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Operational Amplifiers

* Early Operational Amplifiers were Aconstructed with
vacuum tubes and were used in analog computers to
perform mathematical operations.

« Even as late as 1965, vacuum tube operational
amplifiers were still in use and cost in the range of
$75.

» These days, they are linear Integrated circuits (IC)
that use low voltage dc supplies , they are reliable
and inexpensive

« The operational amplifier has become so cheap in
price (often less than $1.00 per unit) and it can be
used in so many applications
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Early Vacum Tube Operational Amplifiers

285 Colwmdus Avenue, Boston 16, Massachusctes

(C) Doug Coward

The Philbrick Operational Amplifier (1952)

From “Operational Amplifier”, by Tony van Roon: http://www.uoguelph.ca/~antoon/gadgets/741/741.html
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@C)erational @ifiers

Operational was used as a descriptor

early-on because this form of amplifier can perform
operations of :

Adding signals /

Subtracting signals

Integrating signals, jx(t)dt

Differentiation of signals,

The applications of operational amplifiers ( shortened
to op amp ) have grown beyond those listed above.
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What can you do with Op amps?

* You can make music louder when they are used in stereo
equipment.

* You can amplify the heartbeat by using them in medical
cardiographs.
Cool 108, Tref

* You can use them as comparators in heating systems. ‘@f

* You can use them for Math operations
_—

~—
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Operational Amplifiers — 7

* |n this course we will be concerned with Aow to
use the op amp as a aevice.

« The internal configuration (design) is beyond the

scope of our study and can be covered in an
advanced electronics course.
The complexity is illustrated in the following

block diagram and detailed circuit.
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OP-AMP CHARACTERISTICS

1. Very high input impedance (in mega ohms)
2. Very high gain (> 100,000)
3.

Very low output impedance (in ohms)

> OP-AMP is a differential, voltage amplifier with high gain.
~———  —~ ~— A g
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Operational Amplifiers

Fortunately, we do not have to assemble a circuit with so many
transistors and resistors in order to get and use the op amp

The circuit in the previous slide is usually encapsulated into
" - -~ —————
a dual in-line

For a single LM741, the pin connections for the chip are shown
below.
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Packaging Types
(b) OPAS47FKTWT (¢) TO-5 metal can
8-Leads package
(a) Op Amp 741 DIP SMT package
8-pins DIP package
Op Amp packages
: TBCEJ\NF@eFI ' ;
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OP-AMP pins identification
~_
\I’T'F
d 71 ) .
W b) Notched Package
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What are these ans.‘w‘x "’,f\._
~ A' 5*“"%". ¥
> § 1.&@ . w . 6 N/C &.ﬂ‘LN\. w
2. Inverting Input -V,
e 7. e
3 Nonineeing npy 6 Outp
-VEE 5.0ffset Null X
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1\"“
6,("\”9) Symbol of OP-AMP
[~ o, .
N s 27 - .
X/ ,.'7 )\),,,’ / X ‘;’:} oS;‘f“’; —bl_b(
V 7.?. \ \w @ - P
Vin x¥ee
_ / -Vin _

O_ Vour 0— :/_OET/ '/

+Viy +

0— 00—

/ Vv y )
Vi hve
W ) nef o
w — -
(a) Without power connection V\o \"wx (b) With power connection b‘kj
Op Amp Schematic Symbols
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Most Op Amps require dual power
supply with common ground
Positive Supply +Vc¢ to pinZin 741 opamp
Negative Supply -é/_s:Jc to pind in 741 opamp
I - 1 .
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Some Op Amps work on single supply
also (with some restrictions)

"
o— "
+Viy v .
t
0— D'%\O‘Q"\-\J
— &
(a) Single Po_sitive Voltage Single Negative Voltage

Single Supply Voltages connection
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Advantage of dual power supply

Using dual power supply will let the op amp to

output true AC voltage.
Output ouput__ 30V = owL:a_
|

Op Amp powered from Single supply
e

D s
Ao —
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What is dual power supply?

Single Power Supply Single Power Supply
I +

==
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How can you make a dual power
supply using two 9V batteries?

What is the voltage between + of first battery and — of second battery?

+ F_ +
< o
NG
___L
+ L —
Alkaline d“'ﬁo‘h Alkaline
oV| ¢ oV
_ [

Oual voltage with two 3 Yaolk batteries
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Operational Amplifiers
The basic op amp with supply voltage included is shown

in the diagram below. V-
inverting input
| — “ output
noninverting Input 9
\J

In most cases only the two inputs and the output are
shown for the op amp.

However, one should keep in mind that supply voltage is
required, and a ground.
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shown below.

Operational Amplifier

A model of the op amp, with respect to the symbol, is

Op Amp Model.
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Voltage Transfer Characteristic
: : Vo Positive saturation,
Linear region of sl
the op amp @
(amplifier) :
\A : .
AT
slope 7 A/
-Vsat
_ V= W‘ / In this course we will
Negatn./e assume that:
saturation +Vsat=+Vcc-2 C—
P > -Vsat=-Vcc+2 &
|~ In reality value must be
taken fromdata sheefs,
tvueah=11%
=/ +M; )13 = 6{/4 v
A’ ZD‘JUOD
'-—\fSu*' _ .—_’66//"7
- =
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Vo

+\V/sat

Output Voltage

slope = Avy
* Real Op Amp -Vsat: P S
Positive Saturation AV, > +Vsat v, =+Vsat =~ +Vcc-2
GnearRegion)  Vsat<AVp<iVsat  (G=AV,)
Negative Saturation AV,< - Vsat wt =~ -Vcc+2

The voltage produced by the dependent voltage source
inside the op amp is limited by the voltage applied to the
positive and negative rails and +/-Vsat level which is
approximated by the formulas above
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Operational Amplifiers
Analysis (Exact)

As an application of the previous model, consider the following
configuration.
Find V, as a function of V,, and the resistors R; and R,.

