Opamp design

« Two stage opamp
— Generic amp topology
— Gain and frequency response
— Offset and slew rate limitations
— Input stage
— Compensation
— Feedback

Classic opamp still suitable for CMOS technology (also bipolar)

Two stage OPAMP

© Vou?t

Differential input stage Second gain stage Output buffer

— Two gain stages (A, and A,)
— Compensated second stage (Miller capacitance)

— Output buffer for resistive loads
* Not present for capacitive loads




CMOS OPAMP topology

‘ Qs /
Qm 0, 1 stage 2 stage
= I L= 300 —°| w0 2
Qi }
- - 9 O
9l a0 aw P2 Ve
Q) Ce O ¥ oul
"
Qs .
R, + 1580 180 g‘?’
?, : ‘ Q! Q\I 30 500 5:,0
Bias circuit k N
= = 0, i OQ
Diff input stage =

Common-source

+ PMOS diff input stage

Numbers realistic transistor widths
— Length 1-2 times minimum

Output buffer dropp for capacitive loads

First order model
A
201og(AA,) —
—20dB/decade
Gain
(dB) a, = g%
Freq
0 = (og)
P! Wiy
A
Wy
Freq
0 (Iog)
Phase _90 \
(degrees)
-180 Inadequate for advanced analysis
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Opamp gain
+ Gain for diff pair — 1. stage

A= gml(rdsz | rds4) O =\/2,uncoxvl\_/|D :\/2ﬂn 0X%'b%

» Typical gain 50-100 k
/1 — ds
2L\ Vs =V + @,

+ Gain of common source — 2. stage Ky, = fszgo
S
_ gN
AI2 - _gm7(rd56 || rds7) g

1
. . rds =—
» Typical gain 50-100 ,1|D
» Gain of source follower — output buffer
A\/} — gm8 g _ }'gm
s8 T
GL * Oms T Uss T Yass T Yaso 21 VSB + ‘2¢F‘
* Gain =1
* Not included for capacitive loads
5
Frequency response
* Midband frequencies
— Below unit-gain frequency
— Above frequencies without compensation effects
1
Qs Ceq =CC(1+ AZ)zCCAZ Al = gmlzoutl = gml rdsz || l‘ds4 || SC
eq

at midband freq C,, dominates

1 1

=0,
C., 'SC.A,

A =0y S
v

Vout 1 gml
=20 = ~ - . ] ==mb
A == ARA g A=

Unit-gain frequency proportional to g,, assuming A;=1

.. =——=
ta
C

ml IDS
setting ‘A/(jw[ale and solve
C




Small signal opamp model

v,

R Ce
AR _“ ov,
IR ™ % -
R,TC. 2V RzTC: g vt .

Ry =T [l fgs, and C, =Cyy, +Cypy +Cyy;

Ry =Ty I Tgs; and C, =Cpp; +Cypg +C, "
» Assume R;=0 give transfer function
sC
gmlgm7R1 Rz(l _cj

m7

l1+sa+s’b
a= (Cl +Ce )Rz + (Cl +C¢ )R1 +0,,RR,Cc
b=RR,(CC,+CC.+C,C)

+ Assume widely separated poles

2
D(s): 1+i 1+i zl-i—i-i- >
0] ) @, OO,

p1 p2 p1

* Dominant pole

1
. =
"R[C +Co(l+ gy R+ R, (C +Ce)
N 1
RICC (1 + gm7R2)

- 1

gm7R1 RZCC

* Non-dominant pole
* Increasing g,,7
_ 0,,-Cc — increased pole distance
2 CC,+CC.+C,C. «Pole splitting compensation
Oy *Cc may decrease w),

~
~

C, +C,




» Additional zero c
S

gmlngle(l—CJ

— gm7 = w :_h

v, 1+sa+s’b z C.

in

out __

» Right half-plane—negative phase shift with decreased PM
+ Stability issues
— Hard to get rid of, but pole distance is increased with g,,;

* Have to make R >0 1
— Zero-pole with some resistive element W ==\
P CC (l/gm7 - RC)
» May eliminate that zero-pole by setting R. = L
gm7

* Alternatively try to cancel wg, with w,

97 —_ 1 :RC:1(1+C1+C2J
Cl +C2 Cc (1/gm7 - Rc) 7 Cc

m

* “Overcompensation” might even be wise: @, = 1.260t

1 1
>>1 S0, x——, O C.givesR. = ———
Re /gml 7 R.C. d gml/ c8 c 129, .

