Chapter 5

Operational amplifiers.
Applications



5.1. Introduction




5.1. Introduction
It is an amplifier with:

* high voltage gain (ideal o) Vi
e large input impedance (ideal o) . >—o Vo
» small output impedance (ideal 0) Vi © *

o differential inputs and single output

Vo :a(vi+ —vi_)
Parameters Order of magnitude
* voltage gain a,> 10°

* input offset voltage (DC voltage applied between
the inputs for obtaining a null output voltage) Vo = 2-10 mV

« the input offset current l,o = 5nA - bipol.
l,o = 1pA - CMOS



Parameters Order of magnitude

e input biasing currents |, = 80 nA - bipol.
|, =10 pA - CMOS

e input impedance R. = 2MQ
R, - o0 - CMOS

e common-mode input range Vee (Vpp) — 2V

e output voltage range Vee (Vpp) -1V

e common-mode rejection ratio (differential voltage gain/

common-mode voltage gain) CMRR =80dB
e output iImpedance Ry =50Q

 bandwidth (frequency for which the voltage gain without
reaction is equal with 1) f: = 1IMHz

o slew-rate (maximum slope of a transient response for a
large signal input “rectangular” signal) SR = 0.5V/us



Vo

- V|+- 3

A

Vee poommmoooaoas : 1V

\E\ slope a

-10pV :
i 10V
1V __%T_:::::::::_ -Vce
negative saturation linear joperation positive saturation
- g

In linear region, vg = a(VfL _VI_)

In negative saturation, v O—(Vec —1V)

In positive saturation, vo OV —1V




5.2. Applications with operational amplifiers




5.2. Applications with operational amplifiers

Superposition theorem

V2

. _ i Vo
Linear circult

Vn

Vo =V V120 +V V220 +...+V Vp 20
V2 =V3=...Vn =0 V1=V3=...Vn =0 V1=V2 =...Vn_1=0



5.2. Applications with operational amplifiers
5.2.1. Ideal operational amplifier

An ideal operational amplifier is characterized in open loop by:
« infinite voltage gain

« infinite input impedance

* null output impedance

In consequence:

» the differential voltage between the two input pins is zero
e the input currents are zero

5.2.2. Inverting amplifier Ve + 0y 40
. a4 d=0=>
I R> Rl R2
——/\B\};-IVL I 2 _ OV0 :A:V_z—R2 ]_F\il R _)_&
ve O vofal —j, Vs Ry th1*Ro Ry
a Rl




SIMULATIONS for inverting amplifier




SIMULATIONS for inverting amplifier

SIM 5.1: V, (t), V, (t)




SIMULATIONS for inverting amplifier

SIM 5.2: V5 (Vs)




5.2.3. Non-inverting amplifier

i R, V
E e
= =
L v TR
RS ° :
'1i v O Vg _R{+Ry 1 Ry
L :A—V =g R + R -1 B

S 1 14 17R2 1

5.2.4. Follower circuit

Vs O

If the operational amplifier is ideal, the output voltage is identical with the input

voltage:



5.2.5. Integrating and differentiating circuits

I c 11 R
—— ——
R “ i
O - oo -
Integrating circuit Differentiating circuit
. _ V(1)
I1 = R
|1 =C %
dt

Vo == = Jix (Dt +V,(0)

Vg, = —%jvs(t)deo(O) vV, = —-Ri; =—-RC—2



5.2.6. High gain amplifier

iz Rl RZ R3

i2

R4

A=Yo-Vol3l2 = _RoR3+RyRs +R3Ry

Vs I3 1o Vg R1R4

5.2.7. Inverting voltage adder

. n. NV
Vey Ry iy I R |=_Z|i =_Z F\;5|
Ve, Ry i, ' 1=1 1=1 N
. Vv
Rn in ° "
Vsno— A~ / _ . n VSi
Vo =—-RI=-RY¥ >



SIMULATIONS for high gain amplifier




SIMULATIONS for high gain amplifier

SIM 5.3: V, (1), Vg (1)




SIMULATIONS for high gain amplifier

SIM 5.4: Vo (V)




SIMULATIONS for inverting voltage adder




SIMULATIONS for inverting voltage adder

SIM 5.5: V, (1), V, (t), Vg (t)




SIMULATIONS for inverting voltage adder

SIM 5.6: V, (t), V, - parameter
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5.2.8. Current-voltage converter

5.2.9. Voltage-current converter

>«Eﬁio
+ iO

R

Vo = —Rii

iO=Vi/R



5.2.10. Difference circuit (1)

R R
Vo =Vg1| =% [+Vs2 : 1"'&
Rl R3+R4 Rl

For obtain:
Vo = A(VSZ _Vsl)
IS necessary to impose the condition:
Rl R3 + R4 Rl
equivalent with:
Rl R4 - R2 R3

resulting: .

