Chapter 12. Operational Amplifier Circuits

8.6.1 A Two Stage CMOS Op Amp

9.7.2 Analysis of the Current-Mirror-Loaded MOS Amplifier
12.1 The Two Stage CMOS Op Amp

12.2 The Folded Cascode CMOS Op Amp



12.1 The Two Stage CMOS Op Amp
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12.1.1 The Circuit oo
QsELﬁ :[rQS *_|E|7

Bias
generation |
g—‘l 0, —Qz\jl"—_g & —>o
\oltage gain i
g g ) IREF ‘* 'HH
— \oltage gain of 15t stage: A; = —g,.1(7 || 7,4)
. 0 || O —| O
— \oltage gain of 2" stage: A, = —g,.5("o6 || 77) ﬁ Ei
— DC open-loop gain: A, = A; x A, ~Vss
Input offset voltage 15t stage 2nd stage

— Random offset: device mismatches as random in nature

— Systematic offset: due to design technique = predictable

(W_/ L)s — 2—(W/L)7 If this condition is not met, a systematic offset

W /L), ~(W/L)s will result.

Cc is Miller-multiplied by the gain of the second stage to provide the required
dominant pole.



12.1.2 Input Common-Mode Range QEIL

« Tokeep Q; and Q, in saturation.

Viemw2 —Vsst Vi + Vouz — [Vl

o—|
2O,

« The highest value of V,,,ensures Qs in saturation.

‘/ICM < VDD _ |VOV5| o VSGl
2 Viem = Vop = [ Vousl = [Vl = [Voul e
= —Vss+ Voug + Vi = Vil < Viey < Vpp = [Vl = [Von| = [Vous|
From the point view of V., select the values of V,as low as possible!!

Output swing
to keep Q, and Q, saturated
= —Vsst+ Voys < Vo= Vpp = [Vopl
Select the values of V,, (of Q, and Q) as low as possible!!

But f;o« V,; the high-frequency performance improved with the higher overdrive
voltage.

« Asubstantial allowable range of V,,,and v, needed for an unity-gain application.



12.1.3 Voltage Gain

Simplified small-signal equivalent circuit
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¢ Gm1=gm1=gn12 = Gml
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* R =7yl 1g

« Dc gain of 1st stage
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A, Isincreased by

O Q, and Q, with a low overdrive

® Choosing a longer channel length to obtain larger Early voltage, |V,
Both, however, degrade the frequency response of the amplifier.

21
Gro = Gme = =
Vove
Varl _ Va7
R = T ro6:ﬁ 7"072 A7 =
2 06 H o7 ID6 ID7 ID6
Dc gain of 2nd stage
2

AQ = _GmQRQ = ~Yme (ro6 Hr07) - 1 1
VOV6 [ j

+
VA6 ‘VA7‘
Overall dc gain

A, =AA =G RG, Ry =g, (roz Hro4)gm6 (r06 H’B?)
Generally, 500 ~5000 V/V of Ay max.

Output resistance R, =1 || 77



12.1.4 Common-Mode Rejection Ratio (CMRR)

Section 8.5.5; eq. (8.158)

1A _

CMRR = [9.(r, 7 /1,,)1[29,,5Rss ]

Qs 's output resistance R
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CMRR « (g,,

7o)
v, V,-L
o—| O O, |_j>— —oY ger o —— =
E j i Vov Vov

L= CMRR N

o Lo —ie




12.1.5 Frequency Response
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Ci=Cont Capo t Chaa + Cpa + Cys
Co=Cape + Capz + Cyar + C
Cec >>Cyy6 2 Cyg6 1s neglected

Rl = 02 || ro4

Ry =1, |l 747
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i @ GyiVia R ==C; Vi G2 V,:ikl T !
o—o0 ==

