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Type Circuit Model Gain Parameter o
Characteristic
Voltage Amplifier Rout Open-Circuit Voltage R;, =00
+ +
Gain Rout = 0
Viv. . Ri, AV Vour
Vv
-0 | -i— o— Ao = _our. \/V)
- IV i =0
Current Amplifier in iour Short-Circuit Current Rin =0
* * Gain Rt =90
Viv - R, A Rout Vour
out
-0 Pt ' O — A = (A/A)
< Ly
Voyr =0
Transconductance four Short-Circuit Ri, =00
Amplifier + + Transconductance Rout =0
Viv - R, GnViy Z Rout Vour )
/
-0 — o- |G, = UL (A7V)
= V/N _
Vour =0
Transresistance in Ry Open-Circuit Rn=20
Ampilifier + + Transresistance Rout =
Viv R, Rl Vour
Vv
-0 o— R, = UL (V/A)
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2.2 aaUuaulaaund (The Ideal Op-Amp)
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Ving _
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A Vour
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JUN 2.2 uansnissieeeduenliviminvenedyaadudnuvazguile Wauseiu vy, >

=

Vi WSSRUHAATBUNAZiA1UInANiUSRTIve1eNgen deraliusenuiednniia1uings

1N FLanlugUN 2.2 (N) wazille vy, < vy wSUNasedunmndaiiiaugauiudnsivesd
gunn dwalilsetuednaiaauinn daiandugui 2.2 ()

2.3 2995vY18UUUNAULNE (Inverting amplifier)

SUT 2.3 WannRsUeneLuUndU Sunavesdynnanendnmiignueneiidnsaznduimaiy
FryeynsBune 180 04pN NTIATIRINENTIVENEVRINATVEBLUUNSUAaLN SR TN L6l
NILUA Iy = i, FOTU 11N D LA TN SEUAlded

R,
NN
Vin R
o—A\WW\ - Vour
X AO P—O
+

UM 2.3 299598kuUnaUa

X VX _VOUT (2 1)
Rl RZ

ynauaudRveseoluentfo v = v felu useiuiilnue x Sawiadugud wazidle
WnuAT v, = 0 Tuaun1sy (2.4) i5nansnsailsuaunisivalanadl
Iw —_Your (2.2)
R R

1 2

WednguaunsiensnsIveNe ISNEINTREUANTNTONTIVEY A, = Vour/Viy HAWAY

R
p =Your — _ T2 (2.3)

|4
Vin Ry

PNFUNTONTIVY18VBII99T RAAIANIIVINIIEINNTODDNLUUSATIVE18VDI9AS bR
PNANANUATUNY R, UaT R,

A79E197 2.1 2BNLUUIATVEBRUUNGUManuanslugui 2.3 ieliasidnsivens 4 i

wuURniad 2.1 91n29951uFUN p2.1 AUAATIENITMIAUTIAUBIANG (Vour) lBMMUALA vy
=2V,R =R, = 1 kQ uag R = 5 kQ
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2.4 2935vensuuulindud (Non-inverting amplifier)
a{' W a & o v A o a
JUN 24 wannsasvensuuulinduma Tnefieedueudvininnvenedyayiaduns
fyaraueranniignueedinanseiuimavesdyaiudunn n15ATILYINISRTIVEI8YDINRT
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Vour

4 2995vneuuuldndua

a1 -

WSS v QNLULSIAULNANIANAA iU

_ R .
Vo=l ——|vor dMmiu A= (2.4)
R, +R,

[
f v o

HAR19YBIRs I LAUNRRaUwaNTTATENNN Fusranunsauseanambavindugue denu

Y

[y + - a My X
BNAU V= VvV Li’]ﬂ']ll’]iﬂL‘UEJuallﬂ'ﬁ&[,Vill‘l@ﬂﬂu

R
i — Vour (2.5)