Slew rate

+ Fastest change on output
— For large input signals

SR = aVout ‘ — l aQout ‘ — i .
ot |.. C ot |, C

*  What node is lagging?
— Output buffer gain of 1
— Miller compensation eliminates common source gain
— Gain primarily in input stage j:‘l
» Lagging due to capacitive load o8V
+ Current limited by tail current, I Ve

ot 20 _2la,

= Veffl : a)ta 72|
V. = D
Cc G Om =\ 1C, (W/L)
Increasing slew-rate in two stage OPAMPs can only be done by
* Increasing unit-gain frequency — increase w,, keeping PM
» Increasing effective voltage of diff pair

»
>t
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NMOQOS diff-pair or PMOS diff-pair?

+ PMOS
— Higher saturation voltage (V)
— Less flicker noise (1/f) noise
— Lower mobility (transconductance)
*+ NMOS
— Lower saturation voltage (V.g)
— Higher transconductance (mobility 2-3 times higher)
» According to book:
— PMOS diff pair due to improved slew-rate
— Giving NMOS second stage
* In low-voltage modern process:
— Always folded cascode giving same type in input and drive
— NMOS input with NMOS drive may be better than PMOS on both

Systematic errors

+ Systematic offset with V,,=0
— Output should be V,,/2
— Splits tail current
|
=19
— Pull-up and pull-down current
should match

I, =1

— Adjusted by current gain

W/L), _, L),
/L), L)

Bias circuitry Differential-input Common-source
first stage second stage

12




Opamp compensation

+ Dominant-pole compensation
—  Forcing a feedback system to have 1. order response up to
loop unit-gain frequency w,
—  Stable system with
increased PM

» Lead compensation

o, * P,

- Addlng zero, w,, .
Ju St a bove wt Dominant-pole compensation v\ '.."‘ N gompansation
— May improve PM ' v Londcmpmmesion

with 20°
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Compensation procedure

* Exploring zero  L(s)~ A(s) 4
— Coarse approximation Z,+2, L7 7.
+ Dominant pole v R ey
— Determined by C and wy <> ?{% :<> ?R% i
» Proper C, used for dgminant pole compensation
* Lead compensation o .
— Using R to tune zero, w, “ ~Cc [L*RCJ Re Zj give w, <0
» Adding a third pole, but at HF Om7

— May cancel zero: R. = !
m7
— Even better, locate zero at second pole:

01— 9n:Ce _ -1 _p ! [1+ o +c2]
CC,+CC.+CC. Cc(1/g,, —Rec) Ce

gm7

— Increasing R even further slightly above second ole does it!




Compensation

+ Compensation resistor
— Replaced by transistor in triode region

Qg Qs

Vop o—f Vop 00—
—o Vout VQQ p—o Voul

Re Ce Q 7 Cc

h h
1
RC - rds - W

/uncox 7Vef‘f

15

* Opamp compensatlon procedure

1. Startwith some C. =(/0,,/d,)C, setting unit-gain
frequency close to second pole

2. By simulation (SPICE, CADENCE) find frequency with -125° phase
shift (gain A’)
—  Our aimed unit gain frequency w

3. Choose new C such that w, is unit-gain freq of L(s)
— Cg=C A’ giving 55° phase margin
— A couple of simulation iterations may be necessary

4. Choose R : 1

1 20C.