GpaVia* % +SC, Vi, +8Cc(Vi2-V,)=0
1

GVl * 2 +5C,V +5C (Vo V) =0
2

VO — Gml(GmZ _SCC)RlRZ

Vig 1+s[CR;+C,R,+C. (szRle+R1+R2)]+32[C1C2+Cc (C+Cy)IRR,

SZ: C:"m2 = ,= sz

Cec Ce



D(S) = (L )0+ =) =1 s(— + )¢S

a)Pl a)PZ a)Pl a)PZ a)Pla)PZ

2
S S
Wpy << Wpy; = D(S) =1+—+
Wp;  WpWp,

— 1 C:CGmZ
1T CR+C,R,+C Ppz =
1" %1 2" 2 C(Gm2R1R2+R1+R2) C1C2+CC(C1+C2)
1 G,
wC.>>C,C,>>C,,G R, >1= w,, = W5,

CCGmZRlRZ | "2 C2

1 G,
o = Ay, =66 ,RR, CG RR = C -
cOm Ry C

G, G
2
W, << Wpy, W, => Cm <—""=and G, , <G,

C C2
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When f>>f,;, a uniform -20dB/decade gain rolloff down to 0dB

—> Simplified Equivalent Circuit

20 log [A] (dB)
A
20 log |A,|
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ml
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[ (log scale)

—90°

—180°
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Phase margin

A(s) = A (1-s/w,)
(1+s/ oy )(1+s/ oy, )
0=,
bpr = —tanl(ij ~ -90°
Ppy = —tanl( J: J
P2
é, ——tanl(ftj

bow = 90" +tan ' (f;/ fpo) + tan™ (£, / f7)

Phase Margin(PM) = 180° — ¢,

20 log |A] (dB)
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- 90" —tan"\(f, / f,0)— tan '(f, / £,)

If f, 210f,,PM=60° = 60° =90° —tan'(f, / fpy) — 5.71°

= fpo/ fr #2.2




The right-half-plane zero reduces the phase margin.
How to improve it?

Co
JF——w
+ l
4

R
O L 4 O
+ + +
Vi(/ Gml Vid RI — Cl vi2 GmZ ViZ R2 Cz \/
o0—=0 —— —

® Find zero: Vo=0
Yiz =G,V 2 s, = !

O R=1/G,,, the zero can be placed at infinite frequency.
O R>1/G,,, aleft-half plane zero improves the phase margin.

® Discussion: The second pole is not very far from o, . Thus the second pole
introduces appreciable phase shift at o, , which reduces the phase margin.



12.1.6 Slew Rate

When a large output signal is present, slew-rate limiting can cause nonlinear
distortion.

Slew rate: the maximum rate of change possible at the output of a real op amp.
dv,
dt

SR =

max

A unity-gain follower with a large step input.
(the output voltage cannot change immediately.)

v, () = —t
C‘C
3% . /
gy >_4 i f :>SR:C{
C
R /[, mm)

|||
E’T.
|
~
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Relationship Between SR and f,

Slew rate I
SR =—
CC
I
Gui=9m =7
oVl
Gml
W, = ——
CC
= SR = Vo0,

- Foragiven wo,, the slew rate is determined by the overdrive voltage at
which the input transistor are operated.

e Voyt ® SR1®.
O For a given bias current I, a large V,,,, is obtained if Q, and Q, are p-
channel devices. (1% stage)
@ It allows the 2" stage to employ an n-channel device that has a greater
transconductance, G, ,, resulting in a higher second-pole frequency and
a corresponding higher o;,. 15



12.1.7 Power-Supply Rejection Ratio (PSRR)

PSRR is defined as the ratio of the amplifier differential gain to
the gain experienced by a change in the power-supply voltage

(Vgq and vgo)
PSRR* = X and PSRR- = X
A* A
Vv
A" = Yo and A~ =—~2%
Vdd SS
+VDD
QsEl %ErQs ﬁ'év
—| ¢ — t—o

®o

PSRR™ is high
since Q.and Q, are current sources
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_ o7
Uo - vss
i 0, Toe T To7
A =Yoo _ Tor
Uss ro6 + 7'07
A

