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Outline

® The Two-Stage CMOS Op Amp
® The Cascode CMOS Op Amp
® 741 Op Amp Circuit
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® OPAMPs are studied in this chapter.

® OPAMP design
— bipolar OPAMPs can achieve better performance than CMOS OPAMPSs.
— CMOS OPAMPs are adequate for VLSI implementation.

— BICMOS OPAMPs combine the advantages of bipolar and CMOS
devices.
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Two-Stage CMOS Op Amps

_ 1st stage 2nd stage
generation
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® \/oltage gain (discussed in Sec. 7.7.1)
O Voltage gain of 1t stage: A; = —g,,1(7y5 || 7o4)
O Voltage gain of 2"d stage: A, = —g,.6(76 || 7.7)
O DC open-loop gain: A, = A; x A,
® |nput offset voltage
OO0 Random offset: device mismatches as random in nature

O Systematic offset: due to design technique = predictable

= W /L) _ 9 (W /L);  Iifthis condition is not met, a systematic offset

(W/L), (W /L), willresult.

® (. is Miller-multiplied by the gain of the second stage to provide the
required dominant pole.
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Input Common-Mode Range

:
® The lowest value of V,,, has to be sufficiently large to o fid--af5 |
keep Q, and Q, in saturation. f"] Lﬁ

-7,
Viewz —Vss+ Vi + Vs — [V s

® The highest value of V,,, should ensure Qs in saturation.
‘/ICM < VDD o |VOV5| o VSGl
= View = Vpp = [Vousl = [Vl = [Voul
= —Vsst Vous + Vi = Vil < View < Vpp = [Vl = [Vouil = [Vousl
Select the values of V,, as low as possible!!
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Output Swing

® Output swing Vs

The extent of the output signal is limited at the lower and by the need to
keep Q, saturated and at the upper end by the need to keep Q. saturated.

= —Vsst Vove < Vo= Vpp = |Voul
Select the values of V,,, (of Q; and Q,)as low as possible!!

froc Voy (in Sec. 6.2.3); the high-frequency performance of a MOSFET
improves with the overdrive voltage at which it is operated.

® There must be a substantial overlap between the allowable range of V-,
and v, for an unit-gain amp application.
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Example Two-Stage CMOS Op Amp Analysis

Transistor oh O 03] (on Qs Qs o Og
WIL 120/8 120/8 50/10 50/10 150/10 100/10 150/10 150/10
O |t il O e — | ;

Let Inpr = 251A, |V, | (for all devices) = 1V, ¢, C,, =
20 pA/V?, 1,C,, = 10 uA/V?, |V, (for all devices) = z
25V, V,p= Vis= SV. For all devices evaluate I, Sl Qﬁ:] Lt -
|Vesls 9., @and r,. Also find A,, A,, the dc open-loop Cr
voltage gain, the input common-mode range, and the rmCD ===
output voltage range. Neglect the effect of V, on bias

Q. = . 00 — s
current. l:] H 5
Solution " 4

O Dc analysis: Since Qg and Qs are matched, I= Iyzp.
Thus, Q; — Q4@ Ip; 4= 12.54A.
Q; Iy, = Ingr= 25uA (Q, is matched Qs and Qg ). Qg & Ing = 25uA.
With I, of each device known, we use |, = %(ﬂcox)(W/L)qVGs\ _ \Vt\)Q to determine |Vg|.
® Small-signal analysis:

Transconduce g, = uC, (W / L)(Vgs| - V.|) = J2(uC, )W / L), = 21, /(Viss| V)

r, is determined from , — V,l

° I, -
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Summary of the dc and ac parameters:

Q; Q> Qs Qq Qs Qs Q; Qs
Ip(uA) 12.5 12.5 12.5 12.5 25 25 25 25
|VG5|(V) 1.4 1.4 1.5 55 1.6 1.5 1.6 1.6
gm(MA/IV) 62.5 62.5 50 50 83.3 100 83.3 83.3
r,(MQ) Ji 2 2 2 1 ] 1 1

©® Determine the voltage gain:
Voltage gain of 18t stage: A; = —g,,1(7,5 || 7,4) = —62.5(2 || 2) = -62.5 V/V
Voltage gain of 2" stage: A, = —g,6(76 || 7,7) = —100(1 || 1) = -50 V/V
The overall dc open-loop gain: A, = A; x A, = (-62) x (-50) = 3125 V/V
® Operating range:
The lower limit of the input CM range: Q; and Q, leave the saturation region.

Since the drain of Q, isat-5 + 1.5 = -3.5 V, then the lower limit of the input CM
range is -4.5 V.,

The upper limit of the input CM range: Qs leave the saturation region.
Viem/max = Vop = [Vagssl + [V = Vsl =5 -1.6 +1-1.4=3V

The output range is determined from Q, leaving the saturation region,
Vomax = Vop — Vel +1V,|=5-1.6+1=4.4V

and from Qg leaving the saturation region,
Vomin = =Vss + [Vgsel = [Vi| = 4.5V

Microelectrics (I11) Flag—v B BT
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Input Offset Voltage

® Random offset: device mismatches as random in nature
® Systematic offset: due to design technique = predictable

If the input stage is perfectly balanced, then Vo, = Vo3 = Vg

W/L)s, _W/L) I
w/L), © W/L),2

In order for no offset voltage to

appear at the output, then I, = L. E [:I
: O i 2 5
Since | :M| 3

= Voss = Vigser hENCE |

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

= _
W/L), (W/L) —[ o

If this condition is not met, a IREFGD
systematic offset will result.
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Voltage Gain

