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Open-Loop Op Amp Circuit : Non-inverting Comparator

A comparator is an example of an op amp operated in open loop

Open loop means that no feedback is applied

Vour=A(V,-V.)

+1'“'r$ + 4
T TLW Vi
/\ éﬂ Voo VFIEF
Vi ® ] z / | For an ideal op amp (A = o),
| . .
i . >_‘ i ..  given there is no feedback
Veer P I Vour I <=turation D€tween inputs and output:
v
? R T When Viy> Vgt Voue= +Veg;
Ov v e time : =
l + : VeV Vv When Vi < Vggr: Vo =0

In the above example, Vigr= Vec/2 (no input current into op amp) Note

that Vigrcan be set to any desired value by the choice of resistors
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Open-Loop Op Amp Circuit : Inverting Comparator

+Vc v R, v +Vec
REF — 5 | p Jcc
R{ + R,
R1
R1 +VCC +VCC
Vin ._<7 4 Vin o ,-‘:
vV aut Vout
| . —
Rz _VCC Rz -VCC
Fig 1 Fig?
Mon inverting comparator B inverting comparator
When VIN > VREF: Vout: +VCC; When VIN > VREF: VOU.t= -VCC;
When Viy < Vgt Voue=-Vie When Viy < Vgt Voue=+Vic
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Closed-Loop Application: Ideal differential op amp

We look at several op amp circuits that use negative feedback, starting with the
differential amplifier from the previous lecture.

Negative feedback: Taking part or all of the output and returning it back to the input
out of phase. The aim is to stabilize the output.

Ry

The differential amplifier is supposed to amplify
only differences between the inputs.
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Differential op amp in practice

In practice, it is not possible for two resistors to be exactly equal. So let us consider
what happens when there is some error between just one of the resistors.

Fraction error: €

R, R, We can see that V,no long depends on
= R (Vo = V) — R,(1+¢) +R V2 only the difference between the inputs;
1 1 2 the value of the inputs also matter now.

Vo
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Effect of source resistance

Even if we could match resistors perfectly, R,
we will have problem from the input source
resistances.

Rsl ‘Rl

Problem: Finite input resistance

R R, +R; +R
v = 2 2 1 s1 v, -V,
R+ Rs1 /) |\Ry + Ry + Ry,

Clearly V,does not depend just on the difference between the inputs.

IfV,=V,, V,would not be zero.
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Instrumentation amplifier

2nd stage
Ry

Iststage

A R3

S

Two stage cascaded amplifier

2ndstage: Differential amplifier

1ststage: Non-inverting amplifier

All resistors (except R,,,) are

typically built into the integrated

circuit and thus can be precisely
matched.

R3

=  Both inputs see the large input

resistance of the op amp
2R, \ (R;
Vout =11+ R (Vz — Vl) = Source resistance has little effect
] 2
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Instrumentation amplifier: Analysis

Current from A->B = Current from B> C = Current from C->D

Node A: V,;; Node B: V;; Node C: V,; Node D: V,,

Vor =V Vi —=V. R R
M: 1 2=> V01=<1+ 1>V1_< 1>V2

Iststage Rl Rgain Rgain Rgain
Vo VimVaw (R R,
Ry Ry Voo =\t Vo= (g IV

1 gain gain gain

None of the above intermediate output voltages are affected by the source resistance

of the inputs

R3 Rl Rl
2ndstage Vout = 5 Vo2 — Vo1) Voz = Vo1 =1+ R (V= V) - R (V1 —V)
RZ gain gain

R; 2Rq
= Vout = R 1+ (Vz — Vl)
2

Rgain
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Differentiating amplifier

KCL at inverting input:

R
W
I5= Ip=Vou/R o (1)
>—"_“ 1i"Eﬂ.ﬂ;

Voltage across C =V,

v,
Ig = c< = ) e (2)

dVin
Substitute (1) into (2): Vour = —RC{—

j
et ()

Output is the time-differential of the input.
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Integrating amplifier

C
| I KCL at inverting input:
v R Is=Ig= Viy/R e (1)
o 1{’Sut
Voltage across C = -V
= AdVout
I. =—C e (2
F ( dt > (2)
Vin dVout
' ' ; —=-C
Substitute (1) into (2) 2 < It

1
Vout = _Ef Vindt

Output is the time-integral of the input
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Review: Passive Filters

* Made up of passive components only, e.g. R, L,, C
* No amplifying elements, e.g. transistors, op amps
* Load dependent

* No power supply needed

* Scale better to large signals

* Can work at very high frequencies




Passive 1storder low pass filter

Recall that w,is a constant that is determined by the

% (/a) _ 1 .(1 ) circuit components, referred to as the corner frequency.
: + oo
’ Row. For an input at a frequency of w,, V,= V,/v2
o = L For frequencies < w,, |V,| = |V;| (i.e. nearly constant with
" RC frequency)
R For frequencies > w,, |V,| = |V| w./w (i.e.inversely
+ O—WW—e O+  proportional to the frequency)
v, == v, 1
s C & 0_

3 .