Vo = R—i(vsz _Vsl)



5.2.11. Difference circuit (2)

Vs1 AOl
o >_
R, R,
— "N ANNN AN
Vo1 R3
R, g AO3
R1 Vo2 R ; Vo
— AN +
R4
AO2
Vs2 0 >
\
R R
Vo1 = Vsl(l + —1) ~Vgp
R, R,
% Rs IR
Vo =Vgp| 1+ -1 —vslﬁ = A=—-0 =(1+2—1)—4
R, R, Vs2 ~Vs1 Ry JR3
Ry
Vo =—(V02 _Vol)




SIMULATIONS for difference circuit (2)




SIMULATIONS for difference circuit (2)

SIM 5.7: V,, (t)




SIMULATIONS for difference circuit (2)

SIM 5.8: Vg (V)




5.2.12. Differential circuit (3)

R
R -
Vslo_,v\; AO1 A Rs
V52 O—AAN Y
Rs3
R4 %
Re é
\
VA:VSI(_ R2)+V52R4+V0R3(1+&) [ 1+F\)2-
R1 R3 +Ry Ry - (1+ R5) Ry
V —
° Re 1.|.R4
Rg R
Vo =Vp—>— ! 3
Rs +Rs
Vo  _RgR

= R/R; = R,R,=> A= =
14 273 Vso =Vs1 RgRy



5.2.13. Loqarit_hmic and anti-logarithmic converters

| Q | R
& —
R i — Q i
Vv Vv
—— NN\ _ ° 0 LL—': _ o 0
Je - Je -
Logarithmic converter Anti-logarithmic converter
Vo =—VBg = _Vth |n(%) Vo = IR
> VBE _Vs
vV .
Vo =V In[ —>- |=ISthh =1lge Vin
Rlg
5.2.14. Circuit for the function Y = X"
XN =gh In x
Vi Logarithmic log v, nlogvi Anti-log. v

Amplifier

circuit circuit




5.2.15. Multiplier circuit

\ A
R
Vs1 R R
o -
/ Vo1
R
\ A )
1 / Vo3 AL >~"_O
Vs2 R R S
O— AN -
/ Vo2
- Vv
\" — 52
V01 — _Vth In sl V02 —_ Vth In R|
Rlg S
Vo3 = (_E)Vol +(_E)V02 = (Vo1 +Vg2) =Vip In 2.2
R2|2
Vo3
_ Vih — _Vs1Vs2

Vo



5.2.16. Divider circuit

Vs1

N\

b4

Vo1

Vo2 = Vi

v
Vo3 =Vo2 ~Vo1 =Vin In-5%

Vo =

-Rlge

v03 /Vth _

Vg2

V52

Vo



5.2.17. Exponential circuit (1)

] Q1 .
3
IO AANAN
—» T Q2 ;
V| / - X } —o0 Vo
Ry
R 1

RZ — — ICl — IORB
Y =V Y =V, In =V, In =
I Rl : R2 BE1 BE?2 th ( ) th (

Vi Ry
Vth R1+R2

= Vo = IORBE



5.2.18. Exponential circuit (2)

Q1 Q> Ry
AN X/
V o R
cC 3 T
x - >_< v
—O VO
+
R]_ -
Vi o~y
R

R; _ Ica loRy
V| —2— =Vgg1 —Vggs = Vi In| ~&1 [ =V In =
'R, +R, _ 'BELTVBE2 =Vih (ICZJ th ( Vo

Vi Ry
Vth R1+R2

= Vo = |OR4e



5.2.19. Inductance simulator

R3
Ry Ry Z = 1/jwC
i L Re
V|O_.I: + -
Loch—= Vo) > (Voz)
Z 3\
Vo =Vi| 1+ [*Voi| = - 2
2 2/} = Vo2 =V 1-—
2 i y =1 =V £ =
Vo1 =4Vy | L=
i, =1 ~Voz R2Rs
R3 }
Vv R>R : .
= Zech = 1 ="23 - JC‘)(RZRSC): Jadech Lech = R2R3C