—  Giving phase margin of 85° (+30°) leaving 5° for variations
Almost optimum lead compensation for any opamp

5. Sometimes phase margins are not adequate, then increase C.
6. Replace R; with a transistor
R. = !

w
;unCox (j Ve
L 6 ff 16

16




Two stage opamp compensation

* Dominant pole compensation
— Setting the w,; and w, since
o, = Ao,
— Qg operate in triode region
* Resistive element
1
Re = Fosis = W

/unCox fveff 16

* Resistive element ensures left
half-plane zero
— Damping element
» Lead compensation

17

Opamp compensation example

* Find best compensation network C, and R, for:
Qs

18




Find bias voltage:

wod
" LNt
v = [ o 6o
¢ . - e
o s A
" [] .
7 16
vin Iy Nepe — )|
() ] . - e w8
=/ e sl " o vout
w 160u L *!
x — = o
7 =, 80ug @ 60u —L
¥ Ay vie . -
=/ ot P . e ]
] ‘ - I_i L =
B@u e
Vbias1=2.3V give 84yA tail current
Found by simple simulation run displaying tail current
19
» Start with Cc=0.5pF and Rc=0
Expressions u}
-: phaose(VF("Aout™))
seg : mag(VF("/NVout")) 300
0° phase in CADENCE
600 F——+—— 200 display is -180° actual
= phase shift
T 40 | we g
— "]
200 L 2.8
B
1 ~
2.2 -—‘—ﬁL._qm.' -10@

K ioK 1eeK M 1eM  1@eM . 16
\ freq ( Hz ) .

Find (180-125)=55° phase shift at wt=50.1MHz with gain A’=3.7

C.=C.A =0.5pF-3.7~1.9pF

20
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* New simulation with Cc=1.9pF give
- w=44.7MHz with A’=1.32

C.=C.A =1.3pF-1.32~2.5pF

* New simulation with Cc=2.5pF give
- W=41MHz with A'=1.2

C.=C.A =2.5pF-1.2~3.1pF

* New simulation with Cc=3.1pF give
— W=37.7MHz with A’=1.00

+ Finding Rc
1 1

- - ~7132Q
Re 120C, 12-37.7-10°-3.1-107"

21

(dB)

* Adding compensation resistor Rc

Expressions L]
§: Rc="3.566K";db2@(mag
38
10 -—
N
oy
-1@ .
-3@
Expressions ]
(m
M1
-5@ . e i
1eM 188M 1G
freq ( Hz )
3@
, o ° o -
Give unit-gain freq of 209MHz = S
- :'j \
-30 \'\_I
o M1
B0 st i e
freq [ Hz )

22




+ Phase margins?

Expressions L]
-: phase(VF("Mout™))
2g v 9b2@(mog(VF("Aout"))) 100
19 70.0
00 400
@
=) o
— =18 ¢t 8.8 —
-28 | A-200
wgmy K. 5o v sy ..1-50.0
18M 100M 1G
' freq ( Hz )
Phase margins only 10° Il
23
* What to do?
— Book: increase Cc
— Try to decrease Rc
Expressions L]
-: phase(VF("Mout™))
78 8+ 9028(mag(VF("Vout"))) 200
38 108
m g
=) o
-10 0.22
-50 | . ; 1-100
1K 188K 18M 1G
' freq ( Hz ) 2

Give unit-gain freq of 133MHz with PM=84° with Rc=2050Q

24
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Two-pole amplifier

* Dominant poles of two-stage amps

20log|p H (w)]

Gain
Crossover
i} o i -
Wgy Wp2 w (log scale)

_—
i w (log scale)
-80

/BH(w) Mirror
pole

— 1. stage
* High gain
« Dominant pole at output

25

Advanced mirrors and opamps

« Advanced Current Mirrors
— Wide-Swing Current Mirrors
— Enhanced Output-Impedance Current Mirrors

 Advanced OTAs
— Folded-Cascode OTA
— Current-Mirror OTA

— Fully Differential OTAs
» Folded-Cascode
» Current-Mirror
* Common-Mode Feedback Circuits

— Current-Feedback Opamps
« Simulation Example

26
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Wide swing current mirror

» Bias mirror transistors close to triode region

* assuming
Toias = Lio P
21
Vit = Vera = Vers = WTXI/L) @ b
Veffs = (n + 1)\/e-ff W/L

G o -

Veffl = Veff4 = nveff
VGS :Vm :VG4 = (n+1 eff +Vm
Viss =Vpss =Vgs =Ves1 =Vgs — (nveff +th)

