Operational Amplifier (OPAMP)

® Analog ICs include
¢ Operational amplifier
¢ Filters
¢ Analog-to-digital converter (ADC)
¢ Digital-to-analog converter (DAC)
¢ Analog modulator
¢ Phase-locked loop
¢ Power management
¢ Others
® Basic building blocks of analog ICs
¢ Single-stage amplifier
¢ Differential pairs
¢ Current mirrors
¢ MOS switches
¢ Others
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Operational Amplifier (Cont.)

® OPAMP design
¢ CMOS OPAMPs are adequate for VLSI implementation.
» Main stream

» Two-stage and folded-cascode OPAMPs will be
Introduced.

¢ Bipolar OPAMPs
» Can achieve better performance than CMOS OPAMPs.
» Less popular
» 741 OPAMP will be introduced.

¢ BICMOS OPAMPs
» Combine the advantages of bipolar and CMOS devices.
» Less popular
» First published by H. C. Lin in 1960’s.
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CMQOS Operational Amplifier (OPAMP)

® Two-stage

| guess, it is for 70% applications.
® Folded-cascode

| guess, it is for 20% applications.
® Others
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Stability and Compensation of OPAMP

@ Operational amplifier with negative feedback

Vi (s) = BVo(s)

V,(s) = A(s)(Vi(s) — Vi (s))  A; s closed-loop gain
As) = V,(s) _ A(s) for { A is open-loop gain
f Vi(s) 1 + BA (S) \ BA is |00p gain

Open-loop : always stable (no internal feedback)
Closed-loop : stability depends on BA(S)
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Stability and Compensation of OPAMP (Cont.)

® [or stable system, the real part of all poles must be negative.
¢ Gain margin = 20log |BA(jw1g0)]|
¢ Unity-gain frequency wy
¢ Phase Margin = 5BA(jow) + 180°
At least 45° ~ 60° (or larger) margin is preferred.

This will also give a desirable (i.e., small or no ringing)
step response for the closed-loop amplifier.
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CMOS Amplifier with Resistive Load

® Resistor Load V_D_D Ibs
A — _gm(Ro//ro) § Ro I—arge Ro
~ —8mRo
—IpR, $—o Vous
0.¢ v o
SmallR,
L Ve Vs

® For high gain
¢ High IR,
> High IR, means large voltage drop on R,
» Large power supply
¢ High R, reduces speed
¢ Use active loads to overcome the above problems.
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Resistance of Active Load

® Small signal model of NMOS
D r

0 G — o
| Ai Av
S|

® Small signal model of diode-connected NMOS

D Ay <o Av
* <A Al =g Av + —
o e = GmVos | Av 1
S—= FO=E —rds”g_
m
¢ Same analysis method D A
\Y
F _Av 1
cHE lAi o = 7 = Tasll —
S
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CMOS Amplifier with Active Load

® The effect of process variations on quiescent point Vg1

vorminaldesig: (%), = (%), = (2), = (£), = (2), =

Assumption: (%)1 = (%)2 _ (%)3 _ (%)4 _ (%)5 _ 14 10%§Du\e/;?iaptir§rci§ss

-2 Vot IS determined by the actual values of M; ~ Mg

IDS(M3) +
o o . * E— (WIL)s™ = 1.1
(WiL)s = 1.0
M, Ms L Wi)e=11 [—— - (Wib)s =0.9

e® A B b
wias (I Vi (WIL)=E0 e, M,
. —— e m—
o—N O Voyr |WL)s=0.9 =@ "....

5. Ug.H5.

- Vour Vour Vour Vps(M,)
(W/L)s=0.9 (W/L);=1.0 (W/L);=1.1
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Single-Ended Amplifier with Active Load

® N-input common-source amplifier ® P-input common-source amplifier
J ¢ L 4 L
- <
M . Y, M
I—I _l " Ips(My) lbias G) 'No_l i
N
*¢OVour |Mp My _T *—O Vour
TUIN
Ibias VINO_l N My ﬁ _l > M
¢ - >Vps(M °
RE ST Re
UVIN = VIN‘I‘CSin(I)t UVIN = VIN+CSin(l)t
Vour = VOUT + AC sin wt Vour = VOUT + AC sin wt
1% 1%
where A = voil:: — _gmn(rdsp I Tdsn) where A = 121: — _gmp(rdsp I rdsn)

—> Quiescent point V7 IS hard to be determined with active load
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Single-Ended Amplifier with Diode-Connected Load

® Input and load transistor types
¢ Different type ¢ Same type

||: Mp |L Mo
——0

VouT e—0 Vout
VIN O—IE My VIN O—IE M1
vy = Viy + Csin wt vy = Viy + Csinwt
Vour = VOUT + AC sin wt Vour = VOUT + AC sin wt
1% t 1 vou 1
A= ;u —Imn <rdsp Il Tasn | g ) A= vint = ~9mn1 (Tdsnl I asnz |l mnz)
in mp
— Imn1 (W/L)
= gzz (gain with small /”p variation) == e, (Bccurate gain)
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CMOS Amplifier with Active Load

® \Vith external bias

o
hat ||
Ms S|
Vo 0 v,V — Load line
+ r
iy (Large r,)
M, -~ _
VDS(Ml’ MB)

® \Why not?
- Quiescent point of V_,* & V_ can’t be determined due to process variations
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CMOS Amplifier with Active Load (Cont.)

® Self-biased active load: quiescent V, less sensitive to M; ~ M, variations

® Performs differential gain andldifferential to single-ended
&mM1, 8m,M2, 8m,M3> 8m M4 >> e » Tout = T'ds2 | Fds4

ds
® Differential gain Ay, (viy = —vi, = %vm)
Adm = 8m1(Tas2 Il Tqs4) at node B = Agp ¢ Model of Adm/Acm
Node A: Adma = _lgml L
21 8m3 < 4 VDD
Node B: Ade =~ (_Egmz - AdmA ’ gm4) ) (rdsz I r'ds4) > |M3 M4| <
® Common-mode gain Acm (Vi1 = Viz = V1) gi I Faeq Il Fges ! I I
1v, (1 e ’ %‘ f_ Vo = VA
vp = ( I rgsr | rd53> v JO R
21450 \8m3 V1 M @ M. V1
Acm zl 1 ( 1 I Faeq I rds3> ~ ; Vi1 Vl.\ler1 Vi2
2 I'qso \8m3 2gm3rdso | \l/ \lz ?SO
. . . — ds
® CMRR(Common-Mode Rejection Ratio) = ’ i -
A Vbias_l
dm
CMRR = A ~ 28m1 (rdsz | r'ds4)gm3rdso = GND
cm
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Constant Transconductance Bias Circuit

® Biasing circuits that provide stable transconductances
¢ Transistor transconductances are matched

to the conductance of a resistor. Yop
To a first-order effect, the transistor ?
_ 75 Qo Qui 1] 95
transconductances are independent of I —
process as well as power-supply voltage L b
and temperature variations (PVT variations). 25 L Qs lelj 25
@
¢ Q.. (Q,,) causes voltage drop between a and ¢ _L !’ Ll
(b and d) to minimize channel length modulation ¢ de.-... :
L . bi 100 |Q15 ‘ Q13| j 254+
¢ Q,, is diode-connected to provide a bias | |
voltage to Q,, =
¢ Example Rs - |
I — | — = | — = | — =| — |\ J
L 10 L 11 L 12 L 13 L 14 M

| | Bias loop Current
Unity current mirror mirror
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Constant Transconductance Bias Circuit (Cont.)

