Operational Amplifier

° N4
741
Offset null @ Top view @ No connection
Inverting input (2 . T @ V. (Li31ug|%
Noninverting o :
input o) L
' [uf.]ugl% @ Offset null

(a) A HA741 integrated circuit has

} i . (b) The correspondence between the circled
eight connecting pins

pin numbers of the integrated circuit and

= Q5 CHI the nodes of the operational amplifier.

1. inverting input

2. noninverting input
3. output

4. positive power supply ( v*) degradation
5. negative power supply (v))

e NC : no connection
e Balance(offset null) : compensate for a

T
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Symbol and Circuits

& l Positive

Inverting ; Q@ power supply
input node 1_,, N node is
f e ~— , Output
o + . hode
; > 1  Negative h(ﬁ)
2 Q power supply
1 o Noninverting ~; T node v,
2 input node )

O

= CL
L+iL,+i +i,+1.=0

An op amp, including power supplies v and v-.

Common node : reference
- All voltages rise from the reference node.
- All currents come into the amplifier.
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Ideal Operational Amplifier

Vo ) .
Op ampZt M&o|7]| flsi M=
Positive saturation CtEe| =712 ghEslof ettt
VAR
~—Llinear region Vo < Vsat
I : | <y
—V+/A \[r/A (Vo —vyp) y
v (T
VT (;t( ) <SR (SR, slew rate)
+
Negative saturation

—For A 741,
v, =14V, I =2mA, SR =500,000V /s

S
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Ideal Operational Amplifier

Inverting P
input node s ;
& ‘ _ - — Output
+ Noninverting "
. Oo—+ +
input node [ —
1’2 =l
V1

K3 =V

Table. Operating Condition for an Ideal -

Operational Amplifier The ideal operational amplifier
Variable |deal Condition — |deal operational amplifier
Inverting node input current i;=0 @ R o Op amp input current= SO0[Lt.
Noninverting node input current ;=0 =0, 1,=0
Voltage difference between Input node voltages 2C}.

inverting node voltage v, and

) ? V2-V1:0 @ A->w V2:V1
noninverting node voltage V,

* \irtual short condition.
T
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Ideal Operational Amplifier

s N s ™
Rest of circuit Rest of circuit
L eV ’\N\, E— A
i Ry i
Rin § . .
: A(v, — v_) _ AV, — v_)
'_!_ I+ A W
[ eV + > oV +
(a) (b)

Figure 4.4 (a) Op amp model. (b) Idealized model.
-Ideal OP Amp

(1) Infinite gain, (2) infinite input resistance, (3) zero output resistance

R —>o, R -0 A—>w

0]

— AHl AKX HES(e.g. saturation)=S H &38| DAIGHA R6tLE HA S =35,
S
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Op amp 3|22 2tk g}

Positive
power supply
node

Inverting
input node il

+\ ;2_"
v t\!oninverting ,;_1
input node

I
-— Qutput
+ hode
Negative v,
power supply
node

Yp

An op amp, including power supplies v*and v-.

Inverting =0
.] -_—

1pu53node — is
- -— _ Dutput
: . .
Nonmlvertmg + + node
input node | _—h()
I2=
t
Us = ) Vo
“ — I

The ideal operational amplifier
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KCL

L+ +i,+i,+1.=0

07[Mi,,i,2 i? &2z
L=, ~0

kM, iy =-(i, +1.)

—

Input current= & O|X|Zt output current=

i, +i +i,=02 &dESHK g=ct
ListH o] S E= ZtEFStst 35 20| 7|
i =0|C}.
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Nodal Analysis of Op Amp Circuits

Inverting
_~inputnode 30 kQ
—— A ——= AM
10 kQ o
"'_io ; Output
b ~ «— |~ node
2 = A )
w(@®  —W—o — :
10kQ \Noninverting ig =0
1%
vy (i) 30 kQ input node POk § ’
®
vi—V, Vv;-0
- e Node2 -1 P L
Op amp : virtual short condition