Veff

AIH

* Minimum output voltage

cht >Veff1 +Veff2 :(n+1 eff

- th f tri i
Q, and Q; on the edge of triode region Ordinary cascode: V,

>2Veff+ th
27

 Whatn?
« Often a small number
N=1=V,, >2Vy

out
» Typical effective voltage

+ Extend swing to 0.4V to 0.5V off rail Vg = [0.15V,0.25V]
*  What bias current?
— The input current varies....
— Biasing current a little larger than max(l;,)

— Lower biasing might introduce slew rate problems
— Might be tolerated for low frequency applications

*+ Practical hints
— Make Q5 W/L smaller than nominal value to ensure active region
— Reduce L of Q, and Q, close to minimum maximizing frequency
— Let Q, and Q, be longer to reduce short channel effects

28
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Enhanced output-impedance

» Mirror with opamp gain boosting
— Feedback to keep V, stable

Rout ~ gmlrdszrdsl(1 + A) - J M

. b,
— Output impedance boosted by the + " ]

gain of the opamp +1 ‘

+ Gain boosting \
+ No more stacking 2 |

One opamp for each mirror....

29

Simplified output enhancement

«  Opamp — common source amp

* Loop gain Omaless.
2

— Output impedance

r =~ gmlgm3rdslrd52rds3
out ~ 7

— Input network ensure matching

NOT WIDE-SWING: V,,>2V,us+V,,

30
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Wide swing, enhanced mirror

« Diodes as level shifters
lin 7y

— Qz and Q, biased with 4
times current density

Vout > 2Veff
— Double power compared to

— Might require compensation Q:

previous
Triple cascoding f

31

Diff pair boosting

/
Regulated cascode 0. 0
* swing-limited

Differential signal ‘ l ‘ l
Regulated cascode diff pair

- 32




Current mirror symbol

» Several mirror circuit solutions
» Generic symbol

@

1:K . o

— Arrow indicate input side
— Direction of current flow

33

Modern op amps

+ MOSFETS loads are mostly capacitive

— Drop output buffer
Enabling large swing, high gain single stage aamps
Only output node high impedance

Internal node low impedance
« Reduced voltage swing

Compensation by output capacitive loading
« Increased stability, but lower speed

— Transconductance
« Most important parameter
— Operational Transconductance Amplifiers (OTA) z,
—_—
r———----—--—-—--=-—-—- - i
+ | ' \Z




Folded cascode opamp

» Operational Transconductance Amplifier — OTA

— Folding give same bias voltage on input and output
— Typical
— gain 700 to 3000

35

» Compensation achieved using load capacitor
— No internal compensation

* As load increases, opamp slower but more
stable

» Useful for driving capacitive loads only 0-t| .

 Large output impedance 61
— not useful for driving resistive loads T/

— Reduced with feedback
* Internal nodes low impedance

» Single-gain stage but dc gain can still be
large (say 700 to 3000)

» Shown design makes use of wide-swing
mirrors

» Simplified bias circuit shown

* Inclusion of Q,, and Q5 for improved slew-
rate

36
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Small signal analysis
A/ — Vout (S) =g Z (S) — Gmifout
ml=L
Vin (S) 1+ Sr'outCL
— Ignoring HF poles and zeros — diff-pair transconductance
« With output enhanced impedance

r =~ gmrdzs
out 2
» Quite high

— Mid-band frequencies: A, = »
— Unit-gain freq with feedback: -

L

gml

unit-gain frequency: @, = %

L

* Amp bandwidth maximized
— High input transconductance using nMOS and wide devices
— By maximizing bias current though the differential pair

37

Design guidelines for maximum bandwidth
— Maximizing g,, of input pair
Use nMOS and wide devices
— Choose current of input stage larger than output cascode
« also maximizes dc gain
* Might go as high as 4:1 ratio
— Large input g, results in less thermal noise
— Second poles due to nodes at sources of Qz and Qg

» Minimize areas of drains and sources at these nodes with good layout
techniques

Insufficient phase margins
— Lead compensating load capacitor in parallel with load capacitance

_ O - gm](l +SRCCL)
A= 1 "

- S(:L
r« Re+1/sC,
Lead resistance R; may be chosen to place a zero at 1.7 times unit gain frequency
— Increase current and devices widths of output stage