R, +R,

d' o + v o v a a1 (Y
mmwﬂugﬂw 2.4 WU vy = v ANUY LINAUBUNANAUNINY
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Rl
vy =| = Vour (2.6)
R, +R,
AINY DRTIVYNEBIIAUVDINITLHANNNAY
v R
A =" =142 2.7)
Vin Ry

=

298197
QIUTHLTIAU 1 mV

Vin
I
A + Vour
—-0
R
o— v \j \,— R4
——A——

10 kQ 9

R, < 100 2 10 k2
Rj%mo Q

%

2.3 AFIUMUTFUDIANAVBNNRTVEeTRandluFUN p2.3 dlulasivudiy

2

UM p2.3 209sveneuuulinduina 2 a1a

2.6 2993352590 U (Voltage Adder)
JUT 2.5 Uan93993 590 TAUTai B uNn lAva1 e B uneZeanunI0asu1en15VINaUYeeINas

Ladeil 1lofius i udunmd U NBUNATEIINDITINLITIIL wsIrudInangniuasudunseua

LAUNWNY Aeiwansluaunis (2.11) wag (2.12)

v v v
i =-1 in =2 .. in =1 (2.11)
1 2 n
R, Ry R,
dl 1 a0 1 U
Nai’)msﬂaﬂﬂiguaw‘lﬁquu RF HUANTINU
(2.12)

ir. =g, +/,_-‘,2 +-"+/Rn
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R;
Vi o—AW
R, Ry
V20— WA—¢ ——WA
R;
Vs 0—AMAN—9
) -—
! [ Vour
| |
I \ I A
Vn o—AN— +
Ry
o - o
JUN 2.5 UARI9TTIULTIAY
LSIMTIUMATI Us9dU v = v = 0 Aty wseiuednmilanindu
Vour = 0 - IRf = _/Rf (213)

fatl LnnsElaaInaunnis (2.12 uwnuluaunis (2.13) 151anuisasandlen

io Yo Y Yn
VOUT:_RJ‘ _+_+_+...+— (214)
Rl RZ R?) Rﬂ
01 MNUALA R, = R, = Rs =.... = R WSInu@1dnmlA1inmiy
Ry
VOUT:_?(V1+V2+V3+“.+Vn) (2.15)

A2981991 2.4 UAAITANTMAWTITUDIANG Vour VO413IUTUN p2.4 Amiualvl R, = R, =
R = 1kQ

R = 1k R
Vi O—A\ W A
R, =1k 1 ke2
V2 0—NMW - Vour
Ao —O0
+

€a
c
=).

T
N
B
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Vour

sUN p2.5 193959818
Y

[

WUURNYIRAN 2.6 JUT p2.6 UaARIMATVEIBRUUTINAYQIM MVUALE R, = 2 KQ, R, = 3 KQ,

<
3 =

Ry = 1 kQ, Uz Ry = 9 kQ UANNITNMIMIENNTRIANRNFUTUSAUBUNS

q

Rq
AAA%
Rs
- Vout
— Rl —0O
Vi +
Ry

SUN p2.6 1935v8UUUTINA Y0

WUURNAAN 2.7 29Maun1suseiuodinmvesiansiugui p2.7 Avuali R, = R, = Rs = Ry =
Re =R, = Ry = R. = 10 kQ

Ra
N — W\,
Vi O—AMWN—
Vo O \/R\;V \ Rb RC
R; A MV
V30— e A,
va 0—" VW - Vour
= Rs A
vs O—AANN, +

~

gﬂﬁ p2.

2.7 299301UK39AU (Voltage Follower)
JUT 2.6 UaAAINITIULTIIUNINTHOWTIIU v- AULTIFUDIANG AU USIRULDANAL]
ANYINAY
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Vour = Vin (2.16)