R>
WA
Ry /vtwl“
—— W\

- D)

Op amp functional circuit.
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Operational Amplifiers
Vi=Vd=V -V =V, -V_ differential input voltage

V, =V, voltageat the non - inverting input

V =V _voltageat the inverting input

Equivalent circuit

2R
Component values are: + Jl «

R, =10 kQ R, =40 kQ _
R,=50Q
A =100,000 R;= 1megQ

I - 1 .
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Operational Amplifiers R, Roib
Ay —— 8 W
Exact solut_lon _ v v_i Sk "
We can write the following .

equations for nodes a and b. ,
R, =10 kQ R, =40 kQ

KCLatA — R, =50Q
A =100,000 R;= 1megQ
V. +V. -V V. +V
= - (1)
R, R, R,
KCLatB

V, = Ro{_ (ViF:VO)} FAV. (2

2
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Operational Amplifiers

Equation 1 simplifies to; R, =10 kQ R, =40 kQ
R,=50Q
V.+V.  -V. V. +V A =100,000 R;= 1megQ

10k 1000k 40K
-25V, -126Y, =100V, _ (3) —

Equation 2 simplifies to; /

V = 50[_ V. +V, )} +100,000V.
40k

(4.005.10°V, - (410°N, =0 - (4) =

I - 1 .
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Operational Amplifiers

From Equations (3 ) and (4) we find; e

V. =-3.99V, (5)

This is an expected answer.

Fortunately, we are not required to do elaborate circuit
analysis, as above, to find the relationship between the
output and input of an op amp. Simplifying the analysis
IS our next consideration.
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Operational Amplifiers Models

For most operational amplifiers,

R; is 1 Meg Q or larger and

R, is around 50 Q or less.

The open-loop gain, A, is greater than 100,0d0.

Ideal Op Amp Model:
The following assumptions are made for the ideal op amp.

1. Infinite open—loop gain;= A=

—_—

2. Zero output ohms; = R =0

e —

3. Infinite input ohms; = R =

Te be wA
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l[deal Op Amp Model
Because Ri is equal to «Q),
the voltage across Ri is O V.
i,=o0 \'A = v,
v? = Vf = V2. ~—_
Vd = O V
a= >
ii=0
Vn: V- Vl .
I - 1 .
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T

rd
(_Important Nmeg Ideal Op Amp
Only Ideal Op Amp Model will be used

from now on:

Ri=wo Q)

(a) iy =i, = 0: Due to infinite input resistance ¢«—
(b) V;is negllngIy small; V, =V,

\ -
The op amp forces the voltage at the inverting input terminal to

be equal t tage at the nonlnvertlng |n£l:t terminal if there
is some component connecting the output terminal to the

inverting input terminal.
-_—

| .
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| AS
‘f'/f’/o 1 guher
Z/
ek “
o——-
£+ o—AWFAL+
< 0T |
(a) No Feedback = (b) Negative =
(openloop Feedback (c) Positive Feedback
comparator circuit) —
—FvTar < - VA )
* No feedback : Open loop (used in comparators)
* Negative feedback : Feedback to the inverting input (Used. in
amplifiers) . g
* Rasitive feedback : Feedback to the non inverting input (Used in
oscillators) and Schmitt triggers ( comparators with hysterisis)
— e _
#F =
| rINasse ' .
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OP-AMPS WITH NEGATIVE FEEDBACK

The two basic amplifier circuits with negative feedback are:
* The non-inverting Amplifier. &—

 The inverting Amplifier &

MW 27
\)l“ + \Ig :-‘) .
= Negative Feedback

(Note: Negative feedback is used to limit the gain)

.
/

I - 1 .
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Example #2: Closed Loop Gain Av__ = %—;

(inverting amplifier)

{o', =l,=0 , S “?‘;;J,WL
Rf

Vn-_V( —>

but
Vf:o
< Vin 20

| .
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Example #2 (con’t)

i RA
- FAN
— Vs
= Ri=oc0o Qand Ro=0 Q.

| - Nasse i .
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The opamp outputs avoltage Vo such that V1 = Va.

V2=Vp=0 = Vi=Vn=0

(virtual ground - potential equal o even though it is not

connected really to ground)

LEYR ©
. i T one - Ly = }/3r0f
rofmd - VW s Lf 7
groul — Vo AL

i
S

/|‘|\
|
<
w

<

s <

’\

&

<H

lasry
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| ’
Example #2 (con’t)
Virtual
Rf
ground
IS >
_— R\ il - lf
AN A, - . i
VoV V “'1 - ‘ \“_\..-\\
TS .
1 Vd — .L—+ i -
J— Vs vy |4 ‘ A N
V, -
— [ : Yo W
L - i, i,=0
. R .
N MA— 2
- . i A
- . . =0 ® .
— Vs A
Vo =Av4

'WU‘EB‘EJ\NF@SQH 5B om
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V, =0V =V, =0V

Example #2: Closed Loop Gain

Vs =Ryl i RS
- M A M
V0 - _Rflf 4 "\_Iv‘r:"r'\_\.f_.r" R
. . + P -
i =i =i i Rl
° R1
—
[ /"\.:f,x:a\‘.u.'ﬁ"\ ) P
AT+ R -l
1's =0 °C
— Vs Virtual . *
T ground 'l V, = Av,

inverting amplifier.
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Inverting Amplifier (previous example of slide 30)

Find V, in terms of V,, for the following configuration.
Ry)=Yvnr _
; / VO = R2 Vin
R, -

With R, =40 kQ and
R, =10 kQ, we have

v
[Vo=tVy| &=~
arlier
v
A’ @:—3.99vm]
0 .29

,0—-%’/'/7“‘)0/ Exy

LN
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Inverting Op Amp: 2isL9) ¢nL‘-)

When V,; =0in and we apply the Laplace Transform'\la
Vo (S) _ Rz ‘ B
Vin (S) Rl @
In fact, we can replace R, with Z (s) and R, with Z,(s) and
we have the important expression;
P P Vo(9)|_ £240)

Vi, (5) Z;,(s)

At this point in circuits we are not able to appreciate the
use of this equation. We will revisit this at a later point in
circuits but for now we point out that judicious selections
of Z;,(s) and Z,,(s) leads to important applications in

» Analog Compensators in Control Systems

« Analog Filters « Application in Communications
L\—_________ —_ I
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/\