. PSRR™ = A—O_l = gml(rOZ //ro4)gm6ro6

1 PSRR™ « (g,r.)
1% V.- L

-%E 6 ger oc VA = ‘1;
ov ov

Y -~ LNM= PSRR 1
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12.1.8 Design Tradeoffs

1. The length L used for each MOSFET
2. Overdrive voltage |V, for each MOSFET

CMRR o (g, 1. )? PSRR™ o« (g,.1,)
Imlo < VA :VA.L Imlo € VA :VA.L
VOV VOV VOV VOV
.. L 1= CMRR N . L= PSRRI
" .

d,, =1, Cox TVOV transition frequency

2 Wy O 1.5p, Voy

R — f. = — ~

Ce 23 Mo ""2r 2n(C,+C,)  2nl’

18



12.1.9 A Bias Circuit for the Two-Stage CMOS Op Amp

1. All devices are in the saturation region

i Voo i 2. Q8and Q9, Q10 and Q11 matched
3. Q12 and Q13 not matched
ijﬁﬂr__‘& F_-__ 4. Positive feedback; Rg | Ipis + Vara!
. 5. Need a kick-off circuit

2 L

Q'::ﬂ—| Qr; | — HnCOX (Wj (V AV
13

_ B Cox (W 2
| REF — = ( j (Vc5312 'Vt )
12

)2
s REF 2 L GS13 t

— Ve —
» Vis1z = Vasi2 + lreeRe =

\/ 2l e :\/ 2l e 41 R
REE B
!J“nCOX(VV / L)13 MnCOX(\N / I—)12
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| = 2 (\N / L)12 1 2
1, Cox W /L),RE | W /L),

_ 2 W /L),
Rg= -1

\/ZHnCox(\N ['L)p | e [\/(\N L) j

_ 2 (J(\N/an _1J

gm12 (VV / L)13
g2 [ J(W/L)lz _1]

R W /L),

gmlzz\/zuncox(vv ['L) o | e
for each n-channel transistor in this bias circuit
ﬁ:\/ W /L)l

(\N / L)12 I REF

for each p-channel transistor in this bias circuit

ﬁ:\/ Hp(VV/L)iIDi
(W /L), e

gle

gle
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Ex.12.1 Two-Stage CMOS Op Amp Design

Design a dc gain of 4000 V/V in a 0.5-ym CMOS lj I.__| l:l
O |t | O ————| &
technology. V,, = |V,,| = 0.5V, k’, = 200 uA/V?,
k=80 uA/V?, Vy, =V, | = 20V /ym, Vpp=
Vo= 1.65V, L = 1,um for all devices. Let I =
2004A, I = 0.5mA. If C, = 0.2pFandC, =
0.8pF,find the required Cand R to place the
transmission zero at s = o« for phase margin of 85°.

Irer ‘*

Solution

21/2) 1 V, 206 1V, (VY
2 I

* VOItage galn AU = gml(ro2 Hro4)gm6(ro6 Hro7) - VoV | 5 | (I/Z) | VOV

A, =4000and V, = 20V = 4000-20 _ v _o0316v

2
ov

+ (W/L); and (W/L),:

Im:lk}g(yj Vo = 100:1-80(Ej .0.316°> = (Wj :25%””:(%)
2 PUL) 2 L) L) lum \L),
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(W/L); and (W/ L),

Im:lk;(Ej Voy = 100:1-200(Ej .0.316° = (Ej =10”m=(yj
2 L Js 3 4

2"\ L ), L lum \ L
(W/ L)s:

1. =1k (wj v, = Qoozl-so(wj .0.316° = (W) _ 20um

2P\ L) 2 L) L) 1lum

(W/L)s and (W/L);:

(Ej :2.5(ﬂ) _ 125um soozl-zoo(yj .0.316> = (Wj _ S0um
L), L) 1lum 2 L) L) 1um

Select Inpr = 204A, thus (Ej :O‘l(wj _ 5um
L g L) 1lum

Input CM range: -1.33 V<V, < 0.52 V
(—Vss+ Vouz + Vin = Vil < Viem < Vpp = Vil = Voual = Vovsl)

