Operational Amplifier

.
Oftset nuil (1] [®) No connection
Inwerting input (2 - T I“_"::I_:Itﬁl
"'”"'I'IJ : + (&) Output
v_ (usually N
15 V) L) 5) Offset null
(é)hA Haral lr'ltegr'ated cireurt has (b) The correspondence between the circled
eight connecting pins pin numbers of the integrated circuit and

the nodes of the operational amplifier.

TR eIt

1. inverting input )
2. noninverting input * NC : no connection
3. output ¢ Balance(offset null) : compensate for a
4. positive power supply (v*) degradation
5. negative power supply (v°)
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Symbol and Circuits
" l Positive
“Inverting ; power supply
input node e node i
° — Output
! + hode
+ e Negative ' ()
) power supply
¥ ) Noninverting  ; node v
"2 input node i" ¢
v
6 - -
L e

I ti,+ig+i,+i.=0

An op amp, including power supplies vt 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 ampJt AEO0II| AAFHA=
Positive saturation LHE2 2 S 2=l OF STt
VAR
—Linear region |V0| < Vsat
; : i, <i
/A VIA (- |;| =
v (t
VT o (1) <SR (SR, slew rate)
+ dt
Negative saturation
—For ©A741,
=14V, i, =2mA, SR=500,000V/s
Circuit Theory | Lecture 6-3
Ideal Operational Amplifier
-
2 - - . Output
MNoninverting . © node
input node —
o o

Table. Operating Condition for an Ideal
Operational Amplifier

L

The ideal operational amplifier

Variable Ideal Condition — |deal operational amplifier
Inverting node input current iy=0 @ R > Op amp input current= & O0ICH.
i -
Noninverting node input current  j, =0 i =0, =0
. Input node voItageL &Lt

Voltage difference between -0

inverting node voltage v,and "2~ V170 & A—> 0 Vo =Vy

noninverting node voltage v, * Virtual short condition.
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Ideal Operational Amplifier

Rest of circuit

(a)

Figure 4.4
-ldeal OP Amp

s ™
Rest of circuit
| —
——
1
i,
aS—
——av,
—

(a) Op amp model. (b) Idealized model.

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

R, — o, -0, Ao
- &H A% HE(e.g. saturation)S F 5| LAGHA R6tL, SHAES S8t
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Op amp 22| 2tets}
Inverting i ’ 1 posgrsi;‘\j:p\y KC I_
input node . node
T — — o ! ) 5 i+ iy +i,+i=0
" vz\w‘ven&; A ﬂ 0N, i, IR ooz
input node .
ib=i;= 0
L metA, i =-(i, +i.)
An op amp, including power supplies vt and v-. UEXMB= FOIXILH EHERMF= AL
Inverting Lh=0 5:[}
1put node R i 3|l A8 2+
: Noninverting i -2 Output Op amp 2I&2= THOIA 1B 20l
input node ?T() * + nade |_|'§1t§|' SEF ‘JF 9;“:|'
in=
" _— . OIA |vel<v, o2
i, +i+i,=02 S&GHK &=Ct
& = T & JLISHH 0| 3l2= 2te3tst 3120(0|
= = OICt.

The ideal operational amplifier
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Nodal Analysis of Op Amp Circuits
Inverting
input node 30 kQ
AMN—— A
10 kQ
| Jiwe Quiput
; L~ node
’ C_) 1A Noninverting = ,
Vi 30 kQ input nc:d:-;J "
) L
Vi—V, v -0
- vi iti Node 2 + +0=0 2
Op amp : virtual short condition 10kQ  30kQ ( )
Input SERIIM KCL X 8. w2k BRI %v —v,—2=0 (1)
Node 1 4
V-V, V,-V §V1_Vb:0 @)
Layl-040=0 (1)
10kQ2  30kQ th2bA, v,= -3(v,-b,)
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(a) Inverting amplifier

Vo<V, olotot simz

f
Evin

RO B

<V, > v, | <

f/R
= open loopQ! AL
v, = -Av;0] &1
v, = v, Jt €0

i, 00I18=

Circuit Theory |

Inverting Amplifier

v,=00l2v,=v,0|2Z v,;=0,i;=0

KCLOl A gy + igs = 0.

0—-v, N 0-v, _0
Rl Rf
v, :—&vin (=L :scaling factor)
R, R

1

M2tAl, v, = -Av;,01 2
lv,|<V, /A Olojor ez

Vs DI
Ct.