IVo/ Vil

0.01 F---mmmmmmm N\

0.001 T T T T T
0.001 0.01 0.1 1 10 100 1000

W/
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Passive 1storder high passfilter

For an input at a frequency of w,, V,= V,/V/2

W
/A J (w_)
7 (jw) = T < For frequencies > w, |V | = |V | (i.e. nearly constant
L -;] (w/w) with frequency)
We = RC For frequencies < w,, |V,| = |V;| w/w, (i.e. proportional
to the frequency)
C
+o—| o+
1
V, R vV,
- @ @ - 0 e e
=
3
Z 0.01 -
0.001 T T T T T
0.001 0.01 0.1 1 10 100 1000
W/ W,
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Decibels (dB)

. . _ Pout
Gain in decibels (dB) = 10log D

mn

V
Gain in decibels (dB) = 20log ;ut
in

Gain=1 = 0dB
Gain=1/v2 = -3dB
Gain = 0.1 = -20dB

Gain =0.01 = -40dB

Every factor of 10 corresponds to
a change of 20dB

Times 10 = +20dB
Divide by 10 = -20dB

Recall: P =V?/R

Gain =20

0dB

-3dB

Output

Fh
o

457

-90°

At the corner frequency (f_),
gain drops by 3dB relative to
the passband

(Logarithmic Scale)

Corner
Vout Frequency
log i , fu:
{ PassBand | StopBand
v v
+—-3dB (457
Frequenc
R d y | Slope =
esponse -20dB/Decade
| e
Bandwidth
| L |
ase fe(LP)  Frequency(Hz)

Freguency (Hz)

M EE2005
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Ideal Low-Pass Filter Specification

e Unity gain for the whole range of w € (0, w,)
* Complete suppression for w > w,
» Step change in frequency response at w = w,

, Gain
1

w EE2005 Op-amps 2: Active Filters
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Passive 2rd order low pass filter

We can increase the slope of the roll off beyond the cut-off frequency by cascading
several stages of low pass filters.

The example here shows a two stage passive low pass filter.

First RC Stage Second RC Stage —

s s b
|, R I N | ’

| -3dB roll-off
I I

N7V

T

|
|
A Vou _
cy— |l C.—— | /\/ % _40 | |
| : < [ -40dB/Decade T”'
. | — _

o

-20 —| -6dB mll-nff]: — P_I}dE,fDecade

e

|
|
|
|
I ||l o
A\ N _.-f

By choice of values, if (R, + 1/jwC,) >>1/jwCy:

l I Weq1 = L Wep = .
(’”) (w(w/ )}(1+j(w/wcz>j fala Rzl

o ,.
If we chose the values of components 71 ) w\12
so that w = W, =W [1 +J (w—c)]
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Passive 2rd order low pass filter

> Slope:
« 2ndorder filter: -40dB/decade (|V,/V;| drops by 100

times for 10 times increase in frequency)
* 1storder filter: -20dB/decade (|V,/V;| drops by 10

times for 10 times increase in frequency)

> At cut-off frequency (f,),
» 2ndorder filter: gain drops by -6dB

* 1storder filter: gain drops by -3dB

> Coupling issues: Impedance of stage 2 chosen to be

much larger than load impedance of stage 1
 What happens as we increase the number of stages in

the cascade for higher orders?

> Passband gain: Passband gain is still less than 1

@ EE2005 Op-amps 2: Active Filters
kbt
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Active filters

* Range of applications is greatly expanded if reactive components are used
« Addition of reactive components allows us to shape the frequency response
* Active filters: Op-amp provides amplification (gain) in addition to filtering effects

Copyright@The McGraw-Hill Companies, Inc.
Permission required for reproduction or display.