100mVv

Example

malue of Vo and o and verify if the opamp is in linear

or saturation mode for two values of feedback resistor; assume
<nm
V =V(+)=0V

1) R==100kQ 2).fRF_2|v|Q

i |1 = —l
0@ ) 3 R
vi o =i = V. 100 mV_lOuA
&) 10k  10kQ
| : e < Vo R{M’(

- L7 DV =— =-10V =-1V|
Important < 10k > — 1 —A
lo(max) is few mA formost V. >-V,_ \_t§
opamps which limits the Linear mode

values of resistors to be used
to kohm range

laSHY e

Summer
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Example

Find the value of Vo and lo and verify if the opamp is in linear

or saturation mode for two values of feedback resistor:
1) R=100kQ 2) RF=2MQ

if

10k
Vi io
100mV + +
—"

SN—

I = 195/A +1mA =1.01mA < lo(max)

'SWU‘EB‘EJB\:I?S@H 5B om
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Example continued V.o 100mV
2) Re=2MQ =1 =—= =10
) Re R "TTT10k 10K HA
L 2)V, =— Re V. =-200V =-20V
10kQ +10v 10k —_— )«
lOOn\:IV Jo_ + l

Vo Vo<_Vsat _‘\[5“.’—:._‘

<\
=\

Saturation mode =V, islimitedto -V,

I, = 8V._ 8mA
1k
I, =10 nA +8mA =8.01mA @
A
20w I f L2
1 @
6” /
Dr) _Awm [’ + Vec
i 3 vo
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NLS&,"I’H/'& feed s e

. Lnver+ine A )glrfne v

(\Ia*-—_j,\lj

Inverting Adder or Summing Amplifier

Summing Amplifier: Thisis an application of inverting amplifier

Ry

i If

V, =V, =0V

% V. =-R,i

If R, = R, =Ry, then,

L A
Rl RZ

=1 +1,

Therefore, we can add signals.
with an op amp

laSHY L

Summer
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Z) lVan—ln\/a/':"va\S
Ve=Vo ; bab V2V o=y

l_;' = \_),'_—- = (,.F =
| \ = Vo
\!0‘:— l.:P RF t '.;fR‘: Lp(ﬁﬁ"'e\) U\.
. = = VR
F-_ L’;(ﬂmﬁx):\);(uli‘eﬂ)x =3
Ry R, \IO:V-VK\-‘I'EE)
. |
PR ]
The non-inverting op amp.
The non-inverting op amp has the input voltage connected to
its (+) terminal while no voltage at the negative terminal
non-
}nl/cf‘,'l"j
Vn - Vl — Vp — Vs ' -ﬂfJ,\F’c
i, =1_=0
Vo — VRl + VRz
VRl — Vl — I1F21
- N/ =
Ve =1L,R, © R
but which gives,
; V.
I1_|2:—1 AV AR 1+R2 /.
Rl o Rl s
I . 1 .
S@fgﬁ?‘ﬁmﬁ@%lﬁﬁﬁom Uploaded By: anonymous,



ENEE2360
BZU-ECE

Example: Non-inverting Amplifiers

Example: Find V, for the following op amp configuration.
6k \’-\-'—"Vl _ £ x4yv_- 3V

T €kt
x 4V 2kQ Vx"? Vo V4 (11 ey,
6k+2k v — N — ‘3("' ¥&) = 4V

Vi=3Vo o <>;1§ fLT
? X v
V =|1+ Rely | :

0 X é

R. ).~
V, (1+ 150—If)3\/ "

Makesurethat -V <V, <+V

sat sat

laSHY e

Summer -
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Non-Inverting Adder

-
—

R R
WV —|—R]V1+(R—|—ij2

(
=[L"2]

2

<7

V, =V, <« (since i, =

A ddev

R \ N« L‘ N %)
e o_| Vo : == L +
{B- g‘f\ o ;—thi\\llzrlltla?lts R2 Z R, R Ve
>kl 7 A @/ RS ) ?;r:ninal '
. % %l’_{ l L vi+v2y2 () Vi -
N |

e IR

[

R
v, =[1+ﬁjvi_<\

e EVY
V. — I’V1 + V5 ]

Su.fc—c(wsw'huv\

N /) vl Vy

RI% v g v,
“\J._ . R vin

' T Ly
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BZU-ECE Ny N2 such the? the owtpak Vo= 3V, 45V,
(u»sc .ml&vll'm's Amfll-FlWJ)

Soluhon —» with e ing Amp)ufw-y Un‘:—L's\l,-i-SVl)

— WL Caw \novut a SECOon vy
S+age with Vo ="V

af‘e S
\fl R ! 5‘ . Vu:‘(}g\l, * 'l'g"vz)

- \'| - )oK
V-ﬂ‘ﬁr‘cg— 2! b= L)_ofw\/ol
= _r- * oy "Vol

—

Vo -‘5-\":" 2

] . ] N ] = 3V, +5¢
Non-Inverting Amplifier with unity Gain (Buffer) |’
RF— @ RE
SAvAVAY
Ri Jjov Vo= V¢ ( 1+ B2
fVW - v, = Vs (,_.+ | +10V
= sif N * b AP ’ . — +
Vs & yaz=\s v s \—"“—1 > Vo=V
A L - Vs . . .
0 e—Re = / un.l-:, Gam A.nlvl-(w:.
= = & Ki 1 « Buff'//»
Vo =V (_)
V((—)=V(+)=Vs
V, =Vs
A\VAS _1
Vs
I - H .
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Buffer or Isolation Amplifier or Voltage
Follower

» Applications arise in which we wish to connect one circuit

to another without the first circuit loading the second.

» This requires that we connect to a “block” that has infinite input
iImpedance and zero output impedance.

> An operational amplifier does a good job of approximating this.