Vin

C + Vour

AO —O

JUN 2.6 19950NWIBT 1139399 TANULTIAY
INFUNTITN 2.16 L5INUIT DATIVEIULIIFUTANYIINUNTS UI0EIUITONAIAILTIAU

1RNATANIINAULTIRUBUNA

A2981991 2.5 UM p2.1 Uaneaasiinas RAMUIUMUTIIUDRNG 01 vy, = +1 V Uag Ao
= 1000

Ao = 1000
+ V,
vy A Ag ouT
1V, -

JUN p2.1 199TUUTIIY

ad o Y o & @ W o & ) ' aa &
591 arimuneelwendiidnsivenawinduetud wseduran 19 dunnveteaUweuldll
AUTEUNAVINAUAUE WA Vour = viy AT RTIV818Y041TANULTIFUM AR

Vour = AoV’ - V) (2.17)
= Aolviy - Vour) (2.18)
Fath
Yor _ %o (2.19)
Viy 1+ A,

v Y + - v R
01 Ao = 1000, viy = 1 V UaE vour = 0.999 Waziilesnin v - v A1tdesuin faiiy
LI9FULIANATIAVINAULTIAUBUNY

2 v a a ¢ Y] 3 o A PN Y o v
LWUUHNUaN 2.7 ‘N’JLﬂi']gﬁ‘lﬁ']LLi\TWUL@WWWWSU@Q’JQGUiGHNLLiQWUVlLLa@IQ&L‘UE‘UVI 2.6 ﬂ']ﬂ']‘mu@ﬂfw
A, = 100
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2.8 293359818AURANANY (Difference amplifier)

a 1 = ° 8 v o
JUN 27 waneeaseeneadnuuaneing Jagninlyussyndldvenedygyiuniiunig
wansinsaRsdayeyns 1Y dyuediuiile dyaae1dnnvesgunsainga

[y

U usanuiignuuas
9INNTATIVTUNTEUE
R,
M
R,

Vi o— AN —— Vour
Ao —0

Vo +

Rs
Ry

JUN 2.7 29959818ANULANGNY

INIATVYILAIURANAN LIIANUITOATIENNILTIRUNDANAAIETTNTIATIEYIT

ATGE
Wae918 130y Ullasnddy a1u150AATIEAlAUNSAIUALTLIAY v, QNeoans1in Aelu
LIITULEIANATLAAINTIFU vy TANIIAY
R
Vor = ——2\/1 (2.20)
R

1
LATLIIRULBIANATILANINLLTIAY v,

lagmnualviusesiu v, gneaIngIIn AatusIAy
L@ANATIAYINY

R, R,
Voy =Vy——| 142 (2.21)
R, + R, R,
91N@NN15 (2.20) 4 (2.21) WIIRUBIANAVDIIDIVYIIAIILLANAIIRANILARIT
R 14+R, /R
Vo ——Zv1 #Vz (2.22)
R, 14R, /R,
OAMUA Ry = R Uag R, = Ry WiddueAnaiiavinfiu
R
vour = — (v, —vy) (2.23)
R

A2981991 2.8 AIFUIUMUTINULLIANAYDINITVYEAUWANANTLAASIUIUN 2.6 01 R, =
R; = 10 kQ Uaz R, = R, = 100 kQ
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2.9 2995v8188UaNIWIU (Instrumentation amplifier)

gﬂﬁ 2.8 LLammfﬂisumaﬁuamgl,ﬁuﬂszﬂaué'hmwwmmmﬁuwamqmﬂﬁ 1 Fafleoy
woud A, uaz A, mihlvensussiunastsnuulindula wazasasnnail 2 Seauueud A; v
yiAve1susITuNAR1ILUY TefvedisasuensBuansisiufie 1) Sns1ve18LIIR U993l
WnTumzaufun1sveedygiufidvuinudn Wy deyayrangunsalngIadu (Sensor
signal) dryerauTinnIw (Biosignal), #yey1adain19asused wardeyqiuanniasaiunin (Front

v o

end) fiflawnidn way 2) asmmamwammmiummm (Common mode rejection ratlo)
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A

v, 00—+
Aq
- R,
AN AN
R,

Vour

R,
’\N\,

A3
’\N\,

+
R
NN
Ao
V,0—+

gﬂ 1 2.8 299598188UER

ﬂ'ﬁ'it,ﬂs']zﬁ’msmmUﬁuamgLﬁummsaaﬁmsﬂﬁﬁqﬁ WSIAUNARNS V-V, AANVNAU

2R
Vor —Vop =| 1+ R_ (v1 — v2) (2.24)
1

wsssueanmnvasoakand A; Tewiniu

R
_ 4
Vour = __(VOl N VOZ) (2.25)
R.’)
AT LIIRULIANRIYBIRTLANYINY
R 2R
Vour =2t 1+—2% (v2 — vl) (2.26)
R’j’ Rl