Input SFALOIA KCL & 8.
Node 1
Vi =V, 4 Vi =V, 4
10kQ2 30k

@
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+ +0=0 (2)
10kQ2  30kQ

Y

—v,-v,—=0 (1
g VaT 3 (1)
%w—%:O

(2')

kA, V= -3(vy-b,)
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Bridge Amplifier Circuits (1)

Virtual short condition

v,=v,=v,=0, 1,=0

v, V.+v.= Node Voltage & 2]

Node b2| KCL
0—(v.+V 0-v
( C + S) + C :O (1)
i R, R,
(a) A bridge amplifier, Node a2| KCL

including the bridge circuit
Va _(Vc +Vs) n V, =V n Va =V, 4 Va -0 (2)

Rl RZ R5 R6

Supernode ¢, d2| KCL

cVa Ve —0+vC tVs—Va VetV -0 0 (3)
R, R, R, R;

Circuit Theory | Lecture 6-8



Bridge Amplifier Circuits (11)

ao
R1R, R3R,

gRt: Ri+R> R+ Ry Ve, Vy V7 F 01 R[5,

+ Voc:( R; 3 Ry )Vs 1 1

oy Ry + R, Ry + Ry '( 4 ): VS (1|)
b Ry R, R3

(c) Its Thévenin (1 + 1 1 ) (_ _) - (2)
equivalent circuit R R RS R6 R R ¢ RS Rl

%Rt e —(— —)v +( L + L + L + L WV, :—(i+i)vS (3)

' R R R Ry Ry R, R Ry
Ow BT ~
jir -0 v, V. &HSHH v B e UCE

+ bd L
=0 X Vo (d) The bridge amplifier, including the
- Thévenin equivalent of the bridge
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Inverting Amplifier

(a) Inverting amplifier

‘Vo‘ <V, oloior 22

Ly, |<V, = |V, | <

f/R

Rf7P 81-= open loop?! &%
— -AV10| = ilz 00|B=2

v, & Vin7|' =},

Circuit Theory |

v,=00|v,=v, 0|22 v,=0,i,=0

KCLOIA] i, +ige = 0.

O-v, O-v
in 0

=0
Rl Rf
R, R, _
vV, =——V,, (—:scaling factor)
Rl Rl

w2}, vy = -Av,, 0] 2
\v \<v /A olofof a2z

o < Ztotof Op ampZ} M & S &ttt
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Noninverting Amplifier

Vin O— Rt _ _
" >—ovout(1+R—1)vm i, ~00[22 R oflA2] MAzst=0.

ng 2, v, ~ v, O| v, ~ v,0| 22
V1: Vin
KeLoflAl  Vin = 0 4 Vin ~ Vo =0
R,
(b) Noninv:artin amplifier V_O = ( : T : )Vln
= Rf IQl Rf

Rf
V, =(—+1v,,
Rl
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Summing Amplifier

v1 O—AM\N—
R4
v2 — N W—— W\,
R, Rf
: V,=Vv,=00]|21 KCLEHE
vy O—ANWN——-
R, .\ Vout
] V.-V V. -V, V. -V, V_ —V
_Rf R R n o_|_n 1_|_n 2_|_n 3:()
vOUt__(R_1 V'|+R—2V2+...+R—”V”) Rf Rl R2 R3
R R R
(d) Summing amplifier V :(__f)v _|_(__f)v _|_(__f)v
0 R 1 R 2 R 3
1 2 3
2t v = scale® n7lie| &1 Merel ghol2 5= AXEHo| Ut
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Noninverting Summing Amplifier

R,/K;

Vp = Vn OI_T’_ KCL% &! % e 0 Vour = Ka(Kqvq + Kpvp + K3v3)
2 o—AM—
v, -0 vV, —V
n 4N 0 0= v3 o—AAM—
Ry (K4 -1) Ry Ry/(1 - (Kq + Ky + K3))
K,V Vv Y
4%n — 0 :>Vn — 0 = =
(K4 o 1) Rb (K4 o 1) Rb I‘<4 (e) Noninverting summing amplifier

vV, =V, +vn—v2 +vn—v3 v, —0

_|_
R,/K, R, /K, R, /K, R /1-(K +K,+Kj,))