" Voviz = Vovis + Ip1sRp bottom current mirror (widlar)

2 Ipio =Ipisie Ipiz3 =1Ipis  top current mirror (linear)

25
~ 8m13 = Voors ] ]
& Simple derivation o1 = |(W/L)1s
(W/L)4s
. Voviz — Vovis 1 _ L i
> 8miz = 2 R V.. < R
B ovl3 B

¢ (.13 IS determined by geometric ratios only, independent of process
parameters, temperature (PVT), or any other parameters with large

variability.
¢ At point A, loop gain Ip1ot Ip1o = Ip11
_ (W/L)n % (W/L)ls (ID15)| B Voviz = Vovis + Ip1sRg

(W/L)y  (W/L)y, Start up is needed at point A

A *Ip11(Ip13)
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Constant Transconductance Bias Circuit (Cont.)

& For a special case, (%)15 = 4(‘/—Lv)13 2 O3 "R

¢ Thus, not only is g,,,5 Stabilized, but all other transistors
transconductances are also stabilized since the ratios of transistor
currents are mainly dependent on geometry.

¢ For all n-channel transistors

3 J (W/L);Ip;
8mi =

X
(W/D)3lpgs ™2
¢ For all p-channel transistors

— Ip10 = Ip1s

> _ @(W/L)mx
—  8mi10 = Jzupcox(W/L)1olD1o sm10 Wn (W/L)q3 &m13

— 8mi13 — \/ZHnCox(W/L)13ID13

L Mp(W/L)l IDi
Similarly, 9, = ™
g \/“n (W/L) 151013 -

(Larger variation due to extra ,/ p,/p, variation)
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Constant Transconductance Bias Circuit (Cont.)

® P-type constant transconductance bias circuit with start-up circuit
¢ Approximate current characteristics of the bias Iovop.
.- . DD

¢ Positive feedback bias loop:

L
» Two stable points, A and B. % Re Qig | |
. : 2/20
> At point A, loop gain 1 Qi Qi i
(W/L)11 _, (W/L)45 — I I - ‘_l
~ X =4 100/1 ‘ 25/1 :
(W/L)1o ~ (W/L)13 A ] J O
a ]
— |, Qi Qp —_
Ip10t Voviz = Vovis + Ip1sRg > e I Q16
\ B 21 121 o
—— Ip1o = Ip1a t IQ10 Q11| :I
. . ——
Start up is needed at point A 25/1 |l Ils] 2571 | g lf»]10/1
A *Ip11(Ip13) —e —¢— .
¢ For all n-channel transistors =
o \ J \ J \ J
> 0., has larger variation due to S M
extra anriation Bias loop Startup Current
Hn/Hp mirror
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Constant Transconductance Bias Circuit (Cont.)

® Start-up circuit
¢ Operational principle of start-up circuit
> All currents in the bias loop are zero, Q.- will be off.
> Q.4 IS always on, the gates of Q. will be pulled high.

> Q6 WiIll Inject currents into the bias loop, which will start up the
circuit.

> Once the loop starts up, Q,; will be on, pulling the gate of Q4
low, and thereby turning it off so it no longer affects the bias loop.

» This circuit is only one example of a start-up loop, and there are
many other variations.

> For example, sometimes Qg, is replaced by an actual resistor.
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Widlar Current Sources

® [or large current mirror ratio .

. |
® Bipolar Irer 'l Iy
Irer = 0.73mA4, R, = 5kQ '

VBe1 — VB2 = Ic2Ra

IREF
= VprIn—— = [~,R
T 11 Iy czha Q1 Q2
= Trial and error to determine I,
> Ic, = 190A Ra
—
® MOSFET T

Vovi = Vovz + Ip2 X Rg

I
I I 2
Assume Iy = K- V&, = /% = /%+ (VIpz) XRg 'REF :l 55

Ji [ g |
Ipy = R, >0 M1 & M2
1 + 2Rg+/KIRggr — \/1 + 4Rp+/KIRgr RB
=2 = 2K(Rp)? T
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Wide-Swing Constant Transconductance Bias Circuit

® \Wide-swing current mirrors + constant g,,, bias circuit

° Vbias-p
20/1 20/1
L ol 4_1 Q; Ql]l J 5/1.6 ? Vcasc-p
8 | 20/1l 14
20/1.6 2/20} Small W/L
Q_> L M20L6>| Qe > o 0 Q
: Qi 20/16 _|:| 18
® o— M M 10/1 = /
10/1.6 _ | Lo
10 1.6\4QT_{ 10/1.6 ?@I ——
Qi— I_, | ? > Qd = — Q6
40/1 | 1041 101 o |
Q I_._| l: 5 12 10/1 | 17
< 25/1.6 ™ I il
RB 5k0) = = = Vcasc-n -
- ¢ ° Vbias-n
— \ J \ J
.Y Y \
Bias loop Cascode bias Start-up circuitry
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Wide-Swing Constant Transconductance Bias Circuit (Cont.)

¢ Wide-swing :
> Minimize V¢ of bias transistors to V,

¢ Constantg,,: 9,,= 1/Rg

¢ Minimization of finite output impedance effect :
» Use cascode bias

¢ Start-up

» Approximate current characteristics of the bias loop
(W/L), , (W/L), _

At point A, loop gain =
i P AN = Wi, T wi,

(Ipsc,))Ipscgai Ipsa,) = Ips(qg)
V0V3 — V0V2 + IDZRB
A > Ips(q,) (Ips(q,))
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Uncompensated Two-Stage CMOS OPAMP

_ AO VDD
A = o) T s o)

Mg
Ao :gm1R01gm6R02 b
=

g1 = J 2115 Cox (W/La, I

8me = \/ZUnCOX(W/L)M616 DI My [ 1 M,
ref |\/|3 |\/|4 _I . | M +
R = Faa/Mass a I L c —€I co v
> - -1 LT~ Vo
Ro, = rdsG/ / Fas7 | | _
. .
Q)F,lz—l,/ROlC1 — GND
Oo— * O

0p, =—1/R,Cp 4 +
Vid (V)g leid Ro1 Va_— Cl \ gm6VA Roz —_ C,_ Vo

O ¢ ® & >

® P, & P, are dominant poles since R,; and R, are normally large.
The effects of other poles are usually negligible.
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Uncompensated Two-Stage CMOS OPAMP (Cont.)

® For low frequency, A(jw) = A(0) = A,
For high frequency, A(jw) = — gnzllgm
w C1CL
Hence, for high frequency, the amplifier inverts the input
voltage. If feedback is used, then positive feedback occurs.

® Two dominant poles
¢ Phase margin is not large enough
¢ Use pole-splitting technigue to solve this problem
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Offset Voltage of Two-Stage CMOS OPAMPs
® Input voltage needs to restore the output to zero (ideal DC level)

® Two components Vs (DC#0, AG=0)
¢ Systematic offset |:I'V' TV
¢ Random offset Vpias o—}E—2 P
. . . I
® To avoid systematic offset, ™ g,
L o[EML Mg fo, L

design must follow the rule

(DC0. AC=0) (DC0, AC=Oi (DC£0. AC=0)

1/2} s

v 1w,

®
L 5C GND (DC-0, AC-0)

1172

W/Lms _ (W/L)ma _ 1 (W/L)me
(W/L)ms ~ (W/L)ms 2 (W/L)my Ms

® To minimize random offset
¢ L=L,, W=W,, L,=L,, W,=W,, Ly=L, and L,=L, to minimize
the offsets of channel length and channel width mismatch
¢ Large L and W such that AL/L and AW/W can be ignored
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Input Common-Mode Range and Output