Simplified small-signal equivalent circuit:

Cc
I
]
..I_
O——0 L O L 2 QO
+ ik +
Vi GuiVu SR ==, V, o vfziRz == ¥
O0——=0 — — e i — —_ — -
o Rin =00
_21/2) 1

) = = > G
Gml gml ng ml Vov1 Vov1

Vel Vi
02 I/2 o4 I/2

® R1= 02 H 1"04

® Dc gain of 1st stage

2
A =-G R =-9g,., (r02 Hro4) - 1 1
Vovi [ ]

+
‘VAQ‘ VA4

Microelectrics (Il a4t ——v B4 B Y
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A, Is increased by

O (O, and Q, at a low overdrive

® Choosing a longer channel length to obtain larger Early voltage, |V,|.
Both action, however, degrade the frequency response of the amplifier. (See
Sec. 6.2.3)

2156

VOV6

¢ Gro =9me =

_Vag| _Var|

® R, =rgllT re = A
2 06 o7 06 ID7 ID6

® Dc gain of 2nd stage

2
AQ = _GmQRQ = ~Yme (ro6 Hro7) ==
1 1
e

_|_
® Overall dc gain Vae Va7

A, = AA, =G uRG LR, = gy (r02 Hro4)gm6 (r06 Hro7)
Generally, 500 ~5000 V/V of Ay max.
® Outputresistance R, =71 || 7,;

R, can be large (the tens-of-kilohms range) for on-chip op amps.

Microelectrics (I11) Flag—v B BT
9-11



Frequency Response

Small-signal equivalent circuit of the CMOS op amp:

Cc
]
+
& @ O O
+ w +
Vid Gml vid Rl - Cl Vr’2 GmZ Vf2 % RZ CZ Vr:
e 1 =

® Transfer function: (See Sec. 7.7.1)

Vo _ Gml(GmQ - SCC )RIRZ
Vi 1+S[CR +CoR, + Co(GuR R, + R, + Ry)] +5°[(C,C, + Co(C,C, + Ce(C + G,)IR R,
® Ci=Cipnt Cypnt Cout Caps + Cyes
Cy = Cape + Capr + Cyqr + C, (Usually, C, is larger than transistor capacitances)
Miller capacitance Cp = (1 + G, ,R))(Cc + Cyue) ~ GpRC

® Poles:

1 1 G .C.
Wp; = ~ @py &
R[C, +(1+G,,R,))C.] G, ,R,C:.R CC, +C.(C, +Cy)

O The value of @, is usually selected to be lower than the frequencies of
nondominant poles and zeros. Thus, Ay @p, = o, . = o, = G,,; / Ce ||*

Microelectrics (1) Flag—v B BT
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® Zero: The Miller capacitance C. introduces a right-half-plane zero.
V,=0=sC.V, =G, ,V, ®s,=G,, [/ Cc

[0 Since G,, is of the same order of magnitude as G, , the zero frequency
will be close to .

[1 Since the zero is in the right half-plane, it will decrease the phase margin.
= ?7? stability

® f,, is the dominant pole formed by the interaction of Miller-multiplied C. and R;.
The unity-gain frequency:

G,
‘Ab‘fpl 27Z'C
f: must be lower than f,, and f, thus the design must satisfy the following two
conditions:
Gml < Gm2
CC C2
G, <G

Microelectrics (111) Flage—¢ BT
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Simplified Equivalent Circuit Analysis

® The circuit applies for f» f;.

Gain
Magnitude
A
C.-
IE Ape |
I
0V >
1 +
V,— o Gm | Vicf Vo
o—0 _ Phase
Ou
An ideal integrator!! o0
Microelectrics (l11) Flag—v7 BB 7k
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Phase Margin

20 log |A| (dB)

20log A |

-

; o

f(log scale)

| -

'

[log scale)

Pole-splitting provides a low-frequency
dominant pole (f,;) and shifts f,,
beyond f,.

At f,, the phase lag exceed 90° caused
by f,; and the excess phase shift due to

Jpo: f
p =1 e
. {f J

p2

— _tan’!| Lt
P, tan (fJ

VA

Phase lag at f;:
bow = 90° +tan” (f, / fro) +tan” (£, / £,)

Phase margin:
=180" - ¢total

=90° —tan"'(f, / fo) —tan (£, / )
Phase margin & stability (See 8.10.2)

The right half-plane zero decreases the
phase margin.

Microelectrics (l11)
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Improve CMOS Op Amp with the Resistance R

Small-signal equivalent circuit of the CMOS op amp with the resistance R.

Ce R
=
e
O L O O
+ b £ =
Vid Gml vid Rl - Cl Vr’2 GmZ Vf2 % RZ CZ Vr:
o—-=a0 b —t e = — — — -
® F[ind zero:
v, 1

=G,V S, =
R+1/sC, ™2 %%~ (1/G . —R)
O R=1/G,,, the zero can be placed at infinite frequency.

O R>1/G,,, aleft-half plane zero introduces adds to the phase margin.

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

Microelectrics (1) Flag—v B BT
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Slew Rate

U A
® \When large output signal are present, slew- A
rate limiting can cause nonlinear distortion. I
® Slew rate: the maximum rate of change 0o 0
possible at the output of a real op amp. RS ER NG E,
SR = dvo Uo
dt | .
® A unity-gain follower with a large step input. siope = sr ?
(the output voltage cannot change immediately.) ¢ -
0 l

Linearly rising output waveform obtained
when the amplifier is slew-rate limited.

