2

. Operational

=

=

=

=

1960

Op amp

Amplifiers ( , Op amp)
analog :
( , transistor, ),
IC op amp (uA 709)
IC op amp
.(op amp
(ideal) =>IC op amp
op amp building block
. (IC op amp: transistor,
capacitor )



2.1 ideal( ) Op amp
2.1.1 opamp
* ;2 1
*1C op amp 2
. Op amp ground
* : offset

(a) (b)



2.1.2

=

ideal op amp
op_amp P2 (V,-
vy o, (gain=A) 3)
A(v,-v;)
Ideal op amp =0 : 1,2
0 , ideal op amp
Impedance
( 3) ideal voltage source
: load
A(v,-v,) : ideal op amp

impedance 0

(ideal) op amp




(

= op amp

1 =inverting

2= noninverting

180 )

difference signal (v,-v,)

(common-mode signal)

mode rejection. Ideal op amp

2.3

)

common-mode gain

, 2

. common-

0

Op amp  differential-input, single-ended-output

= Gain A = differential gain.

=

amp
gain

op amp

closed-loop

direct-coupled (dc)

. (dc

differential

open-loop gain

: gain

. Op

closed-loop



= Ideal op amp  bandwidth( )=

gain

= ldealopamp  gain A = (
Gain= ? op amp
open-loop , Op amp

feedback closed-loop



2.1.3 differential common-mode

differential

common-mode

Vicm = 1/2(V1 + V2 )

E> Vl = Vicm - Vid /2.

y Vige

) vicm :

V, = Vi, + Vi /2.

Vig =V —V;



2.2 inverting

® op amp: : feedback
® 2 . Op amp+ 2
inverting
noninverting
® inverting ; 2.5
R,
Al
R
& AN 1
I .
@ 3T> .
= R, negative feedback . R, opamp closed-loop
= 2. ground.
== R, 1 source, Vv,
N ; 3 ( iImpedance
ideal 0 ). A

3 ground load



2.2.1 Closed-loop gain

Closed-loop gain G

Vo

G=_-°
V|

2.5 opamp ideal

Virtual short circuit virtual ground

A=, :
, op amp
1 VO
v2—v1:V—°:V—°:O = _V, 2V,
o0
: virtual short circuit
( : short circuit ).
ground(v,=0) 1 (vi=0) O

virtual ground




(b)
| v —vlzv,—Ozv_I
" R R R
I op amp ( ideal op amp
impedance : =0), Iy R,
3
. V
Vo=V, —i,R, =0——
R, Rle
Vo_g-_R



closed-loop gain G R, R, .0

180°

(inversion) ).

closed-loop gain

inverting
closed-loop gain (R, Ry
closed-loop gain : G

op amp gain : negative feedback

closed-loop gain open-loop gain A

gain



2.2.2 open-loop gain

‘opamp  open-loop gain A

i
Uy o
= g =
\Y
V, -V, =—>, V,=0=>Vv,=——
A
V —_ —Vio VO V0
[ A V, +— Vv V) +—
I, = = A:>v0:——°—i1R2:——°— A R,
R, A R
_R
G = Yo _ R,
Y
o1+ (1+ 2j/A
A—>oo:>G—>—&
R
A->0=>--"->0
=  Closed-loop gain G open-loop gain A

(1+ R,/R)<< A



2.2.3
A ideal op amp.
25  closed-loop inverting
Rz%=§é=a
R R,
: (R,/R))
R, .
inverting input resistance (
2.2 )
Closed-loop inverting =0.
y
merna '?‘__“. %}H. e | ;%7-"]3‘ é"

= 0 d} r,:.i._ ;..h.[:l _%_:'E",.; 2 I'E,-c;v- /j/ f-lf l{-, 1'r'.|' '€= f“ll] :}
/ | |
= o 4 Yk

=] |
Roze |%t‘qﬁ?¢g =



2.2 . 2.8 inverting amp gain=100, input
resistance=1MQ (op amp ideal.
1IMQ )- 2.5

inverting




R=1MQ , RI=1IMQ
, R,=1IMQ (1IMQ
, gain= - 100 , R,=1MQ
: 2.5 inverting
R=1MQ , gain=-100

{

.R3=10.2 kQ

1Ri=

R,=100MQ)