Swing of Two-Stage CMOS OPAMP

® Input common-mode range, V.
¢ Minimum Vicm

» Keep M; and M, in saturation = Vg, , < [V

> Hence, Vicy = Vi, + Vovs — |Vip| » Where V,, is overdrive voltage

¢ Maximum Vg,

> Keep M in saturation, Vi > Vs

> Hence, Vicm < Vpp — [Vovs| — [Vep| — Vo |

> Vovs + Ven — |[Vip| < Viem < Vop — |[Vip| — IVova | — IVovs|

V...
Cblasla I\/I5

® Output swing, Vg
¢ Keep My and M, in saturation

Vove < Vo < Vpp — [Voy~l

V0v7 VD P

\V

oVv6 GND

Prof. Tai-Haur Kuo, EE, NCKU, Tainan City, Taiwan
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Miller Effect

® Resistor ® Capacitor
V Vv V 00—
R [ =— - C = CV
EAEE I° o
® Miller effect on resistor ® Miller effect on capacitor
+ AV - + AV -
) F%
‘ MW\ ‘ I
oA AV oA AV
le o CI: OF
AV _+AV Q=C-AV=C(1+A)V
R R
Refr = . Cors = (1 4+ A)C
eff — 1+ A eff —
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Pole and Zero

® LHP pole ® |LHP zero ® RHP zero
1
( ) 1 + S/(*)pl (S) S/wzl (S) S/(*)zz
A A A
e—1—> - > -
wpl wzl wZZ
Gain Gain Gain
\zodB/dec ﬁOdB/dec J/J,ZOdB/dec
wpl Wz1 W22
Phase Phase Phase
AN AN AN
0° : +90° : 0° ,
-90° X 0° f —90° X
wpl le wZZ

LHP: Left-hand plane, RHP: Right-hand plane
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Pole-Splitting of Two-Stage CMOS OPAMP

® Reduce wp,; and increase wp, A(s) = (1+$((1)(1;(81/fsz/)w )
- — v P1 P2
M? s M E " Ay =0mR0ImsRo
A | Bmt = [21tpCox(W/Lw, I

My —e ‘ - M,
- r_—' o [N Eme = JZuncox<W/L)M6l6

ROl — rd52 // rds4
Roz — rdsB//rds7

C
"ve [
M M l IZ: - ~ Ime
3 i CL W, = If 9,.sRo, >>1
;-I 5 © Vo Cc N g
ml

. M6 0) = ~
J ¢ I ¢ T - " (1+gm6R02)CCR01 AOCC

= GND
C,=C.y, +Cy, +Cyys +Cyps +C, If C. &C_ >>C,;
1 gd2 db2 gd4 db4 gs6 —gmGCC i—gmﬁ

CL =Cus +Cu7 + Cya7 + Cioag

. C Wpp =
C. includes C c C.C+CC.+C.C, C,
— — s
+ + +
Vid gmlvid R01 VA:: Cl gmGVA Roz — CL Vo

O ¢ ¢ O
—> Right plane zero causes slower gain drop but quick phase drop
:%Kilﬁ %., Electronics(3), 2025
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Pole-Splitting of Two-Stage CMOS OPAMP (Cont.)

Wpy _ 1 g

2n  2n C,

® To achieve an uniform -20dB/dec gain rolloff down to 0dB,
the following two conditions must be satisfied

8m1 8me
1. fi<fp= . <G, 20l0g/A| (dB)

20log|A,|
2. ft < fz = 8m1 < 8me6

® Unity-gain frequency f, (orf,)=|A/|

® At unity-gain frequency f, (or f)

Protal = tan~* () + tan ™" ()+ tan ™" (1)
where tan™? (flf)_tl) = 90°

Phase margin = 180° — ® 4]
=90° — tan ! ( fe ) —tan~! (&)

fp2 fz
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Right-Plane Zero

® Causes slower gain drop but quicker phase drop
Usually moved away if phase margin is not large enough

ey !

~90° | = = p—\

~180° == -1— - > o
P, Z P
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Right-Plane Zero (Cont.)

® The zero is due to the existence of two path through
which the signal can propagate from node A to node B

1. through C,
2. through the controlled source g, sV

® To eliminate zero w,

1. Method-1 2. Method-2
C. unity gain buffer

¢ 4

SN - a»

Ce.
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Elimination of Right-Plane Zero

® Method-1: Use unity-gain buffer = Zero moves to infinity

. Llﬂitygain buffer I I—o
o

Zero moves to infinity

— 3¢ o > ®
Wp2 Wpq Wz

Ao where wp; = — Sm1 Wpy = —Sms
1+ )1+ ) ETAC T G
P1 P2

A(s) =
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Elimination of Right-Plane Zero (Cont.)

® Method-2: Using R instead of buffer
1
¢ Elimination of zero - Let Rz =—

meoé

& Pole-zero cancellation 2 Let wz = wp,

8m1
wp1 = — C R
AOCC C Z
Don & 8mé » »
P2 ~ 7 T~ - -
CL
1 1 1 1
wpz ® —— (= + -+ o) Zero moves toward
Z C 1 L .
the left plane as R, increase
1
W= o e
[RZ_(gm6)]CC P3 Wp2 P1 Z
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Pole Separation vs. Phase Margin and Speed

® W= sz = BAyw,

® Step response (with fixed w,)

¢ N=2
» Phase margin = 63°
> Fast
¢ N=3
» Phase margin = 71°
& NnN=4
» Phase margin = 76°
» Critically damped

A

} Forn=2
>

BA

IM:4
>
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Introduction of Slew Rate (SR)

® Definition: Maximum change rate of voltage

Input Output

plhe Input
et — Ideal

__________ E> System E> _T—— _ _ _ ---- Finte SR

(e.g. unity-gain buffer) Slope=SR
Sine (

® SR depends on system driving currents and capacitive loads
® SR should be considered at all nodes in circuit, for example:

dv | . 1 (¢
SR==2° =2 i=123.. Vi=—| Ladt
dt | .., il 1Jo
] v ) Vv j Y,
Vi ——— Sub _.1—P Sub .2 > Sub —.3— €00 0 el VO
systeml system?2 system3
|1l o |zl:: o b,l:: Cs
System = = =
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SR Effect on Sinusoidal Response

® \/oltage change rate without SR limitation

|
<>

AN

0

= oV,c0s0 = wV,

V.

1
max

A dv N
=V, =Vsihot = dto = oV,cosot =

® Full-power bandwidth (f,,)

SR V, max- fated opamp output voltage
wy - maximum input frequency without distortion

SR =0V, w =y

- 2TV, e
® SR effect on sine waves
¢ Small amplitude, low freq. ¢ Large amplitude, low freq.
\/ V, without SR limitation V r} Vo without SR limitation
G V, with SR limitation

t

¢ Small amplitude, high freq.
v Vo without SR limitation SR limitation depends on

\/ﬁgﬁv» t amplitude and frequency
V,with SR limitation

;?lz;:ﬂ{x %., Electronics(3), 2025
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SR Effect on Step Response of a One-Pole System

® Step response of a one-pole system
¢ Ideal response: Exponential output Vg jgeq(t)

Vouea ) =V (1_ e%) ~ %(Vo,meal (t))= % %

¢ Without large enough system SR — Slewing happens

When SR < %(VOJGIeal () = E(VC,R%II (t))=SR (As 0~t, in the waveform below)

dt

® Example: RC filter with current-limited voltage source

ST

= Current-limited —
voltage source

Slope=SR

{

vi(t): Input
==== Voreal(t): Finite SR

: » t
" —
SR + Exponential

O Limited t1 Response

Y DN
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SR Analysis of Two-Stage OPAMP