DNIIVYNYVDIIATLANVAU
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R 2R
= 1+—2 (2.27)

Vo=V Rs R

AR9E19 2.9 AL TIAUBIANAVBINITVEOTEAIUFUN 27 MR =R, = Rs = R,
=10 kQ

2.10 29959uiinsMa3 (Integrator)
JUN 2.9 WARIIASVENLRUUNAULINAUTENBUMIBAIAINAIUNIY Z; kae Z, Fulumn

ANMUAIUNULTIANND WIoTesizsnianduanelauilawingu

Z,
1
| S
Vin Z
o—{ 1} = Vour
AO '—O
+

UM 2.9 299598kuUNaUE

7
Jour (=22 (2.28)

Vin 2

'
[y

JUN 2.10 Wan9I9a5dunngmessanunsalaseimilenaneloulanadl

G
|
Vin R;
o— N\ = Vour
—0
¢
Ul 2.10 219958uRnTIwe3
% 1/ sC
O (5)=— 2 (2.29)
Vin Ry
% 1
T (5)=— (2.30)
Vin sRlC1
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4

»

‘ Vour
Vin

> f
Uil 2.11 wansmevapUIIIMLAveNIATBURINTLADS
L
Vou C
V"i: = —R—lls (8.28)
1
=% (8.29)

Providing a pole at the origin,* the circuit operates as an integrator (and a low-pass filter). Figure
8.11 plots the magnitude of V,,;/V;, as a function of frequency. This can also be seen in the
time domain. Equating the currents flowing through R; and C gives

vout
Vin

f
Figure 8.11 Frequency response of integrator.
Vin dVout
=-C 8.30
7 T (8.30)
and hence
1
Vouwr = — Vipdt. 8.31
= | (8:31)

Equation (8.29) indicates that V,,,;/V;, approaches infinity as the input frequency goes to
zero. This is to be expected: the capacitor impedance becomes very large at low frequencies,
approaching an open circuit and reducing the circuit to the open-loop op amp.

As mentioned at the beginning of the chapter, integrators originally appeared in analog com-
puters to simulate differential equations. Today, electronic integrators find usage in analog filters,
control systems, and many other applications.

Y o Mour (2.28)
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1
Vour = —R—IVWdf (2.28)

1~1

Y oA o 3 q' = ag v o A
A29E197 2.0¢ 31NN Y YU FNAVDRTNNARITUFUN p2xx duyRLTLTITURN
ATeu C; HAsuAuwiiuaud waresllandvinnudinuuranuad

Vin
Vi+
II1
1l O —
Vi Rl X ﬁ 1 i It
O_W\I_‘ VOUT Rl
—> —O oH |
4 Y
o o . ouT
! R V1T1
1 1 —_——
V5= R,.C
CRG ; ¢
— T, —»

]
=

JUN p2.xx (N) 2935BUTNINBST Loy (V) FUIuBUNm UAZLEIANAYDIINRT
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Vi
Vin |
0—«—>
H Tb
Vi
|C|1 lev Ry
| 1]
g v, o X °= —
MR o= bt S
Ty ﬁ — Vout \71\ _ ViTy
R - - R.C
1 " R.C 104
0 t
(a) (b)

Figure 8.12 (a) Integrator with pulse input, (b) input and output waveforms.