38
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* Drain of Q pulled near negative power supply '

Slew rate

Q, and Q,; turned off during normal operation
— Improve slew-rate

— Q sinking tail current through Qg
— With Q, off. Q, current through Qg
— Charging load capacitance: |

SR=-Dt |
N

— Since lyaer > lpiast — Qg in triode
— Must recover going out of slew-rate
— Adding significant slewing time

* Add Q, (and Q,3) to clamp node closer to positive

power supply

* Q4, (and Q,3) also dynamically increase bias

currents during slew-rate limiting

— They pull more current through Q,, thereby
increasing bias current in Q; and Q,

39

Example: Folded-cascode

* AMS 0.35um 3.3V process
— +1.5V supply
— 1mW power
— Input stage — output stage ratio 4:1
— Qqy = 1/30Qq4) (Q44 current ignored for power)

— Maximum width 300um
* Unit length 0.6um

- V=025V
— Assume C;=10pF load
— Assume

;uncox ~ 3/upcox =100 ﬂ%z

20



» Major current
Lot = |03 +1p, :2(IDI + IDs)
+ We want
Q, [300/0.6
for = 4o Q, |300/0.6
+ Defining Iy =lps =g, 2 -
_ Give Q; |270/0.6
Lot :2(|D1+|D6):10|B Q4 270/0.6
*  With maximum 1mW power consumption Qs | 54/0.6
lmW/
Il =] _ 3V:33yA Qg | 54/0.6
B D5 D6
N 1010 Q, [18/0.6
~ Giving Q, |18/0.6
lps = Ipy = 5lps = 1650A Q, | 18106
I =lp, =4lps =1320A Q10 18/0.6
+ Using Q,, |9/0.6
W 2y, Q4,1 9/0.6
L #CoiVes Q,;|3/0.6 y

» Input stage transconductance

G = /21514,Co(W/L) = \/2 : 132/4A~100'“%2 -(300/0.6) =3.6 m%

» Unit gain frequency

3.6MA
= 9m — K/ =3.6x10"rad/s = 57MHz

‘" C_  10pF
» Slew rate
SR :Iﬂ:@: 16.5-10°V/s =16.5V/ i1s
C. 10pF
— Adding clamp transistor, increase current
lias2 = lps + 1pjp =264 1A
» Since lp, =301ly, and I, =550A+1,,

264 1A +5.5 LA
S TR

* Give
=8.7uA

* and

I, =30-8.7=2614A= SR =%:26.1V/m

42




Cadence simulation

» Entering schematics

vdd "
270u 0 270y
vdc=3 ;l Su g EI
"Du E i
and 54u 54u

Vin z 380u 360u 3
~ 1>—| & El 18u @ B vout
- u

® T"{ ct
3u 1 300u 18y 180 e=CL
vde=15
: byl bt pheeedy |+
4~ vdc =VBTFE L + =5t = =85t 4
gnd
43
DC Response 1]
» DC operation points T
— Vbias1 for 5.5uA current i L
- Vbias1=662mV T ol
20u L
80 oo edim Iﬁ[’;ﬂ:r §50m  7gem
A (BB1.772m 5.4975) R .
— Vbias2 for 264pA current Q00
* Vbias2=626mV -
z 300u b
B0 o S50m “_'5;{9.; " g5em 70m
A (626.212m 264.%50u) 06 Resnonse B
— VB1 for 33pA .
.+ VB1=2.194V il
< 4eu | l,
- 28u |
e 2.8 215 2.28 2.25 2.30
vB1

A (219415 32.9980)

44




* Frequency response

AC Response

% .
5@ _
% 12 L 5
-3 |
=M L e v ivie i i vl e 4 s
2.88
o108 |
& .
zopg B gmase see ceaessess el JNedy
190 1K ok 1geK M 1oeM 16
freq ( Hz )
B: (13.3327M 8.10041m)
45
. SIeW rate Tronsient Response
49
— With clamp
g L
28 L
— Giving approx. 3.6V/uys ~ '* -
ae
-1.2 i i )
84.923m B4.285m B4.287m B4 209m
time ( s
della: (583.14n 2.11736)