1IMQ

14



2.2.4 (weighted summer)

inverting

-+
FIGURE 2.10 A weighted summer.
A v, .V o :
|1:E,_|2 :g,. ,|n:E,_,|:|1+|2+...+|n
v, =0-IR, =R,
[Rf Rf Rf )
SNV, = —V +—V, +...+—V,
R R
=>V, _ _V,V,,.., v, _weighted summer

15



16



2.3 Noninverting ; 2.12

closed-loop

R,

- A

R | |

. .
O u

v, . R, gnd

2.3.1 Closed-loop gain:

'y
i

R,
_.(:l Rl

@ E R! @,l

copamp ideal (A=) => virtual short
Vio :V—°:V—°:0=>inverting =V,
A o
= R, =v,/R, => R, (op amp

V, =V, +(%JR2 ::>V_°=1_|__2



negative feedback

v T=>v,T=>v7T=> LV, R, R,

feedback  => v,

2.3.2 noninverting

Noninverting gain => *“noninverting”

impedance=ox;

impedance=0 :
2.3.3 open-loop gain

op amp ideal( , A )
v, _ 1+(R/R)

C=V T LI (R/R)

A
A>>1+(R,/R)==>G=1+(R,/R)

18

inverting

== V4



2.3.4 Voltage follower:

= noninverting

= buffer_amplifier

impedance

load

impedance

19

source

. (voltage gain

= noninverting

= voltage follower:

R,=0, R,=oo

(a)

el

unity-gain

(follow).




2.4 difference amplifier

difference amplifier :

20

- differential mode common-mode

! Vo = Ajvld + 'Abmvlcm’

A, = differential gain, A, = common-mode gain(

CMRR(common-mode rejection ratio): Differential amp

CMRR = 20|ogm

A

difference amp

(AmV )

transducer . Transducer
gnd (v

difference amp

0)

2.15



2.4.1 single op amp difference amp.

2.16 Vv, Viy Vi

Superposition principle( ) :(network linear, ).

R, R,

M AN
.l 5
Ty — el

7 .|' T

= R
+ Un +
R, R,
e (b)
1) vy V=0 =>vy Vor : 2.17 (a)
Rs R, . (Op amp  noninverting
=0 => noninverting =0)

SV =—

2|0




2) v, V=0 =>v, Vo2 3 2.17(b)
Op amp  noninverting =0
VR/(R+R,)
R R
V02 = 1+ 2 4 V| 2
Rl R3 + R4
’ R, ( sz_Rz(i R, sz
"R, +R, R /) R R, R
==> V02 = _2V| 2
1
R R
Vo =V + Vo2 = _2( 12 _Vll): :

==> difference _amp _(differenti al _gain _ A, = &)

R/R,=R,/R, => R;=R;, R=R,



Common-mode : 2.18

izl( R ] Y/ 1

1 Rl lem ™ R4 %Icm lcm Rg,R

Vo_ R4 Icm ZRZ_ R4 - RS EV
+Ry R, + % " R+RR

22

)
mVlcm R+R{ RR R R




Difference amp ; 2.19
R,

B A A ae—
iR [
O A
i i
é o x| ey
— O ——ANA——

3

= differential Riq Vg

= , Rs= Ry, R;=R, )

4 =

Vig

24



2.4.2 Instrumentation Amplifier( ):

2.16  difference amp . voltage follower

voltage follower stage

gain : stage difference function
R
APy
iy o
A

. R,
Tz O So

b}
I % -'t|
' Wl ” I"ll_1 '['Ii
I Ay
— |
" Ay
i i !
", !

= gain ; 2R, => gain



26 opamp large-signal

26

output signal op amp
2.6.1 Output saturation : 1.13
= , Op amp
= Op amp 1-3V
saturation , 15V
+13V :
-13V saturation ,  Op amp
rated output voltage( ) 13V
= peak (clip off)
2.6.2
op amp .(feedback load
< )
( ) 741 op amp =+20mA



> 1
saturation
2.5) 2.25  noninverting ' gain=1+ R,/R, =10
= V, sine wave.
load R,
Op amp saturation =+13V, =+20mA
. |
R, = 9 ki)
e
| ki1 | i
AN -
J_ Iy ) P S — =

(8) V,=1V, R, =1kQ , ?
10V sine wave. <13V => ok!
v, =10V ?
Load (i) = 10V/1K=10mA
feedback (ir)=10V/(9k+1k)=1mA

=> (i5)=10mA +1ImA=11mA <20mA =>ok!