N v A
¢ 25 + /

U
! I Slope = o,V = SR
- = /
/
Z /
l{}
\ | —
. . . . . !
Exponentially rising output waveform obtained when
V is sufficiently small so that the initial slope (@,V) is
smaller than or equal to SR.
Microelectrics (lII) Flag—v¢ BT L
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Slew Rate of the Two-Stage CMOS Op Amp

Model of the two-stage CMOS op amp when a large differential voltage is
applied.

- |
I
()
—
— iy g )
0\ +
ips =1 ¢ !
I
Uo(t) =—-t
Ce
= SR = el
Cec
Microelectrics (lll) Flage—v¢ B L B2k
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Relationship Between SR and f,

Slewrate SR :i
C
I
G =Gm =
T Vs =V
Gml
W, =——
C‘C

= SR = (|Vgs1| = Vi ] )0, = Vo,

® For agiven w,, the slew rate is determined by the overdrive voltage at which
the first transistor are operated.

® V,,t= SR*t.
O For agiven bias current I, a large V, is obtained if Q; and Q, are p-
channel devices. (15t stage)
® |t 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 ;.

Microelectrics (1) Flag—v B BT
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Ex.10.1 Two-Stage CMOS Op Amp Design

L
r

Design a dc gain of 4000 V/V in a 0.5-ym CMOS QL;]
technology |

= |V 1= 0.5V, k%, = 200 uA/V?, kK’,C,, = 80
uA/VQ Voan = |Vap| = 20V/um, V= V= 1.65V,
L = 1um for all devices. Let I = 2004A, I, = 0.5mA.
If C, = 0.2pF andC, = 0.2pF find the required C, =
and R to place the transmission zero at s = oo for

phase margin of 75°.

Solution
_2(1/2) 1
® \Voltagegain A =g, ,(r )G,6 (T iy :
e Fosdam oo 1) ==y =2 1
A,=4000and V, = 20V = 4000 = ?/(ZO = V,, =0.316V
ov

® (W/L), and (W/L),:

I, =k (Ej V2, = 100:1-80([j .0.316° = (Ej =25“m=(W)
L) 2 L) L) 2

Microelectrics (111) a7 B4 1 %
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° (W/L)s and (W/L),:

Iy = 1k, (W) 2 = mozz.zoo(wj 03167 — (wj :wum:(WJ
2 L), 2 L), L), 1lum L),

® (W/L:s: IDszlk' (Ej v, = 200:1-80(Ej .0.316%> = ([j _ 20um
2 PUL ) 2 L) L)s 1lum

® (W/Ljsand (W/L);:

(K) =2.5(Ej _125um 500:1-200(W) .0.3162 = (Ej _20um

® Select Iz = 204A, thus (Ej :O.I(Ej — Spm
L )g L) 1lum
® |nputCMrange: -1.33V < Vi, £0.52V
® Max. signal swing: -1.33V<y,<1.33V
® Input resistance: R, = w
® OQutput resistance: R, = ry || 7,7 = 20 kQ
® Determine f:
-3
G5 =0 = 2lps _2%0.5 =3.2mA/J/V = f,~ Gy 3.2x10 — = 637MHz
Voo 0.316 27C, 27-0.8x10
Microelectrics (111) Flage—¢ BT
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® To move the transmission zero to s = o, we select the value of R as
1 1

G, 3.2x107°
® For a phase margin of 75°, the phase shift due to f,, at f= f, must be 15°, that is

=316Q

tan™! L =15
p2

2 f,=637xtanld’ =171MHz
® Determine C:

G _ 2-100uA

C.=—ml where G _, = = = 0.63mA/V
¢~ onf, m = Im =70 316V /
0.6x107°
- - 0.6 pF
C  or.171x10° P

® Slew rate: [Eq. (9.40)]

SR =27nf,V,, =27-171x10°x0.316 = 340V / us

Microelectrics (1) Flag—v B BT
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Cascode CMOS Op Amp

+Vop
A

RUTC, P

i

Osc o JF—5, Qe

Q3‘_

- VSS

Qic jl—l—lr_: %C_
R,y =

Output resistance:

R, = R02CHR04C = (gm2Cr02Cr02)H(gm4CrO4Cr03)
Gain:

Al = _gmlRo

[X>Composed of CS + CG.
x> A high-gain single-stage op amp

3 mac lo2c) > X>High output resistance: Increasing R,

by about two orders of magnitude
increases A, by the same factor.

[X>But the input common-mode range is
lower than that obtained in the two-
stage amplifier.

Folded-cascode configuration have
large common-mode range.

Microelectrics (l11)
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Folded-Cascode CMOS Op Amp

Folded : replace input transistor pairs with a counterpart.