® \/_ rising process Voo —e . "
¢ Large positive input at V,, Ma M, ENG
¢ M, turned off IrefCD v, |\|/|52 oV
¢ |5 flows through C, Ve __[5‘”“ '7H
¢ Driving capability of I, is usually large TCu
> SRgnotIﬁmitegi/ by IZ Y M8‘HI_1_1_|E M —|M7
& SR=I./C, ‘1GND —
® V_ falling process Voo =1 J]
& Large positive input at V. @ Msf R [RMe
¢ M, turned off et y ll/ll':_h-, M, G R'Clw Ve
o | flow through C, L LT |
> |, large enough: SR=1:/ C, | ] Mo T
> |, not large enough: SR=1,/ (C_+C)) MJEI Ej_MS l ] |

® SR when |, is large enough = GND

WMll_S ® zh: SR:dVo(t)
L,, 2 = Cg dt

gml = \/ZMHCOX

C. t\/ . C. W, Vesi—Vi) o

max
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Example - Negative Feedback Amplifier

® Slew rate IS
¢ Assume the output driving 1 Voo
current is large enough Msﬂ—(E M, 15, Ce
]
SR ‘dvout ¢l — I5 > _Iéll V
dt | | C. dt| C. ¢ A>2 out
( V.. R + -\ /
wt=@:>CC _ Bm1 A _|EM1 Mzﬂ g LY
CC Wt O_I_I_ A - = vV CL !
For < W I _l_ | Veu L
gm1 = |2MnCox <_> By 5
L/m1 2
\ L |l
[sw |
— GR = 3%t _ . SW R
Sm1 P-nCOX (T)Ml Wv
. Vi, R ‘
® Slew rate can be increased by > - Vout
O
- . . . I | + —\_/—
¢ Increasing the unity-gain bandwidth Yg CLI
¢ Increasing bias current of input stage Vew =

¢ Decreasing the W/L ratio of the input transistors
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Power-Supply Rejection Ratio (PSRR)
® Mixed-signal circuits combine analog and digital circuits
= Switching activity in digital portion results in supply ripple

¢ Add large capacitors between supply rails and ground
—> not practical in IC design

¢ High-PSRR analog CII’CUItS
A

PSRR* = —i A+ = V_O ™ Voo
® Definition : A" where: o Vs My,
PSRR™ = -2 A= =2 - |E
\ A~ L Vend I_l
M,
¢ For a two- Stage Oop amp - E| |H|_+
> _ _To7
Vo gnd X Iog + oo l1d & J¢
M Y T
= A" = Vo = o7 MSE_‘]E J‘ L| ZJ'
- Vgnd Iog T To7 ﬁ
__ Ad - GND
= PSRR™= F - gml(roz | I'o4)gm6ro6

> It's insensitive to V= PSRR* is high [Ref.]

[Ref.] P. R. Gray, P. J. Hurst, A. H. Lewis, and R. G. Meyer, Analysis and Design of
Analog Integrated Circuits, 5 ed., New York: John Wiley & Sons, 2009. pp. 430-432
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Design Trade-offs

® To increase the differential gain, CMRR, and PSRR for a two-stage op amp
¢ Enlarge the length L for the channel of each MOSFET
¢ Lower the [V, at WhICh e]?ch MOSFET is operated

1
Aq = rqe X VI+— = oc—where}\oc roughl
=~ ¢c — ¢

® The transition frequency of the MOSFETSs can be increased by using a
shorter channel and/or a larger |V,/|

1 W . . Ay
g 7. 5 uCox — . VoV/VOV 1.5 1+ [Voyl Tk carrler-moblllty
fi = m(C C = 2 ; where < Vgy: overdrive voltage
T(Cgs + Cga) Zn(—WLCOX) T L: channel length

21 2
E, Cgs = §WLCOX and Cgs >> ng

® In conclusion, it's a trade-off between low-frequency performance
parameters and high-frequency ones

—> For analog circuits in submicron process operated at 1V~1.5V supplies,
0.1V~0.3V of |V, Is typically used, and the typical channel lengths are
usually at least 1.5~2 times the L.,

8m =
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Cascade and Cascode CMOS OPAMPs

® Cascade two-stage CMOS OPAMP
¢ Most popular and works well with low capacitive load
¢ Problems
» Limited slew rate due to large C.
» Limited bandwidth with large C,

® |f 1. low output resistance is not required,
2. high open-loop gain is required, and
3. large phase margin can be maintained with large C,,
then cascode configuration can provide attractive solutions
for the above problems.

® Cascode CMOS OPAMP
¢ Gain of two-stage OPAMP can be increased by adding
gain stage in cascade.
— phase shift is increased (i.e. PM{)
¢ Cascode configurations can be used to increase gain in
the existing stage.
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Cascode CMOS OPAMP

VDD
® Output resistance(Ro0) is increased Q;L — oY
u
RO4 ~ (gm4rds4)rd52 E -
Ry = Igee )T Q —i|_Qs
R06= R(gmlT I256) ds8 51— £ Rog
0 04_ 06 B ,_FRM
® \/oltage gain A = —g,1Ro Qs J—1—1|. Q4
= Galin Is increased. Vm+—||:Q1 Vbias o :||‘ v
® Common-mode range is lowered and
more transistors are stacked between C‘b |

the two power supplies. =
— Folded-cascode has larger common-mode range

® Cascode and folded-cascode OPAMPs are also named as
“transconductance OPAMP” or

“operational transconductance amplifier (OTA)”
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Folded-Cascode CMOS OPAMP
® Q,~ Q, are folded and connected to GND

Cascode transistors
I B C&) | B

V|n+“| _,Ql Q> - I" Vin- —o V,
P —
7 ® c,
Input differential
pair N
Cascode current
mirror
® &
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Folded-Cascode CMOS OPAMP (Cont.)

® Q; Q4 Qg ~ Qyy form externally-biased current sources
Q: ~ Qg form self-biased current sources

—o VDD
VBias2
Qo "™ Quo
| o VB|§51
371 | Q4
Vin+_||:Q1 Q> :.II_ Vin- :II II:-::ZM. oV,
! Qs | II-:QG
VBias3 —II: Qi1 =—C.
l I Q7 | II-:Qs

GND

Prof. Tai-Haur Kuo, EE, NCKU, Tainan City, Taiwan 12-44 §% % %, Electronics(3), 2025



Folded-Cascode CMOS OPAMP

® |[nput common-mode range

Common-mode range is increased (compared with cascode
OPAMPSs). However, it iIs small compared with 2-stage OPAMPs

Vovii + Vovi + Vin < Viem < Vop — [Vovel + Vi

® Output voltage swing

Vovz + Vovs + Vin < Vo < Vbp — [Voviol — [Voval

In+

o—o0 * +—o V,
® \/oltage gain *
Vi d o 0= C.
A= GmRO == gmlRO _d <T> Gl gR ¢
o——-0O
Ro = Ros Il Rpg Vi I )

= |gmaldss(Tasz2 | Tas10)] I [8merdssldss]
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Folded-Cascode CMOS OPAMP

gain
A

® Frequency response K
¢ Bode plot smaller C,
1
Y~ R.C,
g » frequency
W, = le larger C, nondominant poles
L

¢ The only high-impedance point is the output node.
— Dominant pole is generated at the output node
¢ The resistance of all other nodes at level of 1/gm
= Nondominant poles occur at all other nodes.
The 2nd pole is usually at the source of M; and M,.
¢ Nondominant poles are usually at frequenmes beyond 0}
= If C, Is increased, then phase margin is increased.
= If C IS not large enough It can be augmented.
¢ No frequency compensation is required
= wide bandwidth

® |fIs= |, slewrate SR = I/C;, = w{Voy; (* gm1 = VI

f — 8m1
t ZTECL)
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Folded-Cascode CMOS OPAMP(Cont.)