5.2.20. Temperature sensors

Vcc

A N |

T1(A) L*

T2(A)

I(T)

T3(nA)

7 \

T4(A)

R

|(-|—)=VBE4 ~VBE3 _Vih | fca Is3 | _Vih |,
R R \leslss) R



5.2.20. Temperature sensors

O VCC

Ql _K Q2

7 \

Qs Q
V vy Qs
~ ~ | Qs

Vo2

_Rz( ) Ry

>



5.2.21. Half-wave rectifier

R
AVAVE
D1
t—P
y R J D>
— AN & -
| + N |

V| >0=Vvg; <0= D, open, D, blocked

vy <0=Vvp; >0= D, open, Dy blocked

Vo



5.2.21. Half-wave rectifier

Vi >0

Vo

V] <0

\

Vo




5.2.22. Full-wave rectifier (1)

Ri=R A Rs=R/2 Rs=R
ANNAN 9" ANN P ANN—
D
B
RZ =R . AOl D2 R3 =R AOZ
+ ® ) Vo
Vi & Vo1 + :
N

Vi >0=Vvg; <0= D, open, D, blocked

V| <0=Vvp; >0= D, open, Dy blocked



5.2.22. Full-wave rectifier (1)

Vi

Ri=R Rs=R/2 Rs =R
AVAYS AVAYS - ANNN—
B
R, =R
;2 ot Rs=R AO2
. |—’\/\f 4 > V,
\vg
_ Ry~ _
v; >0 Vg =0 Vo==5 VI =7V



5.2.22. Full-wave rectifier (1)

A R4:R/2 R5:R
? ANA -~ ANNA—
R3=R AO2
— A\N\N ® >—0—CVO
V| !
A4
Rq R R
v, <0 Va —‘R—2V| Vo =—R—5VA—R—5V| =V,
4 3

Conclusion: Vo ==V |



5.2.23. Full-wave rectifier (2)

\

vy >0=Vvp; >0= D, open, Dy blocked

V| <0=Vp; <0= D, open, D, blocked



5.2.23. Full-wave rectifier (2)

R, =R Ri=R A R;=R Rs=2R
NN ANN - ANN PS ANN—
N
AO1 AO2
+ i > o Vo
R R
V|>O VB:V| Vo = 1+ 4 V| — 4
Ri + R3 Ri+R3



5.2.23. Full-wave rectifier (2)

R=R B Ri=R A R:=R

Vi

Vi <0 VA =(1+&)V| =2V| VO=(
R;

Conclusion: Vo =V

~. AO1
+ : Vo1 >—0—0 Vo




SIMULATIONS for full-wave rectifier (2)




SIMULATIONS for full-wave rectifier (2)

SIM 5.9: V, (t)
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SIMULATIONS for full-wave rectifier (2)

SIM 5.10: V,, (Ve)

R4 R3S RZ. R

:m:::: ";f;f‘fmgg"ff‘f";‘;ﬁ

CDTM4TdE o




5.2.24. Multifunctional circuit

Ql Q4

| <
I3
44 Q2 Q3 :,1—

Vee1 +VBe2 =VBE3 *VRE4

i i i i S
Vi Inl—1 +Vi Inl—2 =V, In|—3 +Vi, In|—4:> i, =gy
S S S S



5.2.25. Filters

Classification
 Low-pass filters
— — « High-pass filters

Vi $ H(s) W  Band-pass filters
» Band-reject filters

2
a s +...+a-S" +a.s+a
H(S)= m 2 1 0

s" +...+b,5° +bys+by

,N=2Mm




5.2.25. Filters

[deal filter characteristics

i t 4 |H]| I ||
l — I - l e
I
Sl —* +— St =+ —Pass —* —Stop Pass Stop— Li— Pasg —sp—Siop—P—Fass—
- 0 3 ] i 0 I-i*- ——
Iy a {im ranlfs) 0 i, o {0 radis) 1] ey oy o {in radis) 0 2| ory o (10 radls)
B Vow-pasa Milter (1) Tideal high-poss filter {c) Tdeal band-pass flter idy Ideal band-refect filter

Bealistic filter characteristics

F % iH| T'i”|
— 1
.77 (. 707
] . P .
0 : - . 3 :
it ey e (in radls) 0 el oo (in rodfs) 0 ey apaby e in rad's) 0 aly Gy ddy g (10 TadfE)

(a) Low-pass flter () Hiph-pass filter (¢} Band-pass filier {d) Band-reject flter