» Consider the following: loading
m
v Z v
g : +
Circuitl | v, "B-II-QCGk" V| Circuit2
I - 1 .
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Buffer or Isolation Amplifier or \Voltage
Follower
The Block —> Beffer- .
r-—- - - - == | \_J 40 f(:'tﬂf-ﬂ/i/l-"""'"'l‘
: : Locding ffeck
: - : "‘f cywomt 2
t 4 on )
Circuit 1 V+_i” [ :\ZO Circuit 2 ("‘c"’:vo'f‘* h
| _ |
Circuit isolation with an op amp.
Itis easy to see that: V, = V,
'] S ost-how ’
Ny o Amf
/

mIx /j' Inve ’JN.:S
& hon- mtvf;:;;"h =
'WU‘EB‘EJ\NF@S’H@B?Eom
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G p) fiew

Difference Amplifier (Subtractor)
R4

For the following op amp configuration, A AN

in order to find Vo we can use
R3

Superposition: V2 o AN — >
V1 /_ +
Vo

R1
R2

|||— ]

1) Short V2 and find contribution of V1 to Vo ==> non-inverting amp

Vo =V
2) Short V1 and find contribution of V2 to Vo ==> inverting amp
Vo :Voz
3) The total output is found by summing the two results above
Vo = Vol +V02
| - e ' .
Sﬁg‘?ﬁi}m@eﬂ@@l{om Uploaded By: anonymoug
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Difference Amplifier (Subtractor)
R4
— AN NN R4
R3
W > vzo_/\/\R/?)\F -
V1 + +
Rt Vo v e 7
R2 1 Ro Vo2
Non-Inverting Amplifier Inverting Amplifier
R
V,=|1+=2 NV
ol R3 + V — —&V
02 R 2
3
V,={1+ R, R, }/1
R, \R +R,
I - 1 .
Sﬁg‘?ﬁﬁ:ﬁ@%@@ﬁom Uploaded By: anonymoug,
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Difference Amplifier (Subtractor R4
p ( ) DY S

under this condition this is
3 a difference amplifier s>

\I 'm, o = Ul_\l-"
‘XS5A $ —> \ o Hs A M( )

Vo | rom .
‘_\515/,‘ S-ewnievs 4,..[)[.:1"(1./’70»- —FAU}bY
[ u)l';lbb\ « &a’;')l

Jow 1w
Vialue

I - 1 .
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Example Consider the op amp configuration below.
_ — NN\ —
Assume V;,=5V 6 kO
1kQ |,
— MW
v :
+
_ )V,
O Vi o v
6k 6k
Vo =0+—)3)-(-)G
o= 1|()( ) (1k)( )
=-21-30=-51V
Since VO =-51V (op amp will saturate and Vo will be limited to -Vsat)
I - 1 .
S%ﬁg@ﬁmq@?ﬂ@@%m Uploaded By: anonymoug,
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Instrumentation Amplifier

» The previous difference amplifier has low input impedance
and it is difficult to vary the gain “m”

« The instrumentation amplifier solves this problem by adding a
buffer stage and a difference amplifier stage to solve the
disadvantages of difference amplifier

Instrumentation ] f

Vz_‘:_!:l> amglifier@
| .T§
v o

l§\§,:
V4

T : [ N
" 1l aR/? A
l'l L — 3 ~——
ver T L e
|
I - 1 .
Sﬁg‘?ﬁﬁ:ﬁ@%@@ﬁom Uploaded By: anonymoug,



ENEE2360
BZU-ECE

Vo Vy = L(g.,_a'li'?)
T (2R+4R) =1 (&¥*)R)
1 T\, e (e
Y + T A\Q Va ™ a@i
:_(U"’VL)-}-:‘-&
(oves V(3 2)
Instrumentation Amplifier assume V, >V,

T T T T T Thnstrumentation V.-V,
0 amplifier IC I =
| aR

W\ENg : V,=(R+R+aR)l

TV, =(R+R +aR)VaRV

_______ EJ o ill v, =((2;'—;)Rj(vl—v2)

HFEIV, = 1+§j(vl—v2D

* Only by varying the value of
potentiometer aR , the output
can be adjusted

* Rs an internal resistance given
in data sheet of “1A” IC

V=

L2y Iq/i/'zol\

— . o
T nsdrumentahon p.mf;/,ﬂt,” v T % g

Vo= (+ & )\y Vo)
I8SHYFRE J}EI?@"H@Baﬁom %ded By: anonymous,
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{/J'Q,/—pﬂ( d
wh gnd

Example: Instrumentation Amplifier tself study)
{ Transducer with gov‘su‘(
2 M resistive OUV
=IVy =|1+— (\E, — E
v E_(+aj(l/2ﬂs N AN
R 1 1
E,=——E==E il A >
R1 + R1 2 B Vo
R ]
E, = X E J__
Rx + RX + ARX
1 R _
£~ e X L - :E 2Ry + ARy — 2Ry
2 2Ry + ARy L2, 2Ry + ARy
__Ry+MRy R ] (R,
2(2RX + ARX) 2(2RX + ARX) = ; 2RX . ARX
I - H .
Sﬁg‘?ﬁi}m@%@@ﬂom Uploaded By: anonymoug,
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Instrumentation Amplifier

Transducer with
resistive output

= 10k; E = 10V; ARX = 10;

Rx+AR

aR 50.12
a=|—|=| —— | =0.005013
R 10000

E')(a. 'C.. n
_’::F———lh oY

J&I-

der "’OM an

— l{M’J ($CMS'-’V L) )\[7'
chu Haak “""’5’\""( LA v

let R
1 = N
aR = 50.12 ohm
- —_ 10 10
_ _ Vg = (400)| — |* —1V
(potentiomater is set to 50.12 ohms) 4 ) 10000
Use om :mslvweu‘f'w%o'# %7” =

0 w‘]"lo"d Vo=5 v
= SMV lf(h'wlg
bg.nj"‘av'be

20vJ-— __—

—
—

'WU‘EB‘EJ\NF@SQH 5B om
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Vo =(1+ %)(v.—VL)
5 = Q—‘“ %—)ng»- SM)

= (1+E) gV |+2= = Sov
L “),L ) o & 4R =L Wog
J4X = 5Y — 5o~ -Gyo -7 944
“ omV 19~V Yoz =900
a = Yguq
Voltaqe to Current converter
RL ‘ iL)
- Vi = Vo
R Lp=tpn =0
L + \ replace Ry "J
. cuvvent ™ Cakuyivg
Pevice
- |
i, =— =+1m
Lk
letV. = -1V;Ri =1k
oo — PMM L
Y, —
i, =— = -1mA TAimA=1y
) i\ ~_ 1k —
I =— =+1mA
~ 1k Here we converted + 1V to + ImA
~—
'S&FUTB‘EM@-"HHB"’.‘Eom Uploaded By: anonymoug,
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Voltage to Current converter