Max. signal swing: -1.33 V<vy,<1.33V
Input resistance: R; = oo
Output resistance: R, = r¢ || 7,7 = 20 kQ

22



CMRR — [gm(rOZ / /ro4 )][zgmBRSS]

* Rgs=1,5=V, /I
cMRr=2U2) 1V, 5, Al2) V,

Vo, 2(1/2)° Vv, |
VA
VOV
CMRR = 2010g(8000) = 78dB

« PSRR =g,,(t,s ] /7.2)9 o6

:2(1/2).(1. Va ).21D6_VA
Voo 2 (I/2) Vor Ipe

= Q(L)2 = 2(£)2 = 8000
Vo, 0.316

PSRR™ =2010g(8000) = 78dB

*Determine fp2:

-3
Gm2=gm6=21D6:2XO°5=3.2mA/V Fo~ Gn _ 3.2x10 = 637MHz
VOV 0.316 p 27Z'C2 272'08><10 23

= 2

)2 = 2(%)2 — 8000




To move the transmission zero to s = oo, we select the value of R as

11
G,, 3.2x107°

=316Q

For a phase margin of 85°, the phase shift due to f,, at f= f, must be 3°,

that is
tan™? L =5°

p2

= f,=637xtan5’ =55.7MHz

Determine Cg:

C.=Sm  where G, =g, = 200K 4 63ma v
o f, 0.316V
0.6x107°

_ _1.8pF
C T 5r.55.7x10° P

Slew rate: [Eq. (12.46)]

SR =27 fV,, =27-55.7x10°x0.316 =111V / us

24



12.2 The Folded Cascode CMOS Op Amp

Vb
A
I C\L) Iy Cascod;lransislors
' It l I.—(I/2
5 _ 05 I_I_I . B ( / )
O—ll . 0, 0, l ||—O
VBiasi
° ¢ ° ov
Input differential <¢> /] 0 I: =}
pair 2 6
Y
Q7 | 8
-<— (Cascode current
mirror
Y
“Vss
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» Input common-mode range:

‘/ICMmaX = VDD o ‘VOV9‘ + ‘/tn

0, _
I ltt Viewmin = —Vss + Vovi1 + Vovi + Vi
VBIAS] o4
- ov Vs + Vo1 + Vovi + Vi,
< L.
——1|,0, I < View < Vpp = ‘VOV9‘ + Vin

[0 Output voltage swing:
Select Vg7 SO that Q,, Operates
at the edge of saturation:

VBIASl a

= Upmax = Vpp — ‘Vomo‘ - ‘VOV4‘

DD |VOV10| o VSG4

U, min 1S ODtained when Qg reaches the edge of
saturation.

Vomin = ~Vss + Vovz + Vovs + Vi,

O 1min

26



\oltage gain
Small-signal equivalent circuit:

+
OoO——O0O L 2 @ O \"1 ;
+
Vi(l
Gm Vi(l § Ro — L
Oo————=0

— Transconductance
_21/2) I

Gm = gml = gm2 Gm

VOVl VOVl
— Output resistance
R, =R, |Ry R,y = (Gmaloa) T2 [To10)  Ros ® GimeToslos
> R, = [9m4ro4(roz Hrom)] (G meTo6Tos)
— Open-loop gain
A, =GR, =G {I:gm4ro4(r02 HrolO)] H(gm6ro6r08)}

27



 Unity-gain buffer (voltage follower):

» Qutput resistance

R, R, R, 1 1

i 1+ Av Av GmRo Gm gml

— Itis not very small for a single-stage op amp (OTA,
operational transconductance amplifier).

— An ideal op amp has an zero output resistance!

28



* Frequency response:

Since the primary purpose of CMOS op amps is to feed
capacitive loads, C; is usually large, and the pole at the output
becomes dominant.

— Transfer function Yo __ GaF, M T : -
V, 1+sC,R,

‘/ft/
1 Gm vi:l R" —— C‘l.