Without clamp

Giving approx. 2,8V/us

AL EBA.M?M 404.547m)
B (84 0088m 2.52151)

{v)

&

slepe: 362897M
Transient Response

ee

-8
84,003m

B4.0052m 404.587m)
84.026m 2.63335)

84.005m B4.207m

time { s
della; E}?@Z.B")ﬂ 2.22938)
sicpe: 2811854

Bl.bﬂgm

46
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Current mirror opamp

* Low impedance
nodes
— Except output node
« Extra gain in current
mirrors

47

A/ _ Vout(s) — KgleL(S)_ Kgmlrout ~ Kgml

Y,

out

V,

o)

K factor is current gain from mirrors

C, sC,

Maximum K is around 5

48
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* Unit gain frequency

k 2kl K 21
a)ta:@: = ’Ilota|:(3+K)|D1:>a)ta:7¢
CC CCVeff L1 3+ K CCVeff Nl

— Transconductance and unit-gain frequency increase with K
— Assuming limited by load capacitance, not other HF poles
— Often K=5 is practical
* Increased K
— Larger capacitance at drain of Q, (Q, and Qq as well)
» Moving down HF poles

— Load capacitance may have to be increased to maintain
stability

» Decreased bandwidth
— For high bandwidth K might be lowered to 1

49

Power
Itotal = (3 + K)IDI = (3 + K)I%
Slew rate

— Assuming large input swing
— All bias current one way
_Kl,

CL

SR

— Larger K improve slew rate
— Often better slew rate than folded cascode
— Larger bandwidth as well
— Folded cascode has better noise performance

50
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Example: current mirror opamp

+ Similar constraints as folded cascode opamp Q, |300/0.6
— Bias current 300/0.6
o, 2w =
[, =l =130A Q; |60/0.6
B+K) (3+2) Q. 16006
— Gives 65pA in all input stage transistors 4 ’
— Output stage transistors twice as much current Qs |60/0.6
* Using w_ 2, Qg [60/0.6
L uC, Vi Q, |60/0.6
* Finding sizes Qg |120/0.6
.~ ) A O 128 Q, |60/0.6
' Q,,|120/0.6
" Q,,120/0.6
g - 2 M Q,, | 40/0.6
e & ] Q,;|20/0.6
o3 T3 Q,, | 40/0.6 °1
+ Setting biasing DC Response
— Tail current 130pA  seou _
- VbiaSZ = 0591V 400u L
- 38@u _
f. 280u L
180u L f
B.0e ! | I [ |
S5@8@m 558m 628m 65@m 788m
Vbias2

A: (591.752m 130.548u)
— Setting cascode voltages

Vbias = (n + l)veff +th

* Assuming V,, =0.7V Vi =09V V, =025V

* Finding
Vg, =1.2V
Vg, =1.4V

52
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Frequency response

AC Response
6@
Jj@ L

a0 |

(dB)

-3@ L

—-6@ PP TP PEPEPPPPEFUTTPRAIPE. (PPN

—108 L

( deg )

—200 .

- 300

freq ( Hz )
A: (46.1097M - 100.963m)

m = \/2 I Dl/unCox (W/L) =25 m%

e S it s UL T

o = K9 _ 79MHz
C

L
53
» Slew rate
Transient Response m

4.0 _

3.0 b .
. 28
> :
— 1.8 L

2.2

-1 t... A I L s - |
3.999880m 4.BBBBBm( 4.00020m 4.0004@m
time ( s

Ar E4,E’.‘E§@@2m 489.983m) delto: (88.4968n 2.17547)
B: (4.8801m 2.66455) slope: 27.8255M

» Simulated: _2.17 =
SR = 4_08_27.1

* Theory: SR*55*26&A*
C. 10pF

Vs
26%5

54
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Linear settling time

» Time constant for linear settling time
O 5 = O, * P03,

Classic 2-stage opamps wj relatively independent of load
Not the case for folded-cascode and current-mirror opamps
+ High impedance output i KO,
* Wy strongly related to load @ia— folded —cascode — Ci Dra_current-mirror — C
L L
Settling time dependent on both feedback factor and load