PMMC: Permanent \‘/\ @ >, @y, | U

magnet moving coil (T

. UPMMC T X

i = Vi - (e
R. Vi
I 2 r_\/r\,

Iet\/i = +1V;Ri =1k

) i\Y}
In=—"-= +1mA
1k

'WU‘EB‘EJBEI?@S’H@B?Eom Uploaded By: anonymoug,
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s
AN 1’4'
Lisht v
Current to VVoltage converter Photo-diode
’ Isadlode which is
. bl_alsgq_by certain
Ly type of light
Lp=r : -
+ +

L
7
—‘- Vo
RL \I = 1.
Photo Diode _ ¢ L K o C %l ve L
Y I.R %&f | - can be any current

source, sensor or device
L with current output .
Here we converted current | to voltage Vo 2

+) L

&,:Eif_- ,' Cll;cu,:"”s w it Nf{bi-w't, Feedbwh

- sh\fe(‘l'"‘:s .
- pnoh- m\!d—l'ni@ HN{)L/{’M

_ Dfference '
— Ifgi{iww\t whahow

—_ \"’M’PJ[M [oy.\/&/4"‘/-r
IasprystgeNpssen spal _ comtut H Wiy |
J}E@ om ploaded By: anonymous,
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S0 oot Y Openn loop =2 mo feedbeck v,

€Vee a";:r \

| A=2000°° \")\
_— _\]s‘,r 3-’0000 )
Na \;’._o/ = éflu\(j
N1 _*

A Ne ¢ J Up = v+-V-2berd,,

W‘ . = Va‘.’.—‘“’
Compr—— 9 o (o GV vl ik

OP AMP as a Comparator (compares 2
voltages and produces a signal to indicate/
which is greater)

Ve > V-

Vo
. oo +Vsa! %\J

- P P
S—i C )
p>Vn = Vo=+Vsat

\ \;O 0 Vp=Vn > Vo=0
vp(O y/ \[ ‘+’ L \[—-

I/ A Vp<Vn 9 Vo=-Vsat

(a) Comparator Circuit (b) Comparator Output

Applications of Comparators
* Analog to digital converters @

* Counters (e.g. count pulses that exceed a certain voltage level).

* Cross Over Detectors
\v-

'S&FUTB‘EJ\NF@-"H@B"’.‘Eom Uploaded By: anonymous,
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P

\

\

Nt { V- = Vs =Vgaf {
| \

;_ ~N Su‘\ \

AN

Comparator : Zero —Level detector
0—>_O 0_(
Jj+ ) v
e 4

Exact analysis:

’/ Approximate analysis
v

When vd >65uV ; Vp=+ Vg, Vi

When vd < —65pV ; Vy=-Vy
—® —
p¥ ———

lasHy e

Summer -

When vd >0V ; Vo=+Vgy
~— N—
Whenvd <0V ; Vo= -Va
\___../
g\ioz"laﬁ 1B om Uploaded By: anonymous,
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Comparator : Zero —Level detector
A
V;(t)=5sinwtv +Vee

i Vsat o i13 \"}

jp —
+/I/ Vo

= VORI

V,sat A
] Vol(t) V'S-)

5V

-5V

WhenV; >0V ; Vo=+V,u

-V,sat

WhenV; <0V ;/ V= -V

'S&FUTB‘EJ\NF@-"HHB"’.‘Eom Uploaded By: anonymous,
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Non Zero —Level detector

V;(t)=5sinwtv

i Vs'at - i13 \' l— -

When V; >2V ; Vo=+Vgu :er,-'-

- Vio
WhenV; <2V ; Vo=-V, Vo
-_— J———
V,sat — L
Vol(t) - .
J- Noi=2 S0 —> Vsim D1
.{{({/f \ - Whenvd >0V ;  Vo=+Vyq
When vd <0V ; Vo=-Vsat

-V,sat | __\] S‘\\/ T 7

Vsm-2Zo SV L2

'Wﬂﬁ%ﬁg@@%@@ﬂom Uploaded By: anonymous,
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Practical Non Zero —Level detector

Application / 13k

=)

—m N\ “a

( :] i pressure
Pressure U H-‘k —_ NG, —
Sensor — sensor -

The pressure sensor generates a voltage proportional to

the water level in the tank V(-)=2V

When water level reaches the When V; >2V ; Vo=+ Vg

max1mt1/?1=a£l\o/wable lever WhenV; <2V ; Vg=- ngt

'WBTS‘E%T;@@-"HUB?Eom Uploaded By: anonymous,
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Voltage—Level detector with LEDs:

When Vi >2V ’ V0= . Vsat
Red LED is ON

13k

2k

WhenV; <2V ; Vp=-Vy

Red LED is OFF

-\
LED —
Vigd o 2-3V

4ale Vegp =3V

WhenV; =2V ; Vp=0 21c
and the Red LED are OFF

'SSVUTSCEJ\NF@-"FIUB"’.‘Eom Uploaded By: anonymous,
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Example

* Given how an op amp functions, what do you expect Vo
to be if v2 =5V when:
1, Vs=0V?
Answer Vo=+Vsat
2.Vs =5V? )l‘**
Answer Vo=0 ( practically impossible to have both V1=V2)
B)Vs=6V? /

Answer Vo=-Vsat //

Vi

1

7 ‘;) -Viat

_— Vs P
T o [ i
o
!
| - Nasse i .
Sﬁg‘?ﬁﬁ:ﬁ@"ﬂ@@ﬁom Uploaded By: anonymoug,
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o——1- Wy Wy
+ AN+
I> o~ . >+o
(a) No Feedback = (b) Negative =
(openloop Feedback (c) Positive Feedback
comparator CII’CUIt)
* No feedback : Open loop (used in comparators)
* Negative feedback : Feedback to the inverting input (Used in
amplifiers)
* Positive feedback : Feedback to the non inverting input (Used in
oscillators) an@gers ( comparators with hyste@?
| rINasse ' .
Sﬁg‘?ﬁﬁ:ﬁ@"ﬂ@@ﬁom Uploaded By: anonymoug,
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a Schmitt trigger is a comparator circuit with hysteresis,

Schmitt trigger devices are typically used in signal

conditioning applications to remove noise from signals used in
digital circuits, particularly mechanical switch bounce.