(b) V,=15V, R =1kQ : ?
15V >13V=> v, +13V
saturation ( 2.25(b))

Hi, = 13V/1K=13mA, i-=13V/(9k+1k)=1.3mA,
i,=13MA +1.3mA=14.3mA <20mA =>0kK!

(c ) R=1kQ : sine wave V,
?
V, = 13V/10=1.3V.
=14.3mA <20mA ((b) )
(d) V,=1v : sine wave R,
?
v, =10V.

io =20mA =10V/R_,. + 10V/(9k +1K) => R, ., =526



2.6.3 Slew Rate

slew-rate limiting

= op amp

29

slew-

rate (SR) , (

_ Qv,
dt |,

= op amp :

SR ,» 0P

: V/ps):

amp

2.26  unity-gain voltage follower

2.26(b) step
op amp V
2.26(c) ,

linear ramp

slewin ,

SR

slew-rate limited




30

[— = ——

?.’I.' 1
— - 0
+
i'.rf
(a)
o A
Slope = SR+ ;t’
! "
t

0
(c)

2.6.4 full-power bandwidth
= op amp :

(b)

SR

2.26  unity-gain voltage follower

v, =V, sinat

dv
—L = wV, cos ot

dt



, oV, :
(cosmt=1). oV, op amp
slew rate : 2.27
2.27
,opamp  slew
Thearetical
ot pt
If' Output when op amp
/ is slew-rate hmited

Full-power bandwidth, f,,;; op amp  rated

slew-rate limiting

, Vomax= rated

WO Vomax =SR => fM =

omax



2.7DC
op amp dc gain direct-coupled devices
DC
2.7.1 Offset Voltage:
= op amp gnd (
0). ( Op amp stage  differential amp
mismatch ) :
0
offset
Vos
= offset op amp

/,-- Actual op amp

Ohifset-free op amp

= Closed-loop op amp input offset voltage Vo



33

C .fwf?e f’ﬂ*ﬁ ‘h’im

ﬁ'—L)



Op amp Vos

inverting, noninverting

op amp 2.28

ONfsel-Mee
op amp

) Vos dc

Vo =Vos (1+ &]
R,

, closed-loop gain 1000

op amp

5V dc

1-5mV

noninverting

, dc

source

short

2.29

allowable



signal swing : dc
Vos
Dc offset
1) offset (offset op amp
Vs dc 0
2.30. ( Vs )
AV




2) capacitive coupling (dc ):
R, R,
0 AA AN
R,
M -
; O
L. i Offset free
(a) (b)
2.31(a) capacitively-coupled inverting . Coupling
capacitor dc open , dc Vos
(¢VOS (1+R2/R1)) Vos 231(&) unity-
gain voltage follower => 2.31(b)
€.
"y —MAL — _"".L._.-' i ~1
( Ky . ] | L !
L —_— !-—'1;"1'1 '—I M'H J |
18 - —r . | oy
. —] + 7 - _—_:x’ i | = _.l_..I
| — Pt T
) [ - '”“ILT'_’JLI by



2.7.2 Bias
2 dc
bias . op amp dc
2.32 source lg;, lg, ( op amp
).
= bias B PO PO Pt :
| l B1 + l B2
° 2
I input offset current I C
Ios:|||31_||32|
= BJT op amp 1;.=100nA, 155=10nA

MOSFET (PA )



=  Input bias closed-loopamp  dc
signal source  ground inverting, noninverting
2.33 : dc




Input bias

dc
—'N *
R A
3 AN
Ry h
= J,F'
= 2.34 op amp
R, )
= 2.34

39



R, RR,
R, R+R,
1+ A

=> R3

1 IOS

Rs Vo(=1gR,)
= input bias op amp
dc
A 2.35  ac-coupled
R;=R,)




F120 o Raaes ik

= Roey 2% 754

= P, wy IaS ;,g;g.-.,?"'é_
=l 254 (&1, 5 25 Ly )

03= R /R0, T8 =lge 2472 Y=o

o Rlﬁ?ﬁ‘“

I H virtned choot =) I/, ;;L, ani i&?%ﬂ%
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