Z0tOF Op ampJt (18 SEBt
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Bridge Amplifier Circuits (1)

Virtual short condition
V,=V,=vp=0, i,=0

v, V;+V,2 Node voltage &2

Node b 2| KCL

0— (v, +Vs) N 0-ve _

U
[ R, R,
(a) A bridge amplifier, Node a 2| KCL
including the bridge circuit
a Va—(VC+VS)+Va—VC Va—V% +V7a=0 (2)
R R, R, Ry

Supernode ¢, d 2| KCL

VeVa Ve —O+vc Vs~V | VetV -0

=0 (3
(b) The bridge circuit
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Bridge Amplifier Circuits (I1)
a
SRy Ry R+ Ry Vg, Vg Voot DI K==,
- ("_f § L],‘
¢ =\ Ry + R: Ry+ R s
| 1+ K2 R3+ Ry Vc(i+i)=—£ @)
(c)_lts Thév_enir_l (i +i +i +i)va _(i +i)vc _ivo :ﬁ (2‘)
equivalent circuit R R R Ry R R Ry R
1 1 1 1 1 1 1 1
I e ¢
i R R R R R R R R
< =

V, V2 AJSHE B PE & UCH

(d) The bridge amplifier, including the
Thévenin equivalent of the bridge

Circuit Theory |
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Noninverting Amplifier

. R _ i
o (145 ) Tox 00122 R Ol HYULBH=0.
1
A, v, & v Ol v, = v,0[ 22
V1= Vin
keLold  Vin =0 + Vin =Vo _ 0
Rl Rf
N v, _( 1 N 1 W
(b) Noninverting amplifier —\p in
R, R R,

R;
Vv, =(—+Dv,,
1

Lecture 6-11
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Summing Amplifier

vy O—ANA—
Ry
vz o—AA—
R R¢
f V,=V,=00/11 KCLE HE
i\uo_}vv»_
R, Vout
) V.-V, V.-V, V.-V, V —
I R-'IRfI RI‘ n o+n l+ﬂ 2+ﬂv3:0
1-.’JUT=_(EI 11+R_E‘?+"‘+F“'n] Rf R]_ R2 R3
(d) Summing amplifier _ Ry f f
- Vy = (W 2 P (2

1 2 3

AN O ACH

rr

W2tA, v,= scale® nJflol 23 Mol 80|10 £5
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Noninverting Summing Amplifier

V,=V, 0111 KCLE HE. KalKovy + K
v, —0 Vo—Vy
R, (K —l)R
K.V, _ vV, Sy, = Vo
(K4 _l) Rb (K4 _1) Rb K4 {e) Noninverting summing amplifier
Vn_vl+vn_V2 +vn—v3 v,-0

+ =
R,/K, R,/K, R,/K; R, /1-(K +K,+Kj;))
Kyv, N K,v, N K,v, N (1-(K; + K, + K3y, B Ky, + Kyv, + Koy,
Ra Ra Ra Ra Ra

v, = KV, + Kyv, + Kyvg

matd, v, = K, (K, + Ky, + Kgv,)

Circuit Theory | Lecture 6-13

Voltage Follower and Loading Effect

Voltage follower V=Vih =V,

out
v —0 Vo = vy (buffer amplifier)
= Circuit #12| £ Circuit #2
i, =0 i, -
. - £ C1A5He &2 Bt ik O
Circuit : Circuit 1_- Circuit £ Loading effectetd StCt.
1 a 1 b 2

= jal(b)gl. DI-O OI-C> HI_P.IJ.”

(a) Circuit#1 before (b) After Circuit#2 is connected

Ct. Op amp¥| voltage follower
£ 0|SolH &3dAS AUZ &

NE == ACH

Circuit
1

Circuit
2

(c) Preventing loading
using a voltage follower
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Voltage Follower (Buffer or Isolation Amplifier)

-0

20k 1 o] | |22 60
e, TE@RET S Tope T
Vin 23;:; resistor is 1% (b)‘-’-l %l_c',_
ke MEhs ddP2n=2
60//30 1
Vb =550 = 5 Vin
20+60//30 2
30 kQ 8l (c)2F Z0lvoltage followerE &'¢l.
Node a2| KCL
o = i Va_vin+va_o_ :>( 1 + 1 )V _ Vi
i(:;gd\ézltage divider after a 30-kQ resistor Zom* rom ZOK() 60k§2 a 20kQ

: A % - P % :
vy 60 ki2 v, Vo=, 30kQ Vout = Va o2z Vout = 3/4Vin
5 (c) A voltage ;
< follower is added |C = %Vin /30kQ = Vin /40kQ