KV, s K,v, s KgV, s 1-(K;+ K, + Ky))v, _ Ky + KoV, + Ky,
R, R, R R R

a a a

=0 =

v, = Ky, + K,v, + Kyv,

CCh2bA vV, = K4(K1V1 + K2V2 + K3V3)

Circuit Theory | Lecture 6-13



Voltage Follower and Loading Effect

= Voltage follower V=V, = Vout
Vout = Vin  (buffer amplifier)

Vin O +

Circuit #12| == 2 Circuit #2

i,=0 b _ _
: = S 5l &2t B5tD Lk 0
Circuit ' Circuit ’ Circuit Z |oading effectet ) L.
1 Va 1 Vb 2
= = El(b)et &2 A2 HHAHA =
(a) Circuit#1 before RPN :
(b) After Circuit#2 is connected [:|'. Op ampPJ Voltage follower
£ 0|0l 54828 = AUz &
ANg = UL
Circuit Circuit
1 2
o o (c) Preventing loading
_T_ using a voltage follower
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Voltage Follower (Buffer or Isolation Amplifier)

iy =0

20kQ 1 a0 60 3
A\—o o O8 (a)e 29 V, = Vi =—
+ (a) A voltage = o a In In
in(2) 60k v, gg’fg ' be.f(ire a 20+60 4
= ) - o resistor Is j_%l (b)9_| %l —C|>—
T 30kQ 2| Xet2 AZF o2
- 60//30 1
20kQ 1 b V, = =_v,
—AN—O o 20+60//30 2
Vin C 60 kQ v 30 kQ 8 (c)2F Z0]voltage followerE 4&¢l.
= Node a2| KCL
—l— V, =V, v -0 1 1 V.,
i(Sb;gd\g(letage divider after a 30-kQ resistor ZOkQ 60kQ O = (ZOkQ + GOkQ)Va = Z()—kQ
v, =3/4v,
30kQ V., =V,022v . =3/4v._
(c) A voltage i
follower is added =3 V /BOkQ V, /40kQ

to prevent loading
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Vsl |

Difference Amplifier

i,=00|2&2
G,(v, -V, )+G,v, =0

v
Rkef G, =G;
7ho} G, = kG

Circuit Theory |

i =00|E&2
Gy(v, =V )+ G (v, -V, )=0
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Saturation & the Active Mode

A Vout A Vout

Vsat \\

Segment 11 Positive

v \\ saturation
sat

- Slope = A
A
— - e -
) . v o Active o
(Active region) _sat Va=Vy ™ V region Va=Vy— V
Segment I A ©
© \ Negative
Segment 11 saturation
T Vsat o Vsat
(a) (b)

Figure 4.17 Piecewise linear (three-segment) curve for op amp, specifying the active and the
positive and negative saturation regions of operation. (a) Finite gain A. (b) (Ideal) infinite gain A.

V=V, —Vv_#0
(1) Finite gain : typically 10 to 106.

(2) Saturation : Output voltage cannot exceed the saturation voltage
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Typical Op-Amp

QOPA101
Parameter Units wA741 LF351 TLO51C AM QOP-07E
Saturation voltage, v, V 13 13:5 3.2 13 13
Saturation current, i, mA 2 15 § 30 6
Slew rate, SR Vs 0.5 13 2o 6.5 0.17
Bias current, i, nA &0 0.05 .03 0.012 1.2
Offset current, i, nA 20 0.025 0.025 0.003 0.5
Input offset voltage, v, my | 5 0.59 0.1 0.03
[nput resistance, K; ML) 2 10° 10° 10° 50
Output resistance, R, () 75 1000 250 500 60)
Differential gain, A VimV 200 100 105 178 5000
Common mode rejection  V/my 31.6 100 4.4 178 1413
ratio, CMRR
(iain bandwidth MIHz I 4 3.1 20 0.6

product, B

Circuit Theory |
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Equivalent Circuit of a 741 Op Amp