Vb
A A
Iy C+) C+) Iy Cascod;lrmmslors ¢IB B I/2
®
[ 2
+ R ¢ I_l_ll 4
O_|I:Q1 Q2:I|_O
Viiasi
¢ o ov
Input differential I —10
pair Os I: 0

0 |:8

-<— (Cascode current
MIirror
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More Complete Circuit for the Folded-Cascode CMOS Op Amp

VDD

A A

Q
VBIAS?. 9 2' I_T_I IthO

e o T

VBiasi Ros
® o @ O ﬂ()
Rr?(
VBias3 I: I: ==C
— I o Qs 6
Y 0 | 0;
Y
_VSS
Microelectrics (1) Flag—v B BTk
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® |nput common-mode range:
Vievmax 1S limited by the requirement that Q; and Q, operate in saturation.
View max = Voo ~ Vovol + Vi
Vienmax Should ensure Q,, in saturation.
Viewmin = —Vss + Vovi1 + Vovi + Vi

= —Vss + Vovit + Vovi + Vi < Viey < Vpp — ‘Vovg‘ + Vi,

tn —

Viiass should be selected to provide I while operating Q;; at a low overdrive voltage.

® Output voltage swing:
Upper limit of v, is determined by the need to maintain Q,, and Q, in saturation.
Vomax = Vop ~ |Vovio| =[Voval
Select V.47 SO that Q,, operates at the edge of saturation:

Veias1 = Vop = [Voviol = Vsaa
Lowest v, is obtained when Q, reaches the edge of saturation.

v = —Vss + Vovr + Vous + Vi,

omin

Microelectrics (1) Flag—v B BT
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® \/oltage gain

Small-signal equivalent circuit:
+

oO——oO0 P @ oV,
_|..
Vid
G v:d §Ro — CL
o— o
0 Transconductance
2(0/2) I

Gm — gml = gm2 Gm =

VOVl VOVl
O Output resistance
Ro = Ro4 HR06 R (gm4ro4 ( 2” 10) R gm6ro6r08
= Ro - I:gm4ro4(r02 HrolO)] H(gm6r06r08)
O Open-loop gain

Au = GmRo = 9Im1 {I:gm4 To2 H 10):| H 9melo6!o8 )}

Microelectrics (111) Flage—¢ @4
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® Unity-gain buffer (voltage follower):

Uey

Output resistance R R, _R,_ R, 1 1

*"1+A, A, G,R, G, gn

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

O

O Anideal op amp has an zero output resistance!

Microelectrics (l11)
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® [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.

OO0 Transfer function

V, _ G,R,
V, 1+sC.R,
O Dominant pole .
fp= m
O Unity-gain frequency
o= Ay = GuRuty = 5 o

O Discussion
Single-stage op amp: C;, t = f,;, f, ¥ ® phase margin t
Two-stage op amp: C, t = f, + = phase margin ¥

Microelectrics (1) Flad—v BB 7k
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® Slew Rate: a large differential input signal is applied. (Iz > I)

A Von
Iy (+> I Cascode transistors
B, 2
Is -1
It —
= Q3|_’ ‘_Q4
_|_
o—| I:Ql 0, F—-o
VBiasi I

I
/ N
T —_— i — —
nput differentia 0; | L =27 Vo

pair 6

0; |:8

-<— (Cascode current
mirror

Microelectrics (1) Flag—v B BT
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Ex10.2 Design of a folded-cascode op amp.

I=200pA, Iz = 250uA, and |V,,| = 0.25V for all transistors. V,, =
K, = 100pA/V?, K = 40uAIVZ, |V, = 20V/um. L= 1um, C, = 5pF.

= 2.5V

A
® FindI, g, r,and W/L

A
for all transistors.

O,

.llflr [

Viiass
V,, 0.25 " .
o _[Val _20

—
|0 0. |t a1
’ ]l\;l/\‘il ’m
[ 2 {
_20 [ — = L
Viiass > I J G
p Ip '“ | TU” Q:F]|—-—|L>Q,, =T
172
Lo k'Voy " 7R ey
Y
_l-\\.
01 Qz Q3 04 Qs Q5 Q? Qa Qg Qm Qn
Iy (LA) 00 1000 150 150 150 150 150 150 250 250 200 Note: for all transistors
¢, (MAV) 08 08 12 1& 13 1B 13 12 20 99 16
2 e r.=160 V/V
(k) 200 200 133 133 133 133 133 133 80 80 100 | YmTo /
WL 3 2120 120 48 48 48 48 200 200 64 | Vo =10V
Microelectrics (111) %
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® Find the allowable range of V,,, and of the output voltage swing. (p.9-29)

~1.25V <V, <3V —1.25V <u, <2V

® Determine the values of A, f,, f,, and SR. (p.9-30, -32, -33)

R,, =160(200(80)=9.14MQ R, 4 =21.28MQ
R, =R,,|R,¢ =6.4MQ
A =G R =0.8x107°-6.4x10°=5120V /V

-3

fo= G O08X10° o5 sy

27C, 27-5x10
pooSifg o 1 ) 255MHz
PTA 27C,R, 5120

-6

SR-_1 =200X1_?2 = 40V / us

C, 5x10

® \What is the power dissipation of the op amp?