Folded-cascode OPAMPSs have high open-loop output resistance
It has been given the name operational transconductance
amplifier (OTA)

Its high output resistance (in the order of g, r,?) is far from that for
an ideal OPAMP (which has zero output resistance)

To alleviate this concern somewhat, let us find the closed-loop
output resistance R of a unity-gain follower (8 = 1) formed by

connecting the output terminal baclk to the negative input terminal
R R R

Ry=r—"—=—-= O:>Rosz—
1+AB 1+A A > n >-4—_Rof

A general result applying to any OTA with 100% voltage feedback.

For folded-cascode OPAMPs, G =0, = R, = 1

gml
J, IS In the order of ImA/V, and R; will be of the order 1kQ

Although this is not very small, it's reasonable in view of the
simplicity of the OPAMP circuit as well as the fact that this type of

OPAMP (OTA) is not usually intended to drive low-valued
resistive load.

Prof. Tai-Haur Kuo, EE, NCKU, Tainan City, Taiwan 12-47 §% % %, Electronics(3), 2025



Wide-Swing Current Mirror

® |ncreased output voltage range

® Vouin = Vouit Vovst Vi, ® Vouin = Vourt Vous
Vb Vbp
—— ——

o o

VitVov
Q3 Q4 j: I, Qs
Veias=Vi+2Vov
Vi+Vov Vov Vov
Q1 Q2 :Il"vt+vOV II Q1
RPN L GND
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Wide-Swing Current Mirror (Cont.)

® Design example |
avarying signal | <. Ibias lin Vo l lo
in — "bias '
2 0 I
Vov2 :Vovs :\/ = =Vov W/L Q4 "~
HnCox (W/L) (n+1y |J W/L _QW/L
nCox W |-> L\ 2
(- D2:H 5 Tveffz) Qs

Since (V%l =(V%l =(n +1)2(V%l - ”Z(V%jl i nz(v%l

Vov, =Voy, =NV, for the target I, =l

VG5 = VG4 = VGl =(N+1)V,, +V,

VDs2 = VDs3 = VG5 - Vc;s1 = VG5 —(NVoy + Vi) =Voy
=V, >V, + Vo, =(N+1)V,,

¢ A common choice, n=1, V_, >2V,,
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Folded-Cascode with Wide-Swing Current Mirror

—o VDD
VBias2
Qo :“ ! I Q1o
| o :I VB|§51 I:
37| " Qa4
Vin+_||:Q1 QZ :.II_ Vi | VBIAS4I 012:2040 oV,
. T 3 II: 06
Qs <l Qs
VBias3 —||: Q11 =CL
l I Q7 :“ ° Il:Qs
' T eno
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Folded-Cascode with Rail-to-Rail Input Operation

® Increased input common-mode range, rail-to-rail or even larger
® \/oltage gain, if 9,,,=0,,5=G,,
¢ A=(9,,19,3)R,= 2GR, for middle V.,

m 0

¢ A=g9g.,R, forhighV,,,
¢ A=g. 3R, forlow V.,

— * Vop ~—
le () V—IE
| b et ¥
Vins ‘||:Q1 Q2 :II‘ Vin- T, ;\B;Ailgl ,l .
' | 0 ! Vin-—||:Q4 Qs _|F Vin
Q7 :“_I_”;Qs | %I
YR g SO, S
|B¢ VA

| 6
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BICMOS Folded-Cascode OPAMP
e Configuration y T

A Qs > ) Q.
Vi : 1y
—— — Q5
\1,2| Qac > ) Quc
N o $———o—oV,
Q 1N Ql Qz il O —_— CL
QchTngc 1
Vbiasz $ )
®
l, ‘1'|
B
VbiasS

® \When it is necessary to drive a resistive load, a low
resistance output buffer is needed
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BICMOS Folded-Cascode OPAMP (Cont.)

® The largest nondominant pole is usually generated at the
emitter nodes of Q.. and Q,.

1 _ 8m1cC _ 1

,where R, = R r r ~ R, =
RicCor ~ Cps 1C elc ll Toq1e) Il To(Q1) ele =5

¢ The transconductance of BJT can be much larger than
that of CMOS

= o, can be increased

= m, can be increased while enough phase
margin is maintained

= Wider bandwidth than that of CMOS folded-
cascode OPAMP
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Fully Differential CMOS Switched-Capacitor Circuit

® Power supply rejection is high

® Larger chip area compared with single-ended output

® Output swing is doubled
¢ Dynamic range (DR) is 6dB greater than single-ended OPAMPs

® The effect of clock feedthrough noise is minimized by the differential
configuration since it will appear as a common-mode signal.

V)" e—e T

( /—"—\> v
V (0]
{%\_.._/ ) E Vo

V+o—o
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Fully Differential OPAMPs

® Fully differential signal paths
¢ Differential input and differential output
¢ Used in most modern high-performance analog ICs

® Help reject noise from the substrate as well as from switches turning off in
switched-capacitor applications.
¢ ldeally, noise affects both signal paths identically and will then be rejected
since only the difference between signals is important.

¢ In reality, this rejection only partially occurs since the mechanisms introducing
the noise are usually nonlinear with respect to voltage levels. For example,
substrate noise will usually feed in through junction capacitances, which are
nonlinear with voltage.

¢ Certainly, the noise rejection of a fully differential design will be much better
than that for a single-ended output design. (>20dB can be expected)

® Common-mode feedback (CMFB) circuit must be added to establish the common-
mode (i.e. average) output voltage.

® Reduced slew rate in one direction (compared to single-ended design)

¢ Maximum current for slewing is often limited by fixed-bias currents in the
output stages.
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Fully Differential Folded-Cascode OPAMP

® Cascode current source Voo oVou'
(Rather than self-biased current mirror)

Vv 2R 2R
—— B1 ——
> < Vem
e, (o3
tay v t—— Y | s
1 !y ] I 1 | e
= | | = M5 | | MG cntrl
¢ M oV, "
+°-I.>__ A V * T } :’Vout
Vi, - — B3
f = [l T a o,
< ) .
?Ibias =3 — CITCUIl f—o(Vg, for SC CMFB)
M
= M7<-= <_I—g%vcntrl
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Fully Differential Folded-Cascode OPAMP (Cont.)

® CMFB circuit forces the average of the two outputs to a predetermined

value
® Maximum negative slew rate is limited by Iy, and Ig
® Dominant pole : output node
2nd pole : node at M, (or M,) drain
¢ n-channel input and p-channel for Mg and Mg
» High transconductance
» High gain
¢ p-channel input and n-channel for Mg and Mg
» Maximize 2nd pole frequency
» Unity-gain bandwidth can be maximized.
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Common-Mode Feedback (CMFB) Circuits

® [orce output common-mode voltage to a predetermined value
® CMPFB is often the most difficult part of the OPAMP to design.
® Two typical approaches
¢ Continuous-time
» Limited signal swing
¢ Switched-capacitor
» Used in switched-capacitor circuits
» Signal swings are not limited
» Becomes a source of noise
» Increases load capacitance

® By having as few nodes in the common-mode loop as is possible,
compensation is simplified without having to severely limit the speed of
the CMFB circuit. For this reason, the CMFB circuit is usually used to
control current sources in the output stage of the OPAMP.
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CMFB Circults

® A continuous-time CMFB circuit

e [1gr2+al /2l @ L

M, M, M, M,
Vout+°—| _l et : I : = _.>!I—°Vout-
Vcnﬁl ° | lL I_I
B M

lo/2-Al | =

| 1e72+Al

¢ The circuit can not operate correctly if the OPAMP output voltage Is
so large that transistors in the differential pairs turn off.

¢ When common-mode voltage is zero

| I
I, =—=+Al, I,.==L2-Al, Iy =1
D2 2 D3 2 D5 B
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CMEB Circuits (Cont.)