= to prevent loading

20k ¢ 70 L’{B_,_I A Va:3/4vin
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Difference Amplifier

i,=0o[22
G,(v, -V, )+G,v, =0
—
Ti=o00/E=2
vo Gl(v+_vsl)+Gf(V+_Vo):O
y AN

BHOFG, =G, 01 G,=G, OIB v, =v,~V,
BIot G, =kG, 012 G,=kG, OI8! v, =k(v,, ~V,,)
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Saturation & the Active Mode

Vout Vout
]’!x{ll T .inll
Segment 11 Positive
v \ saturation
- Slope = A /
- - ~
. . ; Active
(Active region) ‘_ Vg= Ve v region Vg= Ve = vV
Segment [ A T
\ Negative
Segment 111 saluration
T Vx:l[ - V.l;:ll
(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.

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

(2) Saturation : Output voltage cannot exceed the saturation voltage

Circuit Theory | Lecture 6-17

Typical Op-Amp

OPAI101

Parameter Units nAT41 LF351 TLO51C AM OP-O7E
Saturation voltage, v, vV 13 13.5 132 13 13
Saturation current, I, mA 2 15 [¢] 30 ¢}
Slew rate, SR Vius 0.5 13 23.7 6.5 0.17
Bias current, i, nA 80 0.05 0.03 0.012 12
Offset current, i, nA 20 0.025 0.025 0.003 ()5
Input offset voltage, v, my 1 5 0,59 0.1 0,03

Differential gain, A VimV o 200 100 105 178 5000

Common mode rejection  V/mv 316 100 44 178 1413
ratio, CMRR

Gain bandwidth MHz. 1 4 3.1 20 0.6

product, B

Circuit Theory | Lecture 6-18




Equivalent Circuit of a 741 Op Amp

v+

NON- L SRe
INVERTING —{_ 01 az 5 RS ] 527 1
INPUT > 40 Ki}
a1s i |
Ll am 2R
A Tnn
el b an
30 pF 50 kit

At
1

Wi h‘m
»—ﬁ!ﬂ'
4
ate 1 an
L S T [(TE+ <RE <RI
4:"“‘“ R4 sokne  S100 0 02 S50 kit
5 kit
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.)

Circuit Theory | Lecture 6-19

Simplified Internal Circuitry of a Basic Op Amp

15t stage diff-amp 2nd stage diff-amp Emitter-follower

() Circuit

(b) Block diagram

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

Circuit Theory | Lecture 6-20
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Practical Op-Amp

Ideal op amp.
i,=0, i,=0, v;-v,=0
Practical op amp.
- nonzero bias currents (iy;, iy)
- nonzero input offset voltage (v,
- finite input resistance (R;)
- nonzero output resistance (R,)
- finite voltage gain (A)
Iy =y, By T pp, V17Vp = Vg
ios: ibl - ib2
For pA 741,
lips| <500 NA, iy,| <500 nA
\ibl_ibz\ <200nA

Vos| <5 MV

Circuit Theory |

i

2
iy2

(b) The offsets mode
operational amplifier

Ideal
operational
amplifier

| of an

Lecture 6-21

Practical Op-Amp

Ideal op amp.
ip=0, i,=0, v;-v,=0
Practical op amp.
- nonzero bias currents (iy;, iy)
- nonzero input offset voltage (v,,)
- finite input resistance (R;)
- nonzero output resistance (R,)

- finite voltage gain (A) i

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

Circuit Theory |

(c) The finite gain model of and
operational amplifier

Lecture 6-22
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Realistic Model - Inverting Amp(l)

10 k2 50 k2 10 k& 50 k2

£

(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 7419,
- &%l Op ampE bias current source & 2t
offset voltage source 8t JiJ} ideal Op ampdil
oA Qe Ao 2 2tF (O (b)).
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Realistic Model - Inverting Amp (11)

10 k2 50 kQ

- 38 (c)«= ideal Op amp.

+ 0_Vin + O_Vo —
vy=—B v 10kQ 50kQ
ks Vo = _5Vin

—

c) Analysis using superposition
© Y g superp - 8 (d) : Offset voltage source

10 ka2 50 k€2

Vos — 0 Vos Vo
&

+ =0 V. =6V
f .. 10kQ  50kQ = Y

0s

Circuit Theory | Lecture 6-24
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Realistic Model - Inverting Amp (111)

10 k&2 50 k&2 . .
: - 18 (e) : Bias current source, iy,
Ideal
. 0-0 0-v .
+ g =+ =0 = v,=50kQ-i,

i (1) - : 10kQ 50kQ

b1 100 ke U= 5O KED - i
10 ke 50 k€2

- & (f) : Bias current source, iy,
ih=0,v,=v,= 00|22
+ 10kQo| s2=XMF=00|11
vo=0 50kQo 2= 8K =0. v,=0

Superposition0fl 2/ Al
V, = =5V, + 6V, +50kQ iy
~output offset voltage
Output offset voltage for pA 741
=6x5 mV + 50 kQ- 500 nA =55 mV
Z[of EE
5v;,> 500 mVel HHoll M offset voltageE FAI.