P, =5V x0.5mA =2.5mW

Microelectrics (1) Flag—v B BT
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Rail-to-Rail Input Operation (Increasing Vg
Ai =G, (Vi /2)

VDD
} Gn =9m = Im2 = Im3 = Ima
I GD I
—
o — —— j
\ A _ 0Os ItQ()
g—||__’Q1 Q2:||—O Ai+ I;Bll: ¢ N 1
-+

fol
\’ VBias2 - ?
—
I CD Iy

A folded-cascode op amp that employs
two parallel complementary input stages y Y
to achieve rail-to-rail input CM operation. SS
Microelectrics (II1) Glade—v BL BT Y
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Assume that both differential pairs

® Outputvoltage Vv =2G RV,
} are operating simultaneously.

v,
® \/oltage gain A, = v =2G, R,

id

® Operation analysis:

—p- V
v cM

oo

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

Microelectrics (111) a7 B4 1 %
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Wide-Swing Current Mirror (Increasing the Output Voltage Range)

¢ Irer | \P lo ¢ lrer l q/ lo

’1 — V.t Vov

Q4 ; | =| ;Q3 Q4 I g | O,

DV, & Wy i
Viias = V, + 2V,

L V.+ Voy ey Pon
[] [
Q2| ||—' II IQI Qzl Il—' =| : |
Vr 4 V(_W v; + V(_.JV
N (a) (b)

The minimum voltage allowed at the The minimum voltage allowed at the

outputis V; + 2Voy. output is 2 Vov.

Microelectrics (111) Flage ¢ BB D K
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Homework-1

® Problems: 3,5, 6, 8, 11,13,15,17

Microelectrics (1) Flag—v B BTk
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741 Op-Amp

® 741 op-amp uses a large number of transistors but relatively few resistors
and only one capacitor .

— Rand C occupy large silicon area .
— Cneeds more fabrication steps .
— High-quality R&C are not easy to fabricate.

® Circuit Diagram in next page.

Microelectrics (1) Flag—v B BT
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741 Op-Amp

IVMHS V)

2

"

é Input

Rs= & Q 0 o

E : o

Cce =30 pF . . . i

if REF Qs Q4 ‘ Il . |‘?2 . . Lw i
i1 . B . i

| r) : lw : : Class AB*
Y - n a
0 : :

: ‘Output
0 Bis 0 : Stage
17
R4 == RR = :
5 kO 100 O :
NG EEEEE » Protectln :
R2 :\ g \Qﬂl E
Bias 1 k) 0y > ;E”k; E
generation = _j (s V)i " % :
Microelectrics (1) Flag—v B BTk



L
e} 12 g 5o
©0ut
Ois R, =
| ) Rio = 27 0
Rs= & — Q &)} 40 kQ _ 0Y
39 k() } In In A
Ce = 30 pF o »
l(f REF 05 Q4 E I O
;:- p

QI! QIU

B N O

1 k) 0O S R =
%50 k()

Microelectrics (1) Flad—v BB 7k
1.9-39

Ver (—15 wi




741 Op-Amp Circuit

In keeping with the IC design philosophy the circuit uses a large number of transistors, but
relatively few transistors, and only one capacitor. This philosophy is dictated by the economics
(silicon area, ease of fabrication, quality of realizable components) of the fabrication of active

and passive components in IC form.

741 op-amp consists of three stages
1)Input differential stage
2)Single-ended high-gain stage
3)Output-buffering stage

Microelectrics (111) Flad—7 BB T L
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Iiu (+15 V) .‘J
134

Qi

!

QIU

5 kQ

LA

@Bias Circuit: Q11, Q12, Q10, R4, Og, Qo, Q13
OBias current Irgr IS generated in the branch, consisting of the two

diode-connected transistors Q;; and Q2 and the resistance Rs.
OUsing a Widlar current source formed by Q11, Qi0, and R4, bias
current for the first stage is generated in the collector of Q.
Another current mirror formed by Qg and Qo takes part in biasing
the first stage.

COODouble-collector PNP Q;3: O Current mirror:

IREF

I, A

~ DE©4)

Il* H Irer Apoy) % b_—L/lQB

A. IS emitter area.
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Rs =
Ik

i/}:ll

Qi

®The Input Stage: Q1 ~ Q7, R ~ Rs.

—Biased by Qs, Qo, and Q1o provide high
input impedance.

— Qs and Q4 are lateral PNP (low ) higher
emitter-base junction breakdown than
NPNs.
= protect input transistors Q; and Q-
when they are accidentally shorted to
supply voltages.

— Qs ~ Q7, Ry ~ Rz provide high-resistance
load and single ended output.

—Level shifter : Oz and Qq

Microelectrics (l11)
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©®The Second Stage: Qi6, Q17, Q138, Rs, Ro

— Q16 acts as an emitter follower, thus
giving

1. high input resistance

2. low base current if Ry is large,

hence low loading of the first stage.

— Q7 :common base configuration
active load formed by Qi3 (active
load is better than resistor load).

— Cc: Miller capacitor for pole-splitting
compensation 30PF area occupied is
about 13 times that of a standard 0.
NPN transistor. R, =

Out

™Y N
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O The Output Stage:
1) provide low output resistance ; 134

2) class AB

The 741 uses an efficient class AB output stage,
which consists of the complementary pair
Q14 and Oyp with biasing devices Q;3a, O1s
and Q;o, and an input buffer Q,3. (where Qoo
IS a substrate pnp.) =

Out

© Short-Circuit Protection Circuitry

Transistors Qs, Q21, Oos, and Ooo,
and resistors Rs and R; serve to protect the
amplifier against output short circuits and these
transistors are normally off. Ne.