When the input jumps from 0 to V;, a constant current equal to V; / Ry begins to flow through the
resistor and hence the capacitor, forcing the right plate voltage of C to fall linearly with time
while its left plate is pinned at zero [Fig. 8.12(b)]:

o

i = o / Vit (832)
i

= — t 0<t<Ty. 8.33

e <t <Ty (8.33)

(Note that the output waveform becomes “sharper” as 121 C'; decreases.) When V;,, returns to
zero, so do the currents through R; and . Thus, the voltage across the capacitor and hence
Vout remain equal to —V; 7, /(R Cy) (proportional to the area under the input pulse) thereafter.

35911
1
Vour = ——jvwdt (2.28)
Rlcl
S 0<t<T, (2.28)
Rlcl

WUURNTAN 2.0« 299105 Yy 10Ul AR Va9 5 NLanIluFUN p2.xx auyRliussiuian

A7) q

] Al a v @ ¢ ) a1 ) & o ) a
AN C; llﬂ']LiiJG]ULVl']ﬂUQUEJ bIINU V4 IAwduau LLa:ﬁ@@ULL@iJTJ‘VI'N']u@iﬂUﬂJ%Q@@JﬂG]
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The above example demonstrates the role of the virtual ground in the integrator. The ideal
integration expressed by (8.32) occurs because the left plate of C'; is pinned at zero. To gain more
insight, let us compare the integrator with a first-order RC filter in terms of their step response.
As illustrated in Fig. 8.13, the integrator forces a constant current (equal to V3 /Ry ) through the
capacitor. On the other hand, the RC filter creates a current equal to (V;,, — V,:)/ Ry, which
decreases as V,,; tises, leading to an increasingly slower voltage variation across C;. We may
therefore consider the RC filter as a “passive” approximation of the integrator. In fact, for a large
R, C product, the exponential response of Fig. 8.13(b) becomes slow enough to be approximated
as a ramp.

We now examine the performance of the integrator for Ay < oco. Denoting the potential of the
virtual ground node in Fig. 8.10 with Vx, we have

Vin =Vx _ Vx = Vow

= 8.34
7 . (8:34)
015
in " Yx _Yx " Vour (2.27)
Ry 1/sC,
G
|
4 Vin Ry v
VY Vour
0 > —O
Vi
R,
Vi Vi R Vour
o ANN lo)
‘ — /
0 Vivour = C
R,

FUN 2.xx HAN1INBUAUBIA Y IUNIATAN
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C4
V. il V.
1 R4 X 1 1 R4
0 V'"O_M—:ED__O Vout \ 0 \/IHO_WTO Vout
ou
vi Vi=Vou T
R, ~ R, H
Figure 8.13 Comparison of integrator with and RC circuit.
and
Vi ,
Vy = =24, (8.35)
—Ap
Thus,
‘/u -1
= T : (8.36)
7, TG
revealing that the gain at s = 0 is limited to A (rather than infinity) and the pole frequency has
moved from zero to
-1 (8.37)
S§p= ———————. )
b (Ao + )R, Cy
Such a circuit is sometimes called a “lossy” integrator to emphasize the nonideal gain and pole
position.
LY
v
v, =—L (2.27)
_AO
PatiU
v —1
A = (2.27)

vy 1/ A, +A+1/ADSRC

wazAudlnanAdounInduriaudlgeen

—1
sy = (2.27)
(A, +DR,C,

& o A & a PN =i a Y
WUURNIAN 2.6 91NTUFIUNIINTOWUY R NwanslunIni p2.xx AudlnalliAliiiy -
1/(RyCy) IUNAT Ry WA Cy MINIAAIILDLING
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R %
Vin X out

MV o

Cy—=—

Ul p2.xx 29a3NTDIAMAAHIY
339 91n@UNST 2x¢ A1 Cy Ry SR
Cx Ry = (A, +1) R,C, (2.xx)
MWNISL@8NAT Ry = R; wagA Cy = (A, +1)C;

ansaenuesluweny saluwsudayyinlian C; JanNuauae A, +1 190

WUURNIAAT 2.x¢ 9mnuali Cy = C; A1 Ry dAnnls

o T |

f29819%7 2.9 39As1EInanN1sHanTuaelouwaz NN URNS DAV 11995 URN SIS U

al

U7 p2.11

R,
AAAY
¢
0—| I—0
vg, R;
- Vour
Ao —O
+

UM p2.11 29958ufinsmesuuulansIveny

a 4 a s . o
2.12 2995anWasLsutLaLmas (Differentiator)
JUM 2.10 waneaeasavilesisuBiowas Usenaumesadueud A, dduniu R, @
sodnwazlaundunuuay wazdinuUszeseseniedunmvedsasiuriavvesesluoud