5.3. Study of bipolar operational amplifier structures




5.3.1. Study of an operational amplifier with two stages




5.3.1. Study of an operational amplifier with two stages

T

N ] [

R ; ! bt 4
Vi T T V2

T7

Rc

Dynamic regime
io1 = Om1(v1 —V2)

Vo ioRL ::B7i01RL

Add: =

Vi—=Vy Vi=Vyp V1=V

N

J

Vce

‘ Ts
-Vcce

Static regime

2Nce —Vie

lcs678 =

NG D
o

lc1234 =

> = Agg = Im1BrRL



5.3.2. Study of an operational amplifier with three stages




5.3.2. Study of an operational amplifier with three stages

| stage |l stage 11 stage
r - Y r A N\ Ve A ~N
o Vcc=6V
Ry R> R3 R4 %
9kQ 9kQ 2,6kQ 2,6kQ 1 Qg
K Q3 Q4 5—‘
v : Ry
Vig o— Q1 Q J—o'" R 2kQ t——+ Quo
Ry 400Q¢ o
4.3kQ 5,3kQ
{“Nl YT —
f Vo
Qs Qs Q7 }+—1 Qs Rs 9
3kQ
R11 R10
1kQ 1kQ Vee=- 6V




Static regime

_Vee ~VBEs _ — 1mA

lce =

R1o
IC6 =1mA
R11

lc
IC1= IC2 —T—OSmA

Vee =Roley =V
leq = oy =-CC 2F\?62 BE3 — 5 mA

_Vee —VBE? — 1mA
8

2Nee = lcaRy = IcgRy =V -V
loyo = CC ~'caM4 CR9 7 “VBE9 "VBE10 1mA
5

lc7 =lcg =lcg =




Dynamic regime
Gain of first stage

Agd1 ==Om1(Ry /117311 101)

1
Vo Agant 0-9m3(Rs 1/ roS)E

Gain of third stage

Agg i U1



5.3.3. Study of an operational amplifier with four stages




5.3.3. Study of an operational amplifier with four stages

. ’ ’ ’ o Ve
Qs j QQB J Q14 KJ Qs JQm
Q1o
R  Re Qs
R, £ Qe Qi
Qs Rig | Yo
Vi1 o—|< Q. Q, >|—o Vi2
. A@—K Qu —
J < Qr
Q17 ) Q1s Qs Jj—'—ﬁ Qs
[ ] [ ]

&

J

Y

|l stage

A\ J A\ J
Y Y

11l stage 1V stage



Static regime

le1p= 2VCC TVBE Z = e, = leis = legs = Mg = leg = gy = 1
C12= R =lc1z3=lc1y =lcis =lcig =lcog=lcg =lc7 =
3
lc17 = lc1g =21 lc3=lcg=lcs=lcg=1/2 lci=1co =1
IVaea I+ /Vaeq / =V +V N N = 2v |n'C—10 lcqg = leqq =1
BES BE9/ =VBE10 BE11 = 4Vth [ th : = lc10=1c11 =
S S

Dynamic regime
Gain of first stage

Agg1 = _gml(Rl g 1 r01)




Gain of second stage
Add 1t = Om3(fos // Toa I/ 1)

Gain of third stage

lo16
o + (B+1)R,

20ms Agd it ==9m7 (ro7 /T8 11 BR)

A

r07

Gain of fourth stage




Differential mode input resistance
Rig =2
Maximal common-mode input range
VIE" =Vge1 +Vee1gsat

max _
Vic™ =Vee —Rilc1 =Veg1sat TVBE1

Maximal output voltage range

VI =min(Vee —/Vegissa/~Veeios lc1sBR1)

Vo' =-Vee +Vee7sat +/Vee1L/



5.4. Study of CMOS operational amplifier structures




5.4.1. Study of an operational amplifier with two stages (1)




5.4.1. Study of an operational amplifier with two stages (1)

? o Vpp

Qsm—‘g@
’ [\
o] W OJI; o1 A Q2 ;]LO V2 oo

QL] TJ[; o e

Static regime

Rlo +Vgss =Vpp | K
_ 2
~=Vpp =Vgsg + - (Vass —Vr )” = Vass Vess > V)

_K 2 2
lo —?(VGSS -V )* )

K
= o =E(Vess -V7 )



Ips =1lpg =1p7 =1pg =1y

Ipy =lp2=lp3=lpg=Ilp;/2=1g/2
Dynamic regime
Gain of the circuit
Agd = Im1 (ras2 / rasa )Ims (rass // Tase )

Maximum range of the common-mode input voltage

21
Vic” =Vpp ~Vses ~Vbsasat +Ves2 =Vop ~Vses +Vr =Vpp - TO

Vie" =Vps7sat *Vos1 =Ves7 +Ves1 —Vr =V "'(ﬁ*'l)\/?