Vs out Vs Vout
[. =—;]; = e+ =0=>—+ =0=
out ,. F
w)=——
V ) Zg
Vs Ve — Ve V Ve — Vi
IS _IF— out S;IF=IS=>_S= out S:
Zs Zp Zs Zp
ZFVS — Zilvout ZS Z:> VS(ZZF + ZS) E Z I/out =
+
out (lw) _ F S -1 -I-—F
Vs Zg Zg

Noninverting

Zrand Z can be arbitrary (i.e. any) complex impedance
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Active 1storder low pass filter

[ M Hill C jes, Inc. F required for ar display

ZF Vout (J a)): _ Z_F
""" Y Z,

I

o CF o

Il l { 1

A R

I | . . F

I i ZF_RFH CF_ 1 . R ZS:RS

Al + JC Ry
V.. (] a)): R /R Passband gain is Rp/Rg
Vs 1+ joC. R 1
w,. =
‘ RF CF
If we choose Rg/Rg= 10, frequency response becomes:
10 Amplitude response of active ]oﬁfygghstﬁ[ter AR e m"mmmpm&%maﬁﬁﬁude response of active low-pass filter
=~ ] TTTTI > |
o : \‘\ | . |81 . . N | i
= 8 TN 1 i 1 0 | n -, ;
g p ] I“'"""""lu... | ‘
s 4 | \ B il Il © _40 | " h"”"'""\--.. ' | I
< 2 N |' i i 60 ; ' h"‘m\\ HHit
0L . 'ﬂ\‘h i = 80 | ""5--.!
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Radian frequency (logarithmic scale) Radian frequency (logarithmic scale)
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Active 1storder high pass filter

T R V. . (- 7
Zs A (]C())Z -

F
Sk v, Z,

SRR " Zy=Rp Zs=Rs +1/jaCy

Ry /R

Vs
1

®¢ T RyC,

If we choose Rg/Rg= 10, frequency response becomes:

. . Copyright®The McGraw-Hill Companies, Inc. F i q for rep ion or display
Amplitude response of active high-pass filter dB amplitude response of active high-pass filter

10 - 20 T
2 - | LA Rl
.é‘ E\ - i K’ |
2 6 I T 0 o
= | m ’
= 4 = /
g . / 20 .
< < /f ‘

0 S il —40 |l
103 102 10" 100 10! 10 10° 1073 1072 10°"! 10° 10! 102 103
Radian frequency (logarithmic scale) Radian frequency (logarithmic scale)

— ' Vou (]Cf)): — : Passband gain is Rp/Rq
1+ (1/ JOC 3R )
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Active band pass filter

o Rr}mm . VOMI (]'a)): _ ZF
i 7

Cy Vs 5
1 . Ry
B G Zg=Ry+1 fjaC Zp=R;|| Cp= Tt jaC R
F F
* ~R./R
<+> VS V()ul VOUZ (ia)): ] F/ 5 .
- o- Vs (1+1/ joC R, 1+ jaxC.R,.)

Zs: Csblocks low frequency inputs but lets high frequency inputs through
= High pass filter

Zp: Cpshorts Rpat high frequency (reducing the gain), but otherwise looks just like
a low pass filter at lower frequencies

= Low pass filter
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Active band pass filter

s
MWW V —R. /R
[  (jo)- ot
| —— V (1+a)HP/]a))(l+]a)/a)LP)
Rs Cs
. wyp= 1/(CsRs) — Lower cut-off frequency
C Vs Vou wip=1/(CzRg) - Upper cut-off frequency
= = = Passband gain is Rg/Rg

For wyp < wipand Rz/Rs= 10: Frequency response curve is shownbelow

Copyright@The McGraw-Hill Companies, Inc. Permission required for reproduction or display

Amplitude response of active band-pass filter dB amplitude response of active band-pass filter
10 — 20 —
” ™ o I
2 g / ) vl ™|
= ' . 10 : : |
o 6 i I 1 \\
E | | \\ 2 0 / i,
= 4 : I / : !
joB ]
< 2 . . /| i ' N
- P - y » N / ! : N
0 bt ! ! S~ 20 : mal
10! 100 10! 10 10° 104 10° 10~ 10 10! 10 10° 104 10
Wy Mp Oyp Wy p
Radian frequency (logarithmic scale) Radian frequency (logarithmic scale)
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Active 2rd order low pass filter

e _.AfA.,; Vot (J a))= — Z_F
v Zs
L) R '
ReL c Z. =R, |1/ joC = —> Zg=R+ jolL
1+ jaCR,
Voul‘ (]a)): — R2 /Rl
7 (1+joCR, X1+ joL R ,)

If R4, Ry, Cand L are chosen so that: w.=1/(CR,) =R, /L.