Ra
AN
© I - Vour
Ao ——O
+

JUT 2.10 29asinlaisuBiowes
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R
Your ___ 4 (2.27)
Vin 1/sC,
= '5R1C1 (227)

JUN 250¢ UARINTINVUIAVBINANITNBUAUBINAIIUAVBIIATANWDITUT LN DT

Vout o Rl
T - (8.41)
C'ls
= —RlCls. (842)

Exhibiting a zero at the origin, the circuit acts as a differentiator (and a high-pass filter). Figure
8.16 plots the magnitude of V,,,,; /V;,, as a function of frequency. From a time-domain perspec-
tive, we can equate the currents flowing through €y and R;:

-~y

Figure 8.16 Frequency response of differentiator.

d‘/zn - ‘/out
“u T TR

(8.43)

arriving at

dVin
Vour = —R1Cy di . (8.44)

4

»

‘ Vour
Vin

Vw _ Vour (2.27)

Vour = —RG (2.27)
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AR08 2xx 391ANTINFY Y1001 ANAVERTTRARIUUN p2xx  auydlreelueud
nUaNYUEgANAR

4 Vin
Vit
Ry
Vin C1 X W . ° ,4_ T —» >
o__“T Vour < T
i —O o[ ¢ >t
= Vour i ?
0 ¢ » ¢

gﬂﬁ P2.XX

a v 6

2591 vauziing t = 0, WSIAU vy = 0 WAz vour = 0 Lladyaaduiad vV, Joudn vy nszla

<

azluan1u C; Wesann Vy ve9eauuaudiayiniuns1ig nsewd iy maain

d
—c I (2.27)

d

t

= C,V,8(1) (2.27)
nszualnarusniu R, agviliAnusaduednmviiy
Vour = -inR1 (2.27)
= -R,C;V;0(t) (2.27)

Wenaan t = T, WSAU vy = 0

(2.27)
= C,V,8(1) (2.27)
LI IANRLIINY (2.27)

Vour = _i/NRl (227)
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C, AANNNIURIY A, +1 ¥

AVAVAV
Vi ] ¢ X i v
" © Vout
0 - ) Vout

-
0 t
(a) (b)
Figure 8.17 (a) Differentiator with pulse input, (b) input and output waveforms.
= C1V10(1). (8.40)
The current flows through R, generating an output given by
Vout = —Iin Iy (847)
= —R1C1V16(1). (8.48)

Figure 8.17(b) depicts the result. Att = T}, V;, returns to zero, again creating an impulse of
current in Cf

dVip,

I;, = C; 7 (8.49)
= 01V15(t). (8.50)
It follows that
‘/oul — _]ian (851)
= R1C'1V15(t). (8.52)

We can therefore say that the circuit generates an impulse of current [+ C; V}6(¢)] and “amplifies”
it by Ry to produce V,,:. In reality, of course, the output exhibits neither an infinite height
(limited by the supply voltage) nor a zero width (limited by the op amp nonidealities).
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| 9 a1 Y] ¢
LUURNNUAN xxx 01 V; IAnduau QQ?W@LL?Q@UL@WWWWW@Q?Q‘U?

It is instructive to compare the operation of the differentiator with that of its “passive” coun-
terpart (Fig. 8.18). In the ideal differentiator, the virtual ground node permits the input to change
the voltage across C'; instantaneously. In the RC filter, on the other hand, node X is not “pinned,”
thereby following the input change at¢ = 0 and limiting the initial current in the circuitto V; /R;.
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