They are also used in closed loop negative feedback configurations

to implement relaxation oscillators, used in function generators and

(o=
\x

switching power supplies.

The output of a Schmitt trigger
(B) and a comparator (A), when
a noisy signal (U) is applied.
The green dotted lines are the
circuit's switching thresholds.

The Schmitt trigger tends to st 2
remove noise from the signal. H«*""'B

U I 7 TN =
e LT R
|
1 L
,‘_UL ly) t
[. ((!Aba

'WL‘J‘EB‘EJ}E@SQH 5B om
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Compe aA s with "'/;fs 'I‘&»;l SI'S

Schmitt trigger, R
AVAVAY
This is a comparator Circuit  zp Vi oy ly
and the output is WO — +\/satl< a8
Analysis: step 1 “— | R ] — 1)
I t Vo .‘."\‘\ISQ']
elv, = +Vsat @ u,‘(‘l’)
A QVsat): V - upperthresholdvoltage = R1 is Fed back
N from output to (+)
in order for Vo to be + Vsat I__Il[_J_LL
e This is called
>0 positive feedback
Vd = V(+) = V(=) >0
R AN AN — #: V¢
2 + Vsat > V . 4@»\»04’ be
R, +R, ' T —o nse d
when V. >V = Vo = +Vsat 70— _
| Positive Feedback b? =ln=0

ButwhenV >V = Voswitchesto — Vsat -
i

‘) £ed Vo= tVsal q V'l" > V _

Tur > Vi) [=vs=tust

> as [1rg &S \’1'[”')4"“’7
VD-"\"‘A‘ l/h

o vl meresses 57
%‘ vilt) > VT

SHYBENFSH B om glga.ded\@y‘,{anonymou?
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— Vot
NE
v Vi)
—
. : R
Schmitt trigger, A,
Analysis: step 2 - ¥
) +
0 L .
R /_ Vo [
V = —ZQ Vsat} - Lower threshold voltage V! 1 Vsak
+ R1 + R2 LT
in order for Vo to be — Vsat Vo
Vd <0 b ——
Vd = V(+) - V(=) <0 i\ Y
R VLT v VUT Vi
—=2 — _Vsat< V. T Y
Rl + R2 I T Y —Vsat
when V.~ <V = Vo = -Vsat | T ———<
LT I l
But when Vi <V = Voswitchesto + Vsat Hysterisis
‘VUT —VLT ‘ = Hysterisis
Vi-V. o =D Vo= —Vset
d |
Vor = Wity Lo => Vit Lvil¥)
. o = _Vgo\,‘\ l
a5 long oy V() SVr =V
- — Vo = +Vsat

_ -j \ri(f) decreares beloww LVL—TW deat

_ LA _VsaY¥Y
gﬁg@ﬁﬁq@f’ﬂw&om ploadedmﬁl\y[nou;z
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VT ) Vv
gnd of L2 e wyshertss )
// < =
L25 21/9/z2 02,
¥ caledafe Schmitt triqqer, 2|.?72|v|

—7| Example: Find and sketch Vo(t) and the
N — e
plot of Vo=f(Vi)

Solution: this_is a Schmitt trigger and
o iVo = +Vsat |

N
1) lety, = +vsat = 10y

|@rder@£ V&to be + Vsat

Vd>0

Vd = V(+) - V(-) >0

NEEVO)) e
VO =)

V)=+Vsat=__|

min

12 —2
Qo

42
L 2V

+\1_O¥ -]
100k 2700k | L
V(+) = (+ Vsat) ( . )
\2,700 +100)k (2700 + 100)k i
100k 2700k )
(+Vsat) + V> av
(2700 + 100)k (2700 + 100)k i
| ~ s ' .
S@fgﬁ?‘ﬁ&ﬁ@eﬂ@@ﬁom Uploaded By: anonymous,
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%

Ny
\Y

VuT

.
100k<—\,(1ov)+ 2700k (\’;) )
(2700 +100)k (2700+100)k i/ &

= .
(\/i )> {4v _ 200k gy ﬂ[ —>V, >3.777V

when V. > 3.777 = Vo = +Vsat ; But when V. <3.777 = Vo switches to —Vsat

100k (2700 + 100)k £
(v_ )< [4v —( (2v )ﬂ[ } ==>V. < 4.074V
| (2700 +100)k 2700k <o

when V. < 4.074V = Vo = -Vsat; But whenV >4.074 = Vo switchesto + Vsat

2700 +100)k 2700k

= — = — » . l/
2) |6'[VQ Vsat = (0 +2) =2V | | y; o o

100k 2700k
V(+) = )+ V.
(2700 + 100)k (2700 +100)k \ i
100k 2700k «
(- vsat) + v < av
(2700 +100)k (2700 +100)k \ | T

| [ -

\L.:'
¢ Vead
—f +
—Nsal v,
333 ) —
y.097
—
T

I - 1 .
Sﬁg‘?ﬁﬁ@%@@ﬁom Uploaded By: anonymous,
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Conclusion
1) when Vi is decreasing, aslong as Viis >3.777V = Vo = +Vsat ;
but when Vi becomes < 3.777 = Vo switches to —Vsat
2) when Vi isincreasing ,aslong as Viis <3.777V = Vo = -Vsat ;
but when Vi becomes > 3.777 = Vo switches to + Vsat
Vi =f(t)
Vi
Vo ¥, Vsatet10V -—f\// S AA . 4.074V
< i X / [3.777
I : / Two separate
Hysterisis N I | levels of detection
=4.074-3.777 . | for risi d
J 1 x . e
) =0207v | : | :
i L v vivel Gy | ,
! ! no oscillations
3.777V 4.074V -7 of Vo
' +2V,
| |
Vo =f(Vi) Vo =f(t)
| - € ' .
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Comparator without Hysterisis  +12«
Example: Find and sketch Vo(t) +
and the plot of Vo=f(Vi) Vi
: L i -
Solution: this is a comparator and Vo
Vo = +Vsat 1 Qe L
1) in order for Vo to be + Vsat i -
' /\I\/I N TV \@M
Vd>0 and Vd =V(+)-V(-) >0 N I N B A Only one
I O I O level of
V("') > V(_) : : : : : : : : detection for
both rising or
V() =4V (+) =V, SR N fling
V, > av EEE N !
Vo
2) in order for Vo to be — Vsat = 2V 410V| ' i—l Might cause H¥
Vd <0 and Vd = V(+)- V(=) <0 s
Fthe Vo
V(+) <V(-) ! A
V. <av '
| aINasse ' :
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= Lgf)= C %Tlié&(ﬁ

|ntegra’[o VWL S\)"M — Fi1me domain
So far, S0 far, the inf input and feedback components have been resistors. If the
feedback component used is a capacitor,, the resulting connection is
called an /ntegrator.

