000.

Comments on Folded Cascode Op Amps

*Good PSRR

* Good ICMR

» Self compensated

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

* Need first stage gain for good noise performance

» Widely used in telecommunication circuits where large dynamic range is required
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