INVERTING INPUT

R A T "*

Qs Q12 Q13
[ ' A ‘ h : g Q14
[ ] Q15

NON- R6

INVERTING --ﬁl1 02)— :l: : 27 0
INPUT 1 0
o OUTPUT
o] <

‘A | Ny Q19 >'B7

22 0
R10
s Q21
30 pF 50 ki)
Q20
™~
]//
Q16 2
r\ﬂz
q Q17
OFFSET Q10 a1 023‘.'1
NULL
R9 RS >R11
R4 50 ki) 100 » Q24 50 ki)
5 kil
& @ V-
OFFSET
NULL

FIGURE 1-2 Equivalent circuit of a 741 op amp. (Courtesy of Fairchild Semicon-
ductor, a Division of Fairchild Camera and Instrument Corporation.)
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Simplified Internal Circuitry of a Basic Op Amp

1st stage diff-amp 2nd stage diff-amp Emitter-follower

(a) Circuit

0O 5-< Q—

<) VDlIt

(b) Block diagram

Ficure 1-10
Simplified internal circuitry of a basic op-amp.
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Practical Op-Amp

Ideal op amp.

1,=0, 1,=0, v;-v,=0
Practical op amp.
- nonzero bias currents (i,,, iy,)
- nonzero input offset voltage (v,) e

v1 O
b1 é
- finite i i . =~ tona
Inite input resistance (R;) vo o—(- %) operationa
.bzé

l

i1
—
Ip Vos

] amplifier
- nonzero output resistance (R,) ;
- finite voltage gain (A)
Iy =g, 1y = gy, V3mVp = Vg
.. ; (b) The offsets model of an
los = Tp1 = T2 operational amplifier

For A 741,
ipg| <500nA, |iy,| < 500nA
ipy_ip2| < 200nA

Vos| <5MV

T ——
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Practical Op-Amp

Ideal op amp. i R, iy
il — O, i2 — O, Vl'Vz — O v1 O vO
Practical op amp.
. . . R; oA fpss =
- honzero bias currents (i, 1) | g | 2 =v)
. I
- nonzero input offset voltage (v,,) s Ci»
- finite Input resistance (Ri) (c) The finite gain model of and
- honzero output resistance (R,) operational amplifier
- finite voltage gain (A R,
99 ( ) A4 —o Vo

g R, <:L> Ao + vy = V1)

i
—_—
v1 O
i1
i Vos =
—
- é

(d) The offsets and finite
gain model of an
operational amplifier

T
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Realistic Model - Inverting Amp(1l)

10 k&2 50 k&2 10 k&2 50 kL2

—‘VV\/—E‘VVV— —A\\N l NN
uhzal Ideal
Yas -
T - SO SRR W -
100 ke2 § Ug l . (‘Tb i, 100 k&2 § Ve

(a) An inverting amplifier (b) An equivalent circuit that accounts for the input offset
voltage and bias currents of the operational amplifier

- Op amp= pA 741,
- & Hl Op amp<= bias current source 5 JH 2t

offset voltage source & JiJ} ideal Op ampO|
Cold Ues A2 2 2= (O (b)).
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Realistic Model - Inverting Amp (11)

10 kQ2 50 kO
VM= b - 8 (c)«= ideal Op amp.

~ Ideal
CLD o >—G‘ B O-v, +0—V0 0

100 k&2 g Vo= =5 Vi 10kQ  50kQ

0 n

RS

(c) Analysis using superposition
- _1& (d) : Offset voltage source

10 kg2 50 kg2

Vos 0 Vos Vo _y Vy = 6V,
10kQ2 50k

Circuit Theory | Lecture 6-24



Realistic Model - Inverting Amp (111)

10 ki 50 kg2 ) ]
—A\\N—2 - 18 (e) : Bias current source, I,
ldeal . 0-0 O-v .
1 Iy + +—2>=0 = Vv, =50kQ-iy
+ 10kQ2 50k
ip1 C\[) 17 100 k&x vo = 50 kL2 - i,
L
Toks 50 ke2 - & (f) : Bias current source, i,
__deal i,=0, v,=v,=00[2=2
N 10k0ll 52= MF=00|22
@3 ook Z o0 50k0O| B2EHMF0. v,=0