® Operational principle of CMFB circuits
¢ For example, when a positive common-mode signal is present
- l,,, and |,,; increase - |,,c increase -V, increase

¢ V., sets the current levels in the n-channel current sources at the
output of the OPAMP, thus, bringing the common-mode voltage
back to V¢,

¢ If the common-mode loop gain is large enough, and the differential
signals are not so large as to cause transistors in the differential
pairs to turn off, the common-mode output voltage will be kept very
close to V.
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CMEB Circuits (Cont.)

® A switched-capacitor circuit

" 0 Vout" Vout 0 "
2 2
o 1" ® o—I i—o/o—o-u 1‘, T
\4 \Y4
Vem GCs== Cc=—= Cc= Co—= Vewm CV) \
b ® " o0—e ® ¢2 o—o-oq)1 T_ J
Vcntrl i

¢ Using larger capacitance values overloads the OPAMP

¢ Reducing the capacitors too much caused common-mode offset
voltages due to charge injection of the switches.

v +VOUt _Vntrl z\/CM -V

out
2 c bias
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Common-Mode Voltage of OPAMP

® Take inverting amplifier (with ac gain=1) for example

Single-ended amplifier Fully-differential amplifier
R R
MV
y R
P \Y VO(CM) VI(CM) VO(CM)
VCM 0O 0O I
R
Set by previous stage MN

i o Set by previous stage R Set by CMFB
® Single-ended amplifier

¢ Input common-mode voltage at V~ = V¢ (Virtually shorted to V)
¢ Output common-mode voltage at Vo cpmy = Vem — (Vicemy — Vem)

® Fully-differential amplifier
¢ Input common-mode voltage at V' =V~ = %(VI(CM) + Voccm))
+ Output common-mode voltage at Vo cmy 2 Set by CMFB
With Visoves) @nd large Viggm - With Vgemesy @nd small Vg Without Vg cyes) @nd Vg

Vip Vbp Vis 7S S Vbp Vbp
vl = =~ Vi i
I Ve i Ve V-0 Ve
GND GND GND
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Appendix

® 741 OPAMP
® Modern techniques for the BJT OPAMP
< Rail-to-rail input common-mode OPAMP
¢ Bias design
< Input stage design
¢ Common-mode feedback (CMF)
¢ Output stage with near rail-to-rail output swing
® Full version of the output stage
< Buffer/driver stage
¢ Output-stage current sensing
¢ Feedback for the current of inactive transistor
¢ Minimum current in the inactive output transistor
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/41 OPAMP

® Uses a large number of transistors but relatively few

resistors and only one capacitor
¢ R and C occupy large silicon area .
¢ C need more fabrication steps

¢ High-quality R&C are not easy to fabricate.

® Circuit Diagram in the next page.
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741 OPAMP (Cont.)
V =15V
2

12 )
FARNY. 3 AR Rt
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® Bias circuit

Basic Parts of 741 OPAMP

¢ | .is generated by Q,;,Q,,,Q,7,R;,Q45.Qq.Q13
# Double-collector PNP Q,,

J
)

AB

VCC

e

B

A

& Current mirror

N

—{Q,

Iy

_I:Qy » AE(QX)

where A Is emitter area
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Basic Parts of 741 OPAMP(Cont.)

® Short-circuit protection circuitry

14 R69R79Q15’(?21’Q249QZZ
® /41 OPAMP consists of 3 stages
< Input differential stage
¢ Single-ended high-gain stage
¢ Output-buffering stage
® |nput stage
¢ Q,~Q; R;~R;
¢ Biased by Q4~Q,, to provide high input impedance.
¢ Q,&Q, are lateral PNP (low )
Higher emitter-base junction breakdown than NPNs

> Protect input transistors Q,&Q, when they are
accidentally shorted to supply voltages.
¢ Q.~Q-, R;~R; provide high-resistance load and
single-ended output.
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Basic Parts of 741 OPAMP(Cont.)

® Second stage

¢ Q16’Q17’Q13B’R8’R9
¢ Q.. acts as an emitter follower, thus giving

» High input resistance

> Low base current if Ry Is large, hence low loading of
the first stage.

¢ Q. common emitter configuration
¢ Q.. active load

& C_: Miller capacitor for pole-splitting compensation
30pF area occupied is about 13 times that of a
standard NPN transistor.

® Output stage
¢ Provide low output resistance
¢ Class AB
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DC Analysis of 741 OPAMP

® Device parameters
¢ Standard transistors
NPN: I = 10%A, B =200, V, = 125V
PNP: I =1014A, B = 50, V, = 50V
+ Nonstandard transistors Q,5,Q,4,Q,,
1. Q5= Q13A+ Q135
Qzni s, =0.25 x 1014 A
Qi lsg=0.75x 1014 A
2.Q14& Qy
=3 x10*A
® Reference bias current
Vcc _VE812 BE11 ( VEE)

| ~
REF R,
® ForV . =-V,_=15V
Vaerg = Ve, = 0.7V
1. ~0.73mA
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Input Stage Bias

® \Vidlar current sources
< Bipolar

VBEll _VBE10 — Ic:10R4

|
REF __

_ C10 :
= Trial and error to determine |,
= 1, =19uA

¢ MOSFET

1
Vovit =Vovig + oo X R,

| | IRer .l Ib10
assume ID:K-VOV2:>\/ F;<EF :\/ ID<10+("“D1°)2XR4I

K K K
’\/ID10:

IREF :l |Clo
Q11 Q10
R4
" -Vee

3

o M11 2 M10
2R,’ R’
1+ 2R, [Klngr —+/1+4R," VKl g 4
= Iy = AV vV
2K(R,") EE
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Input Stage Bias(Cont.)

® |nput differential circuitry t\l 2
Let I, =l,=1=1,=1,~] 3 Qs
I I 2l
— | = ~ 2|1
B3 B4 1+BP BP l 1+£

!
_ 2l —~{Q, Qo

| _
1+2

I |
B, B
BP ﬂ Q?—><— Q4
IC]_OzZI — |:95HA i l;l ~ |
X4

oy = 1oy = 1, = 9.5pA

¢ Q,~Q,.Q,,Q, form a negative feedback loop
The feedback stabilize the value of | (i.e. | is kept
unchanged and only controlled by |,,)
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Input Stage Bias(Cont.)

® Active load

| | |
¢l ~lc ~I lIC3 =| '),
V.. +IR {
o~ = 21 Vee, 1R, ?Lf@ — \IQM
Py R, - lgl |
|
Ve =V, In||—=517mv Qs B — | — KQa !
6 s LI N
= I, #105u4 Rl% P §R2N %Rz
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Gain stage with resistor load (Cont.)

® Resistor Load

A= g R//r t
~g Aé_ — LargeR,

SmallR,

® For High gain
> High IR,
> High I.R, means large voltage drop on R,
» Large power supply
¢ High R, reduces speed
¢ Use active loads to overcome the above problems
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Gain Stage with Active Load
® Transistor can provide large resistance if properly biased.