B

Microelectrics (111) Flad—7 BB T L
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® Device Parameters: J
O The standard transistors: I 5

npn: I,=10"'*A, =200, V,=125V

pnp: Is=10"1% A, fp=250, vV, =50V

O The nonstandard transistors: Q,5, Q,4, and

Q20- 0
Quzn: Igs = 0.25x10°14 A - O
Ousp: Isy=0.75x10°14 A I [“o. N
Q14 & Oy : I = 3x1071* A (have an area L\l

three times that of a standard device)

Output transistors usually have large areas in £

order to be able to supply large load currents 5‘39,; ]Rg)%;
and dissipate relatively large amounts of e
power with only a moderate increase in the l‘) = §

Ry =

device temperature. 50 k)

Microelectrics (1) Flag—v B BT
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Output Stages (in Chap. 13)

® Class A output stage: Emitter follower

Ul"(' Vo A

Vec— 7=
b /‘
—

—Vez Large power is dissipated in the transistor!!

Microelectrics (llI) Flasr—v BX 83
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Output Stages

® Class B output stage

7
V £

T

o

\__/\

Op

¥
— o

_ o, = Time
i

There exists an range of vy centered around zero
where both transistors are cut off and vois zero.

This dead band results in the crossover distortion!!

Microelectrics (l11)
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Output Stages

® Class AB output stage

‘IH].F"-.S

Op

Microelectrics (l11)
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Reference Bias Current & Input-Stage Bias

® Reference bias current

Fer(T13 V)

Tppp = Vee = Vepio _RVBEll —(=Vez) —0.73 mA
5

® |nput-stage bias

l
|
|
I

IREF l]C'l(}
. ['_. [ .|_'-'I 1‘-. |
Widlar current source:
Oiy £ VBEll - VBElO - Ic1oR4
I
= V. ln[ REFJ = I-oR,
R, C10
= Ico =19 uA  (solved by trial and error)
~—Veg

Microelectrics (II1) Glade—v BL BT Y
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+Vee |
Io,=I., = Iy, =1I,,~]I (Highp)

. § o e
| O =15 2/13 pp: 509, Eq.(6.69)

= 21 =1, (8>>1)

For the 741, 1,5, = 19 pA, thus I = 9.5 pA.
I /
\l l We have Iy = I, = I3 = I, = 9.5 pA

\J/ 21 0 O,

128 = £ =
L&, 3
o

= ¢51
21‘-"‘;[31”
-
X
| | I I |
| ¢ Cl10 | |
I | |
Microelectrics (1) Flag—v B BT
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/By 1By
=] ¢ § R, § B o ¢
Y Y
— Ve

Neglect the base current of Q,, then
Ieg = 1

Neglect the base current of Q,, then

Is =1
Bias current of Q,: (KCL at node-A)
_ 2 Vg + IR,
ﬂN R3
Determine Vgg: (I = 10714 A)
Viage = Vi ln(llj =517 mV

S

N

IC7 ~ IE?

= 1., =105 A

Microelectrics (l11)

Fas—F B T T
1.9-51



i |, + |
Input bias current |B:%

I . :
Forthe 741, Iy = IB— = Using gy = 200, yields Iy = 47.5 nA.

N

Much lower input bias currents can be obtained using an FET input stage.
Input offset currents

Because of possible mismatches in the f mismatch, the input offset current is defined as
los :“Bl_ IBZ‘
Input offset voltage
The input offset voltage is determined primarily by mismatches between the two sides of

the input stage. In the 741 op amp, the input offset voltage is due to mismatches between
Q, and Q,, between Q; and Q,, between Q5 and Q4, and between R, and R,.

Input common-mode range

— The input common-mode range is the range of input common-mode voltages over which
the input stage remains in the linear active mode.

— In the 741, the input common-mode range is determined at the upper end by saturation
of Q; and Q,, and at the lower end by saturation of Q; and Q,.

Microelectrics (l11) 0-52 Flag—v7 BB 7k
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Second-Stage Bias

I 134

Qy QIJHF
Ici35 ® 0.73ger  (fp>> 1)
= I.35 =550 pA and I, = 550 uA
e = 3' Icys
39 k) Vg = V7 1ln I =618 mV
S
| fner
Y
I..-R,+V
Icye = Ipig = Iy + 22 —FEL =16.2 1A
9
QII _—
Microelectrics (lll) Flage—v¢ B L B2k
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Output-Stage Bias

+V ~y ~o
e lc1se = 0-25per = leog

leps ® lpy #0.251 . =180 LA
A QI3A

Ve 0.6V = Iy, =15 1A

14

Yo\

lzs =180-15=165 A = | -4
= Vpgg =988 MV
|55 =165/200=0.8 LA

= leg = g =15.8 LA

O [——eu¥

Vigio = Vr 111[1?9] =530 mV

¢EO'251REF S

O Vag =Veegs +Vaero =1.118 V

'(QB I I
Vgg =V, In| =S4 [ 4V, In| -S2
ISl4 I820

~ Vi loy = lopo =3x107 A
= ey = loy =154 uA

Microelectrics (111) Flage—¢ BT
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Summary of Dc Bias of the 741 Circuit

Table 10.1 DC COLLECTOR CURRENTS OF THE 741 CIRCUIT (nA)

0, 9.5 Og 19 Q138 550 Q19 15.8
Q> 9.3 Qo 19 Q14 154 020 154
Q3 95 Q1o 19 Qs 0 (23 0
Q4 5.0 O11 730 Oi6 16.2 022 0
Os 9.5 Q12 730 Q17 550 0% 180
Os 9.3 Q134 180 Q18 165 024 0
O 10.5
Microelectrics (II1) Glade—v BL BT Y
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Small-Signal Analysis of the 741 Input Stage

0,

5

05

al, J/

The differential signal v; applied between
the input terminals effectively appears
across four equal emitter resistances
connected in series — those of Q,, Q,, Qs,
and Q,.