Analyzing open-loop behavior to find capacitive load

» Example:
i iklesc) e
a [ 1/lslc, +¢,)J+1/sC, ¢, +C,+C,
Vin O_|h: PN Open loop output load ( )
out
c L L C,IC, +C
i = T s Cload CL=Cc+Cipq + #;ﬁcp:z

— High-impedance opamps are fine internally on-chip
* Load compensation is simple, but may limit performance

55

Topology comparison

Output Power
Gain Swing Speed |dissipation | Noise
Telescopic Medium | Low Highest |Low Low

Folded-Cascode Medium | Medium | High Medium Medium

Two-stage High Highest |Low Medium Low

Gain-boosted High Medium | Medium | High Medium

56




Fully differential opamps

+ Single-ended similar to fully differential opamp

b

VDD VDD

% Vo J_ J_

CLI P o V. I C,
= S =
|
Power = [Vgp Power = Vpp
Swing = VW,‘ " Swing = 2V ..
Slew Rate = 1/C, Slew Rate = |/C,
(a) (b)

— Double signal swing
— Double area?

57

Single-ended « diff amp

« Small signal comparison

vw
GV Tou G
T o,
= = = 5 ! Vo

AM
Wy
-
i
i
o

AAA
yy
=~

24

de gain: G ,lou de gain: G;""Zro‘_. = Gafou
© g = 1/ (1uCL) ® W_: 1/(reuCp)
01 = Gra/Co 0n = Gra/Co
(a) (b)

— Basically the same small-signal performance

58
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Diff amp advantage

* Noise performance

Common mode systematic noise injected in both half-signals

Cancel when looking at difference
» Cancel fluctuations in supply and biasing
— Major issue in integrated systems
Random noise double! ., .yf Noninear
» Still SNR is OK with double signal'swing
— Only odd order distortion

« Tend to be smaller

2 3 4
Vi = KyVy + KoV + KaVy + KoV + o

Vgt = 2KV, + 2k3v:‘!+2kju? +

2 3 4
Vo = = KV KoV - Kavp + Kgvy oo
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Common-mode feedback
» CMFB circuits

— Defining output common-mode (average) voltage
— Keeping common-mode voltage half-way between rails
— Will add additional power consumption
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« Differential current mirror opamp

— pMOS version also feasible

* nMOS for high-order pole bandwidth limitations and lower thermal
noise

* pMOS for high DC-gain and unit-gain bandwidth and lower flicker o1

noise

Common-mode feedback

» Two approaches:
— Continuous time
— Switched capacitor (SC)

* The purpose of the CMFB circuit is to keep the common-mode
(average) output voltage at a constant level
— Halfway between the power-supply voltages
* The speed of the CMFB circuit should be comparable to the unity-
gain frequency of the differential path
— Avoiding noise on the power rails

P
Common-source Differential-input Common-source
second stage first stage second stage
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» Continuous time, double diff pair

Vout+ —4{

Vemrs

Improved common mode gain

— Positive difference will increase V4,
— Negative difference will decrease V¢,

* Negative feedback through lower current regulator
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Common mode gain

+ Differential input
Vin :V+ A

+  Common mode voltage

V. +V
Vew =— -
2
— Real amplifiers are non-ideal:
Vuut = Avin + ACMVCM
— A should be large while A¢y should be small
— Common mode rejection — CMRR

A
CMRR =201log
[Aeu|
— Power supply rejection ration — PSRR

Vuut—ripple

PSRR =201og

ripple

— Ratio between power ripple and the ripple visible on the output
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Keypoints

Classical opamp: differential input stage + CS 2. stage + optional"
unit-gain buffer

Overall gain equal to product of stage gain
Dominating pole is 2. stage input pole (CS) due to Miller effect

Second pole at output — may be increase by 2. stage
transconductance

Slew rate giving maximum drive capability of output for large signals
and may only be improved by 1) increase 1. stage effective voltage
(9m1) or move second pole upwards

Compensation is done by pole splitting usually by exploring Miller
capacitance

Differential amps have less common mode noise, but require
additional common mode feedback circuit on output stage

Current mirror opamps are good and easy to use.
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