The frequency response function then simplifies to:

Passband gain is Rp/Rq

Vour (7 00)= — R, /R,
Vs o) (1+j o) °
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Active 2rd order low pass filter

Copyright@The McGraw-Hill Companies, Inc. Permission required for reproduction or display

R> , R /R

AWy H ——_ 2/

|| V(]a)) (1+-] a)/a)c)z
t 11 1

C Above w,, H, is reduced by a factor of 100 for a ten fold
increase in w (40dB drop per decade)

Recall for 1storder filter: H, is reduced by a factor of 10 for
a ten fold increase in w (20dB drop per decade)

If R,/R;=10: Frequency response curve is shown below

Copyright®The McGraw-Hill Cor ies, Inc. P quired for reproduction or display

Comparison of active low-pass filters Comparison of active low-pass filters (dB plot)
= = = : Response of filter of Figure 8.19 = = = : Response of filter of Figure 8.19
m—: Response of filter of Example 8.6 m— . Response of filter of Example 8.6
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Bode plot of 2nd order low pass filter

magnitude, dB
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Multiple Feedback Narrow Band Filter

I
I 1 .
R2 H(jw) = Vout R,C, (o)
R1 ct A _vi”_(ja))2+( 1 + 1 )(ja))+ 1
o—NA— | ﬂb R,C; * Ry(C; R1R,C1 Gy
t ——0
lm Vout
O O
%K X (jw)
1. Assuming C,= C,= C, and convert the above H(jw) =— o -
equation to the following form (w)* + (?) (w) + w,
2. Th f is given b =
: e center frequency o, is given W, = ———
q y 0 g y (0] Cm
: : 1 |R, R;
3. The Q and K factor are respectively givenby g == == K=-20%=-——=-
2 |Ry 2R,
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Derivation of H(jw) for Multiple Feedback Narrow Band Filter

_=0V T
B
Vi Vout _ “Vout R1 c1 Wy
1 - =V =7 o ApA | _
_ R JwCiR; ; vl <>H
]a)Cl vin . chm
|
O O
Vin—V1 V Vout n 1 N Vin—=V1 Vi1~ Vout n 1
Rl 1 1 ja)R1C1C2 Cl CZ
jwC jwCy

Vi 11 1 1
= - ==z — 2 | Vout
]CI)R1C1C2 (,()C RZ Cl ]Cl)ClCzRZ (]O))lechl Cz
>, = e L U A SN
_ ]O)Rl(cl + Cz) + (iw)leRzClCz +1
vout j(l)chl

1 .
— R.C, (Jw)

. N _ Yout _
HUw) === 1y . 1
(o) +\mye; * Ry ) U9 YRR, G
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Multiple Feedback Narrow Band Filter

Wo

c2
H 0 KX (jw)
R2 H(ia)) = . W, .
o | e [V )2+ () (o) + wp?
| b .
Vin + 1 1 R R
l Vout wo -_——_— Q — _ _2 K — __2
© 0 CyRiR; 2 |Rq 2R4
f,=1.125kHz
Given

1.R;=100Q; R, =20kQ; C; = C, =100nF calculate wyand Q. K=-100,Q =7.07

2. R;=1kQ; R, = 2kQ; C; = C, = 100nF, calculate wyand Q. K=-1,Q =0.707

Plot the frequency response of your above two cases using
NI MultiSim: http://www.ni.com/multisim; http://www.ni.com/multisim/mobile

w EE2005
sasmie

University of Hong Kong
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Multiple Feedback Narrow Band Filter

(A more General Form)

I } H(jw) = Vout
R2 Vin
—AAN—
R1 IC1I _L (]a))
oW >4o _ R.C,
Vin o + . o 1 1 . 1 ( 1 1 )
| 2 G0 (e rg) U9 e (R 7
6, 0]
%K X (jw)
1. Assuming C,=C,=C, and convertthe H(jw) = ~
above equation to the following form (w)? + (?0) (w) + w,?
2. Th f b L1 < . + . )
: e center frequency m, is given Wy = =
q VAL g y o C RZ Rl R3

3. The Q and K factor are respectively 1 1 1 R,
given by 2
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Frequency Response of a Multiple Feedback Band-Pass Filter

Simple and reliable band-pass implementation

20 180
10 m 135
o H’ \\ a0
/ \ —
/ \ﬁw E 45
m
g 10 Hﬂ{ >
= A 2 0
5 20 %
L E =45
A
-30 - hh\
4 N 90
.fff I
E
—40 135
—50 -180
10 100 1k 10k 100k 10

FREQUENCY (Hz)

100

1k
FREQUENCY (Hz)

10k

https://www.analog.com/media/en/training-seminars/tutorials/MT-218.pdf

100k

M EE2005
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Sallen-Key Filter Topology

ZS
Assuming that the op-amp is ,_L_I:
ideal, transfer function of this Vi1 = Vo
X
filter is given by “1 %
24