¢ Example
A:gm(rm//roz) L*I IJ
1 Q, ;
~Om 5T
2 V VOUt
;Icr0 in Q

load line
(arger,)

—y
—
—
—y
—
—y
—y
b
—y
-
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Input bias

® [nput bias
¢ Input current
=1, = 2 IOBA g spa
By 200

= very small
® Offset current and offset voltage are introduced in chapter 6
® [nput common-mode range

¢ In this range, the input stage remains in the linear active
mode

¢ This range is determined at the upper end by saturation
of Q, and Q,, and at the lower end by saturation of Q4
and Q,.
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Second Stage Bias

® I_,,.=0.75l.,~ 0.75l ...~ 550uA
lc17 ® lci3g = 990UA

|
Vge, = V;In—2 =618mV

S
|- R.+V
IC16 ~ IE16 i IB]_7+ ~16-2MA
9
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Output Stage Bias

. . . . . V A
® |f short-circuit protection circuitry T Vee
IS omitted - Quan
IC13A :O'ZSIREF z18OIUA \LO.ZSIREF I/
14
= 180 _ 3.6 LA N
23 50 Q
19 oV
. ~l. =180 —=¢ l
18 18 Rlo Q18
0.6 R,, = 40kQ
~180— : ~165
40x10° HA $=0.251 ., |KQ
20
(Vgg1g = 0.6V is assumed) Q..
I
=V, In(=&
7 In( . ) v

= Vgei1g = 588mV (This is close to the value assumed)
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Output Stage Bias(Cont.)

| . =1 |, =0.8 Vee, ~
C1o = ST B13+ Ry — 7 HA+ R ~155MA

10

|
Ve, = V;In—2 =530mV

S

Vge, + Vge, =588mV+530mV =1.118V

IC IC
VoIn-St 4V In-S2 =1.118V
|

S14 I SZO

. |
V In—=¢=2 —1.118V

| S | S20
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Small-Signal Analysis of 741 Input Stage

® Simplified ac schematic
¢ For differential mode input, biases of Q5 and Q, are at ac ground.

1
- = + 1
Vig _ Vig Via Vi3 Iy =
B Q, QD—? B 2 - 0V,
4 —

= Q/]

Small -signal
equvilant
'c4 half - circuit

® Transconductance

Ya _y +v
1 3
2

V0 (14 ﬂ) v39m3(1+;3)
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Small-Signal Analysis of 741 Input Stage(Cont.)

gm3 1+1j
:>V£:v3 Ps +1
2 1
gml 1+)
i by

since| les|=1c3,9,;, =0,3; By =200>>1, B, =50>>1

Vi
=V, :?d ..... (1)

i _ 9maVio
c3 4
i — ngVid
4

¢ 4

- OmsVig
Iout — |c4 + |03 - B

2

G . —_ iout _ Om1 _ I 1

v, 2 2V, b5.26kQ
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Small-Signal Analysis of 741 Input Stage (Cont.)

® Input Resistance R,

From(1), v, =v,; = de

V. V.
R, ==Y . =Ar =4(B,+1)r, =21IMQ
id il (Vllrﬂl) rl (ﬁl ) €
wherer, = Vo _2omV 2.63KQ = 1
. 95u4 d.
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Small-Signal Analysis of 741 Input Stage (Cont.)
® Output resistance Ry,-simplified circuit

T l_ Ros
}re(Of Qz) Q6

| Q4
Ly . -

¢ Refer to chapter 6

> Ros = To@af 1t9ma(rel/ 14)} = 10.5MQ

> Roe = Nooe1tOms(Ro// 1)} = 18.2MQ - where 1=V /I
¢ R ,=R_/R_ = 6.7MQ

® Two-port equivalent circuit of input stage

o
2.1M
W B S low
5.26k ¢
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Small-Signal Analysis of the 741 Second Stage

® Simplified circuit

+
> Vi2 Ri2 Gm2vi2 ROZ
small-signal
- @

equivalent circuit 4

® |nput resistance R,

® R, = (B+1)(re171Rg)
® R, = (Bet1)(rosH(RYIR 5)) = 4MQ
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Small-Signal Analysis of the 741 Second Stage (Cont.)

® Transconductance G,,,
+ Voltage gain of the emitter follower Q,, IS nearly unity.

I
b17
Vi ji_l F
+ : :
Vi 3147 OmirVi = Plory = Ity

- i 1
_ - - - _ Cl? -
17 17

N
gm17 ﬂl? gml?

— Icl? ~ gml? ~ 65mA/V

Vi2 1+gm17R8

= G

m2
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Small-Signal Analysis of the 741 Second Stage (Cont.)

® Output Resistance
® R, =Ry7//Ry38

® R;138 = h0138)
*R, ;= ro(Q17)[1"'gml7(R8// ra7)]
®R_,=R /IR .= 787kQ//90.9kQ = 81kQ)

I~ Rouw

,
-

re16
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/41 Output Stage

e Output voltage limits

® Vionax= Vee- | VcE13acsay) | - VeE14
® Vonin= “Vee t Verr7sant Veszst Ves2o

>

e Class AB stage
QISB"j

|
|
|
|
N : ke
|
| L.9u
|
| Q|9
: Out
| Qs ¢
gt §
J o R, =
1 Rio 2 2k0
’ )
\ =
: S 0O
By |
- 7’1 JAEB
\
= 017 I
; _VEE
\
|<<

Output stage ——>
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Small-Signal Analysis of the 741 Output Stage

® Simplified circuit for positive V,, Vge14>Vegoo

}/CC
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Small-Signal Analysis of the 741 Output Stage(Cont.)

® [nput resistance R,
& For positive V, with Q,, neglected (Q,, conducts more current)
Rita = Mgt (1+B1)R,
R+eq3 = rd18+rdlg+(r0(Ql3 A)//RM) where ry,,+ry,4 IS Very small.
"3 = Mgt (1+P,3)RY s
¢ For negative V, with Q,, neglected (Q,, conducts more current)
Rizo = Moot (1+B20)RL

R g3 ™ Ta18 101 o(013a) WHETE Iy 15+, 1S VEry small.

R i3 = Magt(1+B,53) (R 3/ Ring)
¢ Actual R, is between R*; and R,
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Small-Signal Analysis of the 741 Output Stage(Cont.)

® Output Resistance R,
¢ For positive V_ with Q,, neglected
R+

out

~ R,

R
— 02
Req4 o ro(Q13A)//|:rd19 +lg1g T leoz + 14+ B
23

R

R, =l +—2
0l4 eld 14+ B14
¢ For negative V,_ with Q,, heglected

Rouwt ® Rogg

_ 02 —
Rozs - re23+1+BZ3 R020|

B RegsR 025 ﬁon
R020 _ IreZO +

1+By
1

¢ Actual R, is between R*,, and R”

out
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Small-Signal Analysis of the 741 Output Stage(Cont.)

® Small-signal equivalent circuit model

R02 B,, ROU'[ Out
AA————¢ v .
+ + | *
V02 (D Vi3 %Ri3 GVO3V02 V3§ IQL
G, ,= s ~ (0.978
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Gain and Frequency Response of the 7410PAMP

® Equivalent circuit of the 741 OPAMP

[ —
+ +

V, 2R, <V>

> . . [
mlvi 12
o~ p—
02— 02 Vi2

@

® Gain
V V|2 VoZXVo
V. V. V, V
R
=[-G_.(R. /IR G .R.[xG L
[ ml( ol |2)] [ m2 02] v03 R -I-R

out

~107.7dB
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Gain and Freguency Response of 741 OPAMP (Cont.)

® Frequency Response
¢ 741 is an internally compensated OPAMP

¢ Miller Compensation
CC

14
AS

A

—

C.

C; = C. (1+]A2]) — —— Miller theorem

R.
Az=-Gy,Ro, () =-526.5x0978 ~ 515

0O, + R|3

—> C. ~30pF- (1+| -515) =15480 pF
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Gain and Freguency Response of 741 OPAMP (Cont.)

¢ Neglecting the parasitic capacitance at the base of Q4
# Total resistance at this node R=(R,,//R.,)
i — ~4.1H
— Dominant pole f, 27 RC. Z
¢ Bode plot (Neglecting nondominant poles)

|Al,dB

A, =107.7dB |

—20dB/decad e

> |
0 f _~41Hz f —Af.. -1MHz

¢ 3dB bandwidth f;p = = 4.1Hz
unity-gain bandwidth f,= A f; s = 1IMHz
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Gain and Frequency Response of 741 OPAMP (Cont.)