 Recall that virtual ground means that we can consider the voltage at
the junction of Rand X: to be ground (since V. = 0 V) but that no
current goes_into ground at that point.

_a Ve(t

-?glj
R Vy =Le

VC(t)_—ju (t)dt viQ)

Co
VvV =-Vc(t)
S I U,w“’)( 1

1 LV.(1) t
Vo =-—=[-—dt V. (t)dt

I8SHYFRE J\NF@"HB’Banm Uploaded By: anonymous,
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Differentiator —> 4 me dowmarv

A differentiator ,while not as useful as the
circuit forms covered above, the differentiator
does provide a useful operation, the resulting

relation for the circuit being _— R
=i =io AN
\_I' f if
~ I| ic - Vo
MK ¥
VC(t)_—ju (t)dt vit) ST
2 cost 1

| .
Sgu&rmer J})T;Ii@eﬂ@Banm Uploaded By: anonymous,
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BZU-ECE Fullbevs —
- SCevn Jm
. PP, BPF, BRF Lok
@' ! b / b LJ/&W )
(—/ /‘ '} femv u‘é l;llﬁ-&/hﬂj
. , effe
Tesswe Izmtwc) 2} w, w,,u
,}.vf)c 4‘% ACJ
R,L,C L., 0p-amp

V(i)

/

. . The gain analysis of this invertin
The Active Low-pass Filter mﬁw Nowsoio

ZL‘.’/ 7, (io) (’“’) Z,(joy- R
- T fy‘vum) Z(J

/V§ f + ZZ(J %

R+7

|
G ) X

2 N e
) [: {1+w
»—OU, (()C
?2 < 3‘\-\.& A¢5aln)
&C“i"fﬁ”iq—”ﬂ‘f"y @ 2”“6‘ = zmg
> = -F { w_,ﬂ‘f
[Ml./‘)(c (h“*‘;) We = Zﬂ)[
Aaht Au* . e omp kR e b
J_"E_ ‘
o ,J—uﬂf SRV \\’}wbm/ r‘f’wh’”

Mag4
I
Sgusrﬁger J}quseHB‘Banm
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BZU-ECE Asume KL=
\
{A = ‘ -1 | =3
= ez | V)
4 We = —L"‘_ < thDu)V\

\Av (i) | — df«w%

~ld W
Frequency Response (Bodé Plot)) — !4 ‘; ‘
Magnitude Plot ( Magnitudein (- > Dec! ‘ﬂ
deC|beI§ vs log of frequency) - a 1 & - l ,
dB —29|\C_)‘g‘H (jai)‘ l -IUE ) 20log > =20log
. . J
H(jo)=[A (j0) 8% 1+ %1
C Z
. _ K : ( C
‘N(Jw)‘_ 2 ¥ =20log1=0dB |
1+@ olwe We | W<
)F' a)c |'_.!_ \ | Lo
atw_:_a)_:__ at w =100,
20log =20Jo %3 \ 20104 1  20kg 1
» P ~ 2 JI+100
~——
1+ - 1+ W [oc 0.
a)C a)c ‘_é___,
= 2010g[0.707| = 3dB, = 20log|0.4 = 2008
cwt —off ”&47"""‘?"7 = covwner —F“jv’*"‘ﬂ =-34B

@u):mou.)c

[

—_—

)+ 0)
= 20 log w
- —YodB
l8sHYFiRe J}EI?@"H@Baﬁom
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20 l;&\\ \

\ olwaA%

£8Sume [we= 100 |.9 ’K“p: yA

[oWe = (000 "’S’Doo =>

0lwe - 1O -—311)(1!9 |

logo.we luJuJ(. logwwe /.75 w
—— — 1
: ‘36 K&\a
|
/2 \ Adc“'ilc
Soge? N

Frequency Response (Bode Plot)

20Log]H(jo)|

Logow = 20|Ogl= 0dB

-3dB

-20dB

* At frequencies below w,, the amplifier
is an inverting amplifier with gain set
by the ratio of resistors R,and R,.

* At frequencies above @, the amplifier
response “rolls off” at -20dB/decade.

* Notice that cutoff frequency and gain
can be independently set.

Summary
at o =0.1w,

atw= o,
=2010g0.707 =—-3dB
at w =10w,
=20log0.1=-20dB
at  =100w,
=2010g0.01=-40dB
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Active Low-pass Filter: Example 2olig|Av] = Ho AB
* Problem: Design an active low-pass filter w \ - ?_“’Q’ 3
* Given Data: [_ 40 dB,|R,=5kQ, .= 2 kHz <= TR, C

. Assumption's: Ideal op amp, specified gain represents the desired Tow-
frequency gain.