B 27C. R, o

— Dominant pole  f,

— Unity-gain frequency

.ft:A'ufp:GmRofp: Gm

27C,

— Discussion
Folded-cascode op amp: C, t = f,;, f, ¥ = phase margin 4
Two-stage op amp: C, t = f, + = phase margin ¥
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 Slew Rate: a large differential input signal is applied. (Iz > I')

\":/)/)
A
[ C\#) Iy Cascode transistors
Is /
>
Ig -1
| —_— | = |
. E = 0 |—T‘ 1 Q4
—i[ ;0 QX] oo ¢ sr= L
( | =
l BIAS|I I CL
* O
Input differential C) / A2l ) ez}
l L}"-'lil‘ ; ¢ Qh

-<— (Cascode current

MIrror




 Slew Rate: a large differential input signal is applied. (0.5I<I; < I)

\;[)!)

[y Iy Cascode transistors
* - E
IB ‘ S0
o—4l L0 I
Jii B

3
I
9! ‘U;«

h

e — _ 5t —
]IIPLHLlrlllj.\vlkllll\ll iy 0.
pai L—>
[0

-<— (Cascode current

MIirror




Ex 12.2: Design of a folded-cascode op amp.

I=240pA, Iz = 150pA, and | V| = 0.25V for all transistors. V= Vo= 2.5V
K, =100pANV?, K’ = 40uAIV?, |V, = 20V/um and |V = 0.75V. L = 1um,

C, = 5pF. o T
« Find I, g,, r,and W/L - "‘I"Wltg,lfB
for all transistors. | .

. 2ID _ 2ID { J L o
o
r, = [Val _ 20 |

ID ID - Visiass

g.r, =160 V /V
Vs =1.0V

Note: for all transistors

Q;j |—1—| [* o

Viiasi Roi

iz

e | _I_
Q-:T‘H—4 [i@

(.l

vv

-0 Uy
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« Find the allowable range of V., and of the output voltage

swing.
~1.25V <V, <3V

—Vss + Vovii + Vovi + Vi < View < Vpp — ‘VOV9‘ + Vin

~1.25V <v, <2V

Vomax = Vpp — ‘Vovm‘ - ‘VOV4‘
v

omin

=—Vss + Vov7 + Vovs + Vin

* Determine the values of A,, f, f,, and SR.

R, = (Gpaloa) (T [1o10) = 160(167[133) =11.85MQ
R,=R,,|Rc=10.7MQ
A, =G, R =0.96x107-10.7x10° =10240V / V

-3
fo Gn _ 096x10° o0

27C, 27-5x10712

foodifop o L | 306MHz _ .
P 27C,R,) 10240

-6
I :150><1_?2 _ 30V / us
C, 5x10

R ¢ = g,.6106ls = 106.7MQ

« What is the power dissipation of the op amp?

P, =5V x0.3mA =1.5mW

33



12.2.6 Increasing the Input Common-Mode Range: Rail-to-Rail Input Operation

Vo =2 GmRo‘/id

}Assume that both differential pairs

A = “//0 =2G, R, are operating simultaneously.
Iy id
P - - Gm = gml = gm2 = gm3 = gm4
-~ | !
o[+ e \
" -0 (})
| e 83
L Sl |
{._ i g —II“‘QJ 0,
C7 <j HT 1] O |
V \!i;f\\ - =L $
L — -~ |
l, v ) s

Over the remainder of the input CM range,
only one of two differential pairs will be
operational, and the gain drops to half.

_<,‘ >
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12.2.7 Wide-Swing Current Mirror (Increasing the Output Voltage Range)

A A

H/ C‘&)lkll' I\y/

) _

: | __’Q QJ"_ ! g | _’Q*»

Vi \ 2V

\ \ \‘«r. \

0, )

2 J I e IFHrV v 11L&

(a) (b)

For Q4 in saturation, Vds>Vgs-Vt
Vds=Vt, Vgs-Vt=Vov
>Vi>Vov 35