.
i, =
4r,
where r, = Vp _25mV._ 2.63 kQ
I 9.5uA

The input differential resistance of the op
amp is
Ry =4 By +1)r,

For gy = 200, we obtain R,; = 2.1 MQ.

Microelectrics (l11)
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Small-Signal Analysis of the Input Stage with Load Stage

(Ii(, —

R = 50 kQ R, =
1 kQ 1 kQ

B The output node of the input stage: output current i, = 2ai, .

The factor of two indicates that conversion from differential to single-ended is performed without
losing half the signal.

B Transconductance of the input stage: G

Substituting r, = 2.63 kQ and a = 1 yields G,; = 1/5.26 mA/V.

Microelectrics (111) Flad—7 BB T L
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Output Resistance of the First Stage

L

A N

The output resistance of the input stage:

[ Rol = Ro4 ” Ro6
R, =
5 k0
Microelectrics (1) Flag—v B BTk
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e (Of QZ)

Q4

Ry, =7, + (14 gpna?ps)R'g
1,1+ g,4R'E)
where Ry =ry, || r,and r,=V, /I.

V,=50V, I=9.5 pA,
and r,, = 2.63 kQ.

= R, =10.5 MQ

The output resistance of the input stage: R

o

’ Ruﬁ

Ro6 - ro6 + (1 + gm6ro6)(R2Hr7r6)
N Tell+ gm6(R2Hr7r6)]
= R, = 18.2 MQ

1= Ro4 H Ro6 = 67 MQ

Microelectrics (l11) 9-59
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Small-Signal Equivalent Circuit for the Input Stage of the 741 Op Amp
port with y,, assumed negligible.

The equivalent circuit is a simplified version of the y-parameter model of a two-

Riys=2.1 MQ

Gm = 1/5.26 mA/V
Rol = 67 MQ

Microelectrics (l11)
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Ex: 10.3 mismatch in the Input Stage

Input stage with both inputs grounded and a mismatch AR between R; and R,.

Al
i

°

J

R,= R+ AR

A 2% mismatch between R; and R, :

Vips + IR = Vope + (I - AI)(R + AR)
= Vype — Vipe = IAR — AI(R + AR)

and Vg —Vige = Ipstos — Igetoe = AL,
Al AR

— =
I R+AR+rv,

> Substituting R = 1 kQ, r, = 2.63 kQ, we have Al = 5.5x1073 L

[X> To reduce this output current to zero, we have to apply an input voltage V5 given by

AI 5.5x107°I
G G

ml

Vos =

ml

I=9.5uA, G, = 1/5.26 mA/V = V,g~0.3 mV

Microelectrics (l11)
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Ex: 10.4 CMRR of 741 input stage

Total resistor at node-Y :

Ro: R09HR010
Q9 QS .
e KCL at node- Y :
=2 2i . 2' V. .
v 20+——=—""11f g >>1
P R,
vitm Y%
icm . V .
| = 2';“ A, =&,
0]
" i el &
2i v = Gmcm =_0 _~"m _ m
0 \I/. i L Vic:m Vicm 2|:eo
3 R, ] j &) Gm]_
- Qo (' : CMRR = = 2gmlRo /8m
g i mcm
3 In Out Gtmm = :”
Ry Current Mirror o CMRR — 2gml(R09HRolO)/8m
= —

Microelectrics (l11)
1.10-62



2"d stage :

® |nput resistance

Input Resistance & Transconductance =

= (B +Dllus + Ro(y + (s + Ro)] _ o [lew

~4 MQ)

® Transconductance

i _ avb17
cl7 —
re17 + R8
_ Ry|R;,
Up17 = Uip

RQHRiN * Tei6
= (B, + )77, + Ry)

5> G, =47 _65mA/V

Vi

Ill | <
139}

FES

Small-signal equivalent circuit model.

B](,O

Microelectrics (l11)
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Output Resistance

Output resistance R, = R, .,|R,,,
where R, ;5 = 7,135 = 90.9 kQ.

Since the resistance between the base of Q,, and ground is relatively small,
the base is about grounded.

Thus, R,,, = 787 kQ, and hence R, = 81 k(.

Microelectrics (111) a7 B4 1 %
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Thevenin Equivalent Circuit

B¢ o

Note that the stage open-circuit voltage gain is -G, ,R

Microelectrics (111)
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Analysis of the 741 Output Stage

Qmaf‘J Qi34 |‘J
N N
Qi
Ois
R

- VEE

Output stage

Y

The output stage is of the AB class, with
the network composed of Q,g5, @9, and
R, providing the bias of the output
transistors Q;, and Q.

The emitter follower Q,; provides added
buffering, which makes the op-amp gain
almost independent of the parameters
of the output transistors.

Microelectrics (l11)
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Output Voltage Limits

>
L

Qi

Q18

- VEE

Output stage

QZ()

Uomax = Voo = Versat — Varia
= —Vie + Vegsar + Vigas + Viegao

v

omin

(neglecting the voltage drop across Rg)

Y

Microelectrics (l11)
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Small-Signal Model of the 741 Output Stage

the second stage

et
‘comesmn
-

X> The input resistance looking into the base of Q,,, Rgyo = froR;, = 50x2 kQ = 100 kQ.