Circuit Theory |

Superposition0fl 2|51 A
V, = —9V;, + 6V, +50kQ- itL
output offset voltage
Output offset voltage for pA 741
=6x5 mV + 50 kQ: 500 nA =55 mV
Z|CH Z|CH
5v..>500 mV 2l & 0l A offset voltageE FA.
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Offset Voltage - Inverting Amp

N REE

(a) Bias current 0l 2|of offset & 0| &4,
(b) Offset current®| 2|6l offset & 20| & A4,
(c) UIJH offset current= bias current 2| V4 &,
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Real Inverting Op-Amp Circuit

v —.0 v—-v. Vv -V
nodea: - +- s 00—
Rs a\ RI RS Rf

2n <+; e o) nodeh: Yo~ Vo Yo~ AQ=V,) _

=0
Alvp—vn) N Rf RO
e 1 1 1 1 2} 5
o — -G —=G.,—=G,, —=0G =
{ | . Ri i Rs S Rf f R 0

(Gi +Gs +Gf)vn _vao :Gsvs
(AG, -G, )v, +(G; +G,)v, =0

D, -G, (AG, -G, )v,
V J—

"D (G +G,+G,)G, +G,)+G, (AG, ~G,)

Ideal op amp2| &<,

Ao, G,—0, G, 0| 22 0| 5 L2l 5tH el of ot 2
&3 ciol 251X 8RS HZSHH v 7t HbH o o] ZLE KCLOM olsh A T 4 3
=1

Circuit Theory |
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Real Noninverting Op-Amp Circuit

nodea:GyVv +——2 +G, (v, —v,)=0
R +R,

" nodeb: Gy (v, —V,)+ G, (v, —A(v, —V,)) +GLv, =0

0{7|M,v_ v v ZF0|X[Z=0|2 Alo| M| 7Ho|E 2 v & T8 4= c}

p' ‘n* Yo 0
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Applications - D/A Converter
Building-Weighted Summing Circuit (1)

[bn—l"""bo] Vo =[bn_12”‘1+..+b121+bO]EO
—| D/A converter|—

Node 1 voltage : E/16
Node 2 voltage : E/8
Node 3 voltage : E/4
Node 4 voltage : E/2
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Applications - D/A Converter
Building-Weighted Summing Circuit (11)

& el [1,0,0,1]=[bs,b,,b,,b,]

Switch O : up

Switch 1 : down

Iﬂ I{J‘ -
| ! Switch 2 : down
3 ) 3 Switch 3 : up
=&, o [ wea

+_
S;up when v; = V¢ L\_ '

S;down when v; =0 ? E 23

Switch voltage Ua L))

I"mll

ROl 917t E2EZ
Voue = 2R X 9 1,
= 2R X 9 E/32R
= 9E/16
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Transducer Interface Circuit (1)

- Pressure sensor 2| 8= PCO| == otH 2 ADC (analog-digital
converter)E 0| &3dl OF &tCt.

-ADC=0—~10V 2 ¢85 ER=Z ol=Ul pressure sensorl 82 — 250 mV ~
250 mV O|C}.

- 0| A= &= AIAHO st f Interface ':*
Pressure circuit ADC
transducer | V1 ¥z
O & O
—-250mV <v, <250 mV
! V,=a-v,+b = v,=20v,+5 V
OV< V, <10V
V10— X 20 + —OV2=20V~|+5V

15Vo— X 1/3
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Transducer Interface Circuit (11)

Inverting amplifier

2.5kQ 50 kQ

1 o—AAN— - Inverting amplifier,

voltage follower, summing
ov,-20v,+5v  amplifierE 0|80l S 2E
2t etlt.

15V 0 Summing amplifier

oltage
follower

Voltage
divider

5 kQ (250.000m, 10.002)

10V |~

=
& SV
==
oV |~
(-250.000m, 4.7506m)
_5V I I I
-400mV  -200mV oV 200mV 400mV

V'I,V
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