« Analysis: \A\,\:1040d5/ 20dB 100
Input resistance is controlled by R, and voltage gain is set by Rz/ R,
The cutoff frequency is then set by C. R
_R — - 2
Rl_’Rln =5kQ  and \AV\——:R =100R, = SOOKQ/ /

_ 1 _
C=on R, 27:(2kHz)(500kQ) =159pF
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The gain analysis of this inverting

The Active High-pass Filter ,mjifier
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Frequency Response (Bode Plot)

Magnitude Plot (Magnitudein | at@=0.1o,

.f.q_,( W= 0:6|we

decibels vs log of frequency) \ 201 1 50 1
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~ 20log - 20l0g——
=evl0g—— 0 -=20log
i+ ’ 2|~ J1+10000
w
0.01a)c
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s log L = 204B-904B  focw=sime = 2wl
o0
- - 0 0\
- ""2,0 ﬂ’ & B 0
o= oolwe =2 2015750
— =20 dB
W= wc ) ° L’S o
= r’
— 172 df3
Frequency Response (Bode Plot)
20LogjH(jo)] Summary
i at = 0.1,
| Decade
Logdx.lmc l/logcoc/ | logo = 20log 0.1=-20dB
-3dB 4 ' at w = o,
> =20l0g 0.707 = —-3dB
20dB <+ at v =0.01w,
r20dBidec — 20l0g 0.01= —40dB
atw=0
* At frequencies above w,, the amplifier =20log1=0dB
is an inverting amplifier with gain set
by the ratio of resistors R,and R,.
* At frequencies below @, the amplifier
response “rolls off” at -20dB/decade.
* Notice that cutoff frequency and gain
can be independently set.
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A'A" AN
J_ v,/
- Vi A
B — [ I —20 dB/decade
|
Op-amp ——— Output (V) i
R, |
_ + |
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| | |
Ny I G a = -
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A, =1+5"
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at a cutoff frequency of
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High-Pass Active Filter
Re Ry
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A‘\[ = Q\“'A\IL“A%

Cascaded A@ﬂfiersh

/w\/&

w
A A
+/( R,
Op amp 2
Op amp 3

Inverting amplifier A / Inverting amplifier B / \X Invc{iing ampliﬁcﬁ /O
~~——_ ~——__
QV| - el Three-stage amplifier \,E ot - e-"-—
X, Ave = ~ _____Rz Q ’E_l'
* Connecting several amplifiers in cascade (outpbt of one stage connected to
the input of the next) can meet design specifications not met by a single

amplifier.

Op amp |

Ve

l

* Each amplifer stage is built using an op amp with parameters A, R, R,, called
open loop parameters, that describe the op amp with no external elements.

* A, R, R, areclosed loop parameters that can be used to describe each
closed-loop op amp stage with its feedback network, as well as the overall
composite (cascaded) amplifier.

* The gain of each stage can be calculated separately, then the total gain is
found by multiplying the resulting gains
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A - A1A2A3

.Az = _Rng and A3 — _R\f}%/

where
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Example PSpice Simulations of
Non-inverting Amplifier Circuits
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Non-inverting amplifier
Ideal Gain 1001

UAT41
Tao Vs
5 %@ AMPLITUDE = 5m
EE FREQUENCY = 100

5o

. \J \J \J \J \J
5 5 16ms 151 20ms 25ms 36ns 35ns 40ms 45ms 50ms
o U(uo)
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Non-inverting AEmplifier
Ideal Gain 100001

+

Vs
E\J AMPLITUDE = 50u
FREQUENCY = 100

Transient
Analysis
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Non-inverting Amplifier
Ideal Gain 1001 with
500 ohm load h

+

Vs
AMPLITUDE = 5m
FREQUENCY = 100

Transient
Analysis

os sms
o U{uo)
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Mon-inverting Amplifier
Ideal Gain 1001 with
100 ohm load

=

Eo *L Vs
3 @AMPLITUDE=5m

Transis
Analysis

FREQUENCY =100

os Sns
PRI

35ms

48ms

45ms  58ms
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ice Simulation
Al Sueef

= +’W7¢q¢om

Low-pass Filter Example

//”’—‘ Pass-band Gain = 100

Ccutoff Frequency = 2 kHz
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46 (V') Output Voltage Amplitude ir@

-48 5 P, — E
1I]I;I;, AHz 188Hz 388Hz 1 .ﬂh-lz 3.8KHz 18KHz 38KHz ABKHz
(u{vo) =

/@ Frequency ( —

L Zanl
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167d

Output Voltage Amplitude in Volts (V) and @ Degrees (d)

133d

186d

8.5y

SEL>>

au

18Hz

o U{uo}

38Hz

188Hz

388Hz

1.8KHz

Frequency

3.8KHz 18KHz 38KHz  188KHz
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Following Material is for
Reference Only

K/
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Applications of Op-Amps
Electrocardiogram (EKG) Amplification
Need to measure difference in voltage from lead 1 and lead 2
60 Hz interference from electrical equipment
i Time, s

[ ~INasse ' .
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Applications of Op-Amps

Simple EKG circuite _ .
Uses differential amplifier °
to cancel common mode

signal and amplify e S I S O
differential mode signal —— %R‘

Equivalent L
circuit for EKG amplifier

Realistic EKG circuit ¢ v ladi
Uses two non-inverting
amplifiers to first amplify

VOItage from each Iead, Non-inverting Amplifier
followed by differential
amplifier

Formsan °
“instrumentation
amplifier”
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Strain Gauge
(+) Use a Wheatstone bridge to
Strain gauge #1 R <#1 determine the strain of an
element by measuring the
: R change in resistance of a
Strain gauge #2 R#2 strain gauge
)
Bridge balanced
Y
7 (+) 4 (No strain) Balanced Bridge
; Strain gauge #1 FCiCE R R#1 R#1 =R #2
Test Specimen
/ Strai y re2 (Strain) Unbalanced Bridge
train gauge
7 ) l R#1#R #2
2 Bridge unbalanced
| i € i .
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Strain Gauge
Half-Bridge Op amp used to
Arrangement amp |fy_ou putirom
strain gauge
s{?:!‘f&“ﬁ"
R +AR R:
Vref
slramg"iuge
(stressed)
R -AR R
® AANE I
Using KCL at the inverting and
non-inverting terminals of the b@ ~ V., = ZAR(R;
amn we find that =» /[R2)
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Applications of Op-Amps

Piezoelectric Transducer-®
Used to measure force, pressure, acceleration ¢

Piezoelectric crystal generates an electric charge in
response to deformation

Electrodes

Piczoelectric transducer Circuit model

Use Charge Amplifier ¢
Just an integrator op-amp circuit
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Applications of Op-Amps
* Example of Pl Control:
Temperature Control
* Thermal System we wish Qe o= )n
to automatically control <> 5 |
the temperature of: o m—————
L=
* Block Diagram of Control ...
System: : s Thocmal eyatenn _| i
amplific [ :M\' }?
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