X> Ry, appears in parallel with the series combination of the output resistance of Q;;,4
(r,134 = 280 kQ) and the resistance of the Q,3—Q,4 Network (very small).

X> The total resistance in the emitter of Q,;, Rg5 = 100 kQ || 280 kQ = 74 kQ.

X> The input resistance R; = fB,0Rp3 = S0x74 kQ = 3.7 MCQ.

B Open-circuit voltage voltage gain, u: 4 = Yo ~1

1%

02 R; =
X> With R, = o, the gain of the emitter-follower output transistor (Q,, or Q,,) will be

nearly unity.
X> With R, = « the resistance in the emitter of Q,; will be very large. ||*
Microelectrics (II1) Flag—v¢ BT L
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1i—

o

B Find the output resistance, R, :
X> Substituting R, = 81 kQ, £,5; = 50, and r_,5 = 25/0.18 = 139Q yields
R,; = 1.73 kQ.
X> For an output current of SmA, r,,,is 5 Q and R, = 39 Q with S,, = 50.

Microelectrics (111) Flag—v B BT
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Output Short-Circuit Protection

® |f the op-amp output terminal is short-circuited to one of the power supplies,
one of the two output transistors could conduct a large amount of current.

= resulting in sufficient heating to cause burnout of the IC.

® Mechanism
O R, together with Q,< limits the current that would flow out of Q,, in the
event of a short circuit.

% If the current in the emitter of Q,, exceeds about 20 mA, the
voltage drop across R, exceeds 540 mV, which turns Q,s on.

% As Qs turns on, its collector robs some of the current supplied by
Q;34, thus reducing the base current of Q,,.

% This mechanism thus limits the maximum current that op amp can
source to about 20 mA.

O The relevant circuit is composed of R, Q,;, Q,4, and Q,,.
The current in the inward direction is limited also to about 20 mA.

Microelectrics (111) Flad—7 BB T L
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Small-Signal Gain of the 741

Cascading the small-signal equivalent circuits of the individual stages for the
evaluation of the overall voltage gain

R,
ANV—0—
+

,u'v02 1}0 §‘RL

+ Ria G 1

“i ; g Uiz 12

Overall gain:

vo:UiQUOQ UO :_G R .|R. —G R RL
. Ui Ui2 U02 m( olH 12)( m2 oQ):u RL+RO

v
Yo — _476.1x(-526.5)x0.97 = 243,147 V/V =107.7 dB
U,

Microelectrics (111) a7 B4 1 %
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Frequency Response of the 741

Miller compensation technique — to introduce a dominant low-frequency pole

O A 30-pF capacitor (C.) is connected in the negative-feedback path of the second

stage. The effective capacitance due to C. between the base of Q,4 and ground is
Ci= Ccl( 1+ |Ay))

where A, = -515, and hence C; = 15,480 pF.

O The total resistance between the base of Q,4 and ground is
R = (R, || Ry = (6.7 MQ || 4 MQ) = 2.5 MQ

O The dominant pole:

1
Tr = 27C.R,
O Unit-gain bandwidth
f,= Agxfoun ~ 1 MHz Ay = 107.7 dB
O Phase margin = -90°
In practice, PM = —80° due to
nondominant pole.

This phase margin is sufficient to
provide stable operation of close-
loop amplifier with any value of

feedback factor £. 0 figp=41Hz fi= A= LMHz

=4.1Hz |A| (dB)A

—20 dB/decade

I
I
|
I
I
I
I
I
I
|
|
I
I

<Y

Microelectrics (111) Flad—7 BB T L
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A Simplified Model Based on Modeling the Second Stage as an Integrator

— Vo (S) Gml 4 Gml
=) Tse. T AV e,

Unity-gain frequency: o, = %

C
Substituting G,,, = 1/5.26 mA/V and C. = 30 pF yields £, = ;"—t ~1MHz
T

This model is valid only at frequency f>> f, 5. A such frequencies the gain
falls of with a slope of -20dB/decade, just like that of an integrator.

Microelectrics (1) Flad—v BB 7k
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Slew Rate of the 741

® A unity-gain follower with a large step input

Since the output voltage cannot
change immediately, a large
differential voltage appears between
the op amp input terminal.

[}

® Model for the 741 op amp when a large differential signal is applied

Output voltage:

21
Uo(t) = C—t

C

Slew rate:
SR

Ce
||
|
B
oV l/ 21
= C.
For the 741, I = 9.5 pA and C,. = 30 pF,

resulting in SR = 0.63x10° V/s.

iCﬁ = 21

Microelectrics (111) Flad—7 BB T L
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Relationship Between f, and SR

® G, G, zgi
4r.

e

where r, is the emitter resistance of each of Q, through Q,.
Thus,

r, = Ve and G, = !
I oV,
o a)t: a)t = Gml = I = . = SR
CC QCCVT t 4VT

® SR: SR =4V,0,
For the 741 we have SR =4 x 25 x 103 x 21 x 10° = 0.63x10° V/s.

® A general form for the relationship between SR and , for an op amp with a
structure similar to that of the 741 is

SR = (gja)t
a

where a is the constant of proportionality relating transconductance of the
first stage G,,;, to the first-stage bias current I, G,,; = al.

For a given wo,, a higher value of SR is obtained by making a smaller;

= I = constant, G, ¥.

Microelectrics (111) Flad—7 BB T L
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Home work-2

® Problems: 20,21,22,23,24,28,35,36,40,41,48,49,52

Microelectrics (l11)
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