5.4.2. Study of an operational amplifier with two stages (2)




5.4.2. Study of an operational amplifier with two stages (2)

o Vbp
Qus
IR e o
l—o V2 e
0 lf | Iy Quo
Qll L’_T‘Jl; Q2 |[: Qs

Static regime




Dynamic regime

Gain of the circuit
_ 1
Add = gml(rds4 I Tysg )gmlo (rdslo l rds9) v Om19m10'ds4rds10
Maximum range of the common-mode input voltage

|
max _ - @)
Vic™ =Vpp =Vsc3 ~Vbs2sat *Ves2 =Vpp — K

: |
Vie" =Vgs2 *Vpsissat = (\EJ’ 1)\/?0 +Vr



5.4.3. Study of a cascode operational amplifier with one stage (1)




5.4.3. Study of a cascode operational amplifier with one stage (1)

VDD

VT, Mo T Static regime
M I Mg My e My
o My Ml [V Ip1=Ip2=..=lpuu=Ilg/2
o
Mu I My,
M13:” IN My

Dynamic regime
_ 2 2 _1 2
Ro = 9m10fgs10 // Im12¥gs12 —Egml()rdslo

1
Vo = gml(VZ -Vl)Ro =§9m19m10fd2510(V2 —V1)

_1 2
a= Egmlgmlordslo



5.4.4. Study of a cascode operational amplifier with one stage (2)




5.4.4. Study of a cascode operational amplifier with one stage (2)

- o Ve
bl
bk e,
lo%vlgtp iy, j?vo
T11| ElTn To | 5T
Static regime
Ip1 =lp2 =.. = lpo =lp1un/2=1pp /12=1p /2

Dynamic regime

a=0mRo

Ro = 9mgrdsods7 // Imeldssldse = 2 ImaTgsg



5.4.5. Folded cascod operational amplifier (1)




5.4.5. Folded cascod operational amplifier (1)

{l

VCZD_% Ms ¢
VloJE M. M, :”_OVZ Voc1 I—Ht M; I__“t1
3 T
| Mll
Mol I

Dynamic regime

_

> Voo Static regime

|D1=|D2=IO/2

M, Ip11 = Ip12 = lO
N

_ _K 2
M Ips = 1pe —E(VDD -Vco =V7)

Mio | = | = | =
D3 D4 D7 — -

..=Ip1o=1ps —ID2

ips —ipg =ips —ip3 =(Ips —ip2)-(Ip5s —ip1) =ip1 —ip?

a=9gm1Ro

Ro = I4sgImsrds10 //lrds4gm4(rd56 Il rdsZ)J



5.4.6. Folded cascod operational amplifier (2)




5.4.6. Folded cascod operational amplifier (2)

| " Static regime

M7 ¢ My M Il T My
L\[f VC2—>|D4=|D5=|O/2
M].S
s My MzFLYf Ms T3 KMy Vo Kis =4K14 =4K
VCl
1 My, Ves14 =Vgsis +IoR
M14 :-H_A_T_“; |V|15 [; |V|3 M6 :]LT—“; M7
H 21 ZIO
R VT+ —=VT+ W-I-IOR
M4:] EM5
IV } 1
1 1 1 1 Ve 1 1 |O = >
o 2KR
Ip1 =1Ip2 =1lpg =...=Ipg =
Ip3 =1lp =Ip1o = .- = Ip17

Dynamic regime
ipg —ip7 =ipg —ipg =(Ip11 —ip2)-(Ip10 —ip1)=ip1 —iD2
a1 = 9gm1Ro

al = gml{rds7 Om7 I'ds5 //lrd599m9(rdsll I rdsZ)}}
arp 1



5.5. Comparators




5.5.1. Simple comparator




5.5.1. Simple comparator

V2 _>V Vi >Vy = Vg =Vq
\Y
e b ° Vi <Vy =V =V

Vo

VH

p VI

slope a




5.5.2. Comparator with histerezis




D.0.2.

Comparator with histerezis

Vi

N

R1
R2

Vp1 Vp2
VL