H(iw) _ Vout _ Z3Z4
Vin Z1Zy+Z3(Z1+2Z;)+2Z3Z,

different types of R, L and C for Z’s components
=» different kinds of filter responses.

w EE2005 Op-amps 2: Active Filters 31
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Derivation of H(jw) in Sallen-Key Filter Topology

V_ = Vout

Zy
X Y 7,
Vin — Ux n Vout — Vx _ Uy
Z, Z, Z,+ 27,
N ZBUin + Zlvout _ (Zl + ZB)vx _ Vout
7.7 Zy
(Z1+2Z3)(Zy + Zy)

= V_ = Vout = Ux = Vout

= ZBUin + Zlvout _ 7
4

(Z, +Z4)
Zy

Z1Z3

Vout = 7 Vout
4

= Z3Z4vl‘n —_ (Z1Z3 + lez + Z1Z4 + ZzZ3 + Z3Z4 — 2124)v0ut

Vout . Z3Z4

= —
Vin Z21Z,+2Z3(Zy+Z;)+2Z3Z,

M EE2005
zunre !

University of Hong
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Operations of Sallen-Key Low-Pass Filter

_—r‘}!

|

Vin —AMA— /M

IR .
!_ : ot out
C-rg ______

* Atlow frequencies, C, and C, appear as open circuits = v,,; = Vi,
* At high frequencies, C, and C, appear as short circuits = v,,; * 0V
* Near cut-off frequencies, impedance of C; and C, is on the same order

as R, and R, = positive feedback through C,; provides Q enhancement
of the signal

https://www.ti.com/lit/an/sloa024b/sloa024b.pdf
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Sallen-Key Filter Topology: Low Pass Filter

Vi Z1Zy +Z3 (Zy1 + Z4) + ZZ4

% YAYA
. M M ’_i> oV ot H(]a)) = - ~—

C“} ——

1. It can be formed by choosing Z,=R;, Z,=R,, Z3=1/jwC;, Z,=1/joC, ;

2
_ w
2. Convert the above equation to the following form H (Jw) = Ty (W, . - 5
(jw)2+ (7) (o) + o,
1
3. The undamped natural frequency o, is given by Wy =
VR1R:C1 G,
4. The Q factor is given by _ \/RlRZClCZ

~ C,(Ry +Ry)

M EE2005 Op-amps 2: Active Filters 34
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Sallen-Key Filter Topology: Low Pass Filter

. Vout Z3Z,4
Cl H(]Cl)) = =
I Vin lez +Z3 (Zl + Zz) + 2324_
|

|:|i‘ o, 1 _ JRiR,C1G,

\/R1R261C2 ¢= C,(R;{ +R,)

fO = 999HZ

Given:
1. R;=30kQ; R,=18kQ; C;=10nF; C,=4.7nF calculate wyand Q. (Q = 0.7)
2. R;{=30kQ; R,=18kQ; C; = 20nF; C, = 2.35nF, calculate wyand Q. (Q = 1.4)

Plot the frequency response of your above two cases using
NI MultiSim: http://www.ni.com/multisim; http://www.ni.com/multisim/mobile

M EE2005 Op-amps 2: Active Filters
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Sallen-Key Filter Topology: High Pass Filter

R

v H(jw) = Vout _ Z32Z4
oo Vin  Z1Zy 23 (Z1 +Z,) + 232,

-

1. It can be formed by choosing Z,=1/joC;, Z,=1/joC,, Z;=R,, Z,=R, ;

;N2

®
2. Convert the above equation to the following form H(jw) = (E,l )

)2 + (G Go) + w,?
1
3. The undamped natural frequency o, is given by W, =
VR1R;C1C;
_ VR1R;C1C;

4. The Qfactorisgivenby (Q =
R1(C1 + C3)

M EE2005 Op-amps 2: Active Filters 36
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Sallen-Key Filter Topology: High Pass Filter

H(ja)) — Vout — ZSZ4
Vin lez +Z3 (Zl + Zz) + 2324

CI’

L

__ 1 Q_J&&Q@
JRiR,C,C, - R(C +Cy)

oY ot a)o

f,=999Hz
Given
1. R;=7.5kQ; R, =72k(}; C;=10nF; C,=4.7nF, calculate wyand Q. (Q =1.44)
2. R;=15kQ; R,=36k(}; C;=10nF; C,=4.7nF, calculate wyand Q. (Q = 0.72)

Plot the frequency response of your above two cases using

NI MultiSim: http: //www.ni.com /multisim; http://www.ni.com/multisim/mobile
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