Circuit Theory | Lecture 6-25

Offset Voltage - Inverting Amp

20kQ o HE
[LLAR"EN JOWE kE2
AA R A AN
::hl_'_ui_ — WY 15 ki Y
Bk & T [ &
":,_ ] | e — i
e + Lo T g
e _ ARy ko - o
SmW | HimV| "
@ | @ !
|

(a) Bias current 0fl 2|5l offset 0] 244,
(b) Offset current0il 2|3 offset & 20| 244,
(c) OHIN offset current= bias current & 4 H&.

Circuit Theory | Lecture 6-26
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Real Inverting Op-Amp Circuit

v,-0 v, -v, v -V

node a: + +-L2—°2-0
Ri Rs Rf
nodeb: Yo=Vo, Vo= AO-V)
Rf Ro
izG“ist,i:G“ 1 Goa}éfﬂd
R R R,

(Gi +Gs +Gf)vn _vao =Gsvs

(AG, -G/ )v, +(G; +G,)v, =0

_ D2 _ _GS(AGO_Gf)VS
"= D TG +G,+G,)(G, +G,)+G, (AG, —G,)
Ideal op ampQl &R, Asw, G0, G,»x 0|22 0|E OIUotSH 2+l 0l 2 2
Ch 22 S0l 25HHE R S HASHE v,J BIFE O] tE KCLOI A 78

& ALHL
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Real Noninverting Op-Amp Circuit

v, =V,
node a:Gv, +
G i TRy

| " nodeb:G, (v, -V,)+G,(v, — AV, —V,)) +G.V, =0

+G;(v,—v,)=0

H

8 R 2R, 0l B2= @B 2202
Vo=V, V-V,

R+R, R,

CIJIAl, Vy Vi Vo2t DIKIA0ID AOI Al HHOISZ v, 8 P& £ UCH

Circuit Theory | Lecture 6-28
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Applications - D/A Converter
Building-Weighted Summing Circuit (1)

[b, 1101, Vour :[bn_12”‘1+..+t1121+bO]EO
—| D/A converter |—

_E
8 32R
Node 1 voltage : E/16
Node 2 voltage : E/8
Node 3 voltage : E/4
Node 4 voltage : E/2
Circuit Theory | Lecture 6-29

Applications - D/A Converter
Building-Weighted Summing Circuit (I11)
E E E E
L TR T [1,0,0,11=[bs,b,.by,b]
Switch O : up

Switch 1 : down

Lo Switch 2 : down

S Switch 3 : up

o | I R;=2R
oy
ool Gl
S;up when v; = V- ] :
S;down when v; =0 T: T"‘)g TS

{
[
®

o
&

: : + Vout
Switch voltage 1’3 Uy v, ”D o R¢ ol 9 |07|' s=0gz
Vour = 2R X9 1
b = 2R X9 E/32R
=" =9E/16
Circuit Theory | Lecture 6-30
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Transducer Interface Circuit (I)

- Pressure sensor 2 £8 2 PCO|l 282 6t ® ADC (analog-digital
converter)Z 0| &dllOF 8L
-ADCEO0~10V 9 s
250 mV O|C}.

- 0I4S SEAIAHOF 8Lt

LR ol=0l pressure sensor® 282 — 250 mV ~

° Interface Y

Pressure ) circuit
' V- ADC
transducer V1 2

—250mV <v, <250 mV
0V<vy,<10V

vy 0— %20

v,=a-V,+b = v,=20v,+5 V

+ fovp-20v,+5V

15Vo

Circuit Theory |
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Transducer Interface Circuit (I1)

Inverting amplifier

2.5kQ 50 kQ

I 10 kQ 10 kQ
20 v vp=20v;+ 5V

10 kR
-5V
= 15V T T T
_15V Summing amplifier (250.000m, 10.002)
Voltage 10V = -
Valtage 5 kQ follower
divider =
& 5V
. e ov il .
- Inverting amplifier, voltage (~250.000m, 4.7506m)
follower, summing amplifierE i !
5y
0183l 32 & 24 BHL. Z400mV —200mV OV 200mV 400m\

vi. ¥
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