® Simplified model
¢ Model the 2"d stage as an integrator

Ceyy
IN
ov |
+ 0 +
\/i Rid Glei @)
G ]
A(S) — VO (S) — m1 — A(ja)) — -Gml
Vi(s) sC. JaCo
\A(ja)t)\ =l=>w = Gy
CC
1 )
For G, = and C. =30pF, f, =— =1MHz
5.26kQ) 27

(equal to the value calculated before)
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Slew Rate

® |Large signal behavior
® Output voltage slew limitation

dVv 21
— | e = Slew rate = —
dt C.
f = G (as shown previously)
' 2aC,
— slew rate = ad f,
ml
I 1

G = =
ml 2VT 2 g ml
slew rate =8xV; f,
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Modern Technigues for the BJT OPAMP

® Reasons for single-supply operation with much lower V.
¢ Meet modern small-feature-size fabrication technologies
¢ Be compatible with other low-power-supply systems

¢ Minimize the power dissipation, P = IVDD-\/DD, especially
for battery—operated systems
Vi = +15 \% V=3V

O—1i T
Modern
+

—15V

® [or a Iow-voltage single-supply system, rail-to-rail input
common-mode range may be required because of its
Inherent low supply voltages
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Rail-to-Ralil Input Common-Mode OPAMP

% VCC
R9 RlO

Yor_VeoI| CMF

ol
ol Qq
R2b £R7 R8
Bias circuit Input stage Cascode stage with
Common-Mode Feedback
(CMF)
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Bias Design

® \Vidlar current source Vee
I
Vee1 =V7 "1(} Rap R3y
Is1
I
Ve =V In| — .
BE2 T ISZ Q4b QBb___\/blasl
. ] X J
:>VBE1_VBE2 :VT In |— =|><R2b ®
s1 Qo V,,
Qb " Nob _ Vhiaso
L=V .n('szj S
Rop (st
Ry

¢ | is independent of V. -

¢ | is directly PTAT, proportional to absolute temperature

I
Mirrored transistors’ gp =V— are independent of temperature

T

Prof. Tai-Haur Kuo, EE, NCKU, Tainan City, Taiwan APP12-36 3% % %., Electronics(3), 2025



Input Stage Design

® With active load
Ve, > ’VEcSm‘ ~01V

Viemmin =V —06 =V, —06=01
® \With passive load
4 VICI\/I min :VRC -0.6
if Vi is selected to 0.2V ~ 0.3V

— Venm min Will be -0.4V ~ -0.3V
VBIAS

¢ Differential gain is degraded

/2 Ve,
A:_gml,ZRC :_V—RC :_V Ql Q2
T T

¢ VICM max :VCC _’\/ECsat‘ _VEBl
=V, -01-07=V,.-08 $Rc %Rc
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Input Stage Design (Cont.)

® Assume that V, =03V
¢ For pnp differential-pair (previous page)
—03< VlCI\/I < VCC —-08 RC

¢ For npn differential-pair (right figure)
08 < V|C|\/| < VCC +0.3 Q3 Q4

® Connecting the two circuits in parallel
VBias E—é 6

¢ A rail-to-rail V|, range
—03< V|C|\/| < VCC +0.3

& For the overlap region 08< Ve < Ve —08, both pnp and
npn circuits are active
— higher effective transconductance (X2) — higher gain
® Adding a folded-cascode stage can also increase gain
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Common-Mode Feedback (CMF)

® Without CMF
Two mismatched BJT-pairs, 1.e. (Qq- Q) and (Q- - Qg)
— An increment 41 will be multiplied by large R
— Large changes atv,, & v,
— One set of BJT-pair saturates

out

® \With CMF
¢ It ensures Q, 4 remain active

¢ V., IS regulated

if VemT= Vg1 = |77 = Vel
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CMF Circuit Configuration

VCM — (Vol T Voo )/2

V
_ d
Vo1 — VCM "‘?
V
_ d
V02 — VCM _?

Q,, ~ Q,, act as emitter followers
Ve =Veu + VEBll,12 - VEBl3,14
~ Vew
=> Vg =V +V, =V,,+0.4
V, : Voltage drop of Schottky barrier diode —
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Output Stage with Near Rail-to-Rail Output Swing

® Classical emitter-follower-based class AB output stage
would consume too much supply voltage

— Smaller output-swing range
® Utilizing a pair of common-emitter transistors
— 0.1V = Veengar < Vo = Vee - Vegpsar = Ve - 0.1V

® When vg, and vgy, are high Vch
¢ Q, supplies the load current Ve _.@P
+ Q, Is Inactive L i
To minimize crossover distortion, Qg IS Vo —
forced to bias at about I,/2 instead of (NN ERL
being turned-off Van __ng =
® The similar but opposite behavior happens

when vgp and vy, are low -
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Full Version of the Output Stage

iR ekt
| | |
v E Qy i il\QP
I ! ! !
| | 2|
o, : i
. c4 . | ouT
i : : =
| | | IL
|rer L: v | : Vi
VRer Qs OQ ! - ! ! N
Q10§R8 RQ?: L0,
: : :
| | I
| |

Qs Qy
— Qs y
Rs e iC7|

Feedback control  Measuring the relative Buffer/driver ~ Output
of iy and ip Value of iy and i, transistor
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Buffer/Driver Stage

® Q. and Q, may need to supply large load current

— Base currents of Q, and Q, will be substantial
since =10 and £,=40

— Driver stages are added

¢ Q; Is used to drive Q
¢ Q,and Q, are used to drive Qp
because of the low S

Buffer/driver  Output
stage transistor
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Output-Stage Current Sensing

I I
assume R, =R, and =& =->F

S4 S5 %¥R4
Ve = Vges + Ic:4R5 = Vggs T |C4R4

= Vges + Vgep — VgEs
| ( iC4 iP IS4
:VT n . . =

ISS ISP IC4

i
=V, In —Pj
\ISN

Vg =Vgg T Vggg = Vg7 1+ Viey

Ip | Iy |
— P ,C6 _ N  C7
ISN ISG ISN IS7 Q5 |
assume lgo =1y, =0y -lgg =1y -l %R c7
- i - i - = — —
— N . P
log=1-——and I., =1-——
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Output-Stage Current Sensing (Cont.)

: . I
since i =1-—"— and i., = _
ip +iy ip + iy
y los
Ve = Vg7 +Vgg7 =Vr IN| ——- = v
SN 1s7
oy
= Vg7 +Vpgy =Vr IN| ——- ==
SN 1s7
Ip -1 I
:VT In [' . P _N * j
o+ gylsy
. . i
ifi, >iy, => v =V; In(“)+VEB7
s
o i
similarly, if I, <<iy = vg =V, In [IJJFVEBG

® V. is determined by the current of inactive transistor
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Feedback for the Current of Inactive Transistor

® fori, >> i Vip
+ Q, Is the inactive transistor Vi
e lfiyistoosmall=vg | = i |

> VnT = Iy1

® for i, << I
¢ Q. Is the inactive transistor
elfipistoosmall v | =i | = Ig?

>Vpl =l =l T=0p1

— Minimum current of inactive transistor is maintained
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Minimum Current in the Inactive Output Transistor

® Assume the loop gain is high enough

I - | \Y;
since v, =V, In[ N_, j Lis .
b+ Tyl Vin

and vg =V =V, In| 255 e +V; In Vaee |
ISlO ISll REF

i |2 ! ! Vrer
— PN _| _REF SN s7
IP +IN I ISlO ISll

In the quiescent case, I, =1 =1

_ IerEF Loy ls; Ip -1y _1
:”Q_Z[ | ](I o) ity 20
$10 s11 PTIN
_ I, =051, for Iy >>1;
v 2051, for Iy <<,
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