SEE 2253: ELECTRONIC CIRCUITS

. Chapter 5:
Operational Amplifiers
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5.0 The Operational Amplifiers
O Usually Called Op-Amps.

O An amplifier is a device that accepts a varying input
signal and produces a similar output signal with a
larger amplitude.

O Usually connected so part of the output is fed back
to the input (Feedback Loop).

Most Op-Amps behave like voltage.

O They are the basic components used to build analog
circuits.

O The name “operational amplifier” comes from the
fact that they were originally used to perform
mathematical operations such as integration and
differentiation.

O
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The Operational Amplifiers (continue...)

O Integrated circuit fabrication techniques have made
high-performance operational amplifiers very
inexpensive in comparison to older discrete devices.

O Op-Amp is a very high gain differential amplifier with
a high input impedance (typically a few mega-Ohms)
and low output impedance (less than 100 Ohms).

O Note the op-amp has two inputs and one output.

Input 1

Output

Input 2
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5.1 Typical Op-Amps

£
- 11 Two Most Commmon 741 Types
' . !
offset null 1 & nic
Metal Con Package inw. II'Ipl.It 2 7 ¥
: non-iny. |nput 3 & output
o oLk 5 offset null
" T (Ehoeran
@

8-Pin

nfa 1 14 nfa
Dual op-amp in &-pin DIP nfa 2 13 nfa
N offset null 3 12 nia
[s] [7] [6] [5] inv. input 4 1 ¥.

non-iny. |nput 5 10 output
9 offset null

) Ij@ nfa ? 8 nla
E@ 14-Pin
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5.2 The Op-Amp Gain
O Op-Amps have a very high gain.
O They can be connected open-loop or closed-loop.

m  Open-loop refers to a configuration where there
is no feedback from output back to the input. In
the open-loop configuration the gain can exceed
10,000.

m Closed-loop configuration reduces the gain. In
order to control the gain of an op-amp it must
have feedback. This feedback is a negative
feedback. A negative feedback reduces the gain
and improves many characteristics of the op-amp.
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Inverting —— ]

Non-inverting —I(:,)—

m M, i0: Currents into the amplifier on the inverting and
non-inverting lines respectively.

= Vv, : The input voltage from inverting to non-inverting inputs.

m  +Vc, -V : DC source voltages, usually +15V and —15V.

= R,: Theinputimpedance. ldeally infinity.

m A The gain of the amplifier. Ideally infinity.

= R The output impedance. Ideally zero.

=V, The output voltage, v = Ay Viy Where Ay, is the open-
loop voltage gain.
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5.3 The Op-Amp Transfer Curve

VO
t  +ve saturation
+Vee +
Linear region where
Vo =Ao(V" = V)
VAR Ve
+ -V
-ve saturation ce
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5.4 Ideal Op-Amp Characteristics

O

O
O
O

o 0O

High open-loop gain, (Ag = x).

High input impedance, (R; = «).

Low output impedance, (R, = 0).

Output saturation voltage, V4, is equal to input
supply voltage, +V .

High CMRR ().

High bandwidth, (BW = ).




= S SEE 2253 OPERATIONAL AMPLIFIERS
5.5 Op-Amp Specifications
—DC Offset Parameters

Even when the input voltage is zero, there will be an
output called offset. The following can cause this
offset:

 Input offset voltage

» Output offset voltage due to input offset current

» Total offset voltage due to input offset voltage
and input offset current

* Input bias current
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Input Offset Voltage (V,p)

The specification sheet for an op-amp indicate an input
offset voltage (Vo).

The effect of this input offset voltage on the output can
be calculated with:

R, +R;

1

o]

% (offset) — Vio x

10
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Output Offset Voltage Due to Input Offset
Current (I,p)

If there is a difference between the dc bias currents for

the same applied input, then this also causes an output
offset voltage:

» The input offset Current (I,p) is specified in the
specifications for the op-amp.
* The effect on the output can be calculated with

V

o(offset due to l,,) — lioR;

11
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Total Offset Due to Vg and | g

Op-amps may have an output offset voltage due to
both factors V|5 and |,. The total output offset
voltage will be the sum of the effects of both:

VO(offset) = VO(offset due to V,g) + VO(offset duetol,y)

12




= S SEE 2253 OPERATIONAL AMPLIFIERS

Input Bias Current (lg)

A parameter that is related to input offset current (I,o) is
called input bias current (I;g)

The separate input bias currents are:

_ / . /
he =lg == IIB:IIB+?

The total input bias current is the average:

;e tls
B 2

13
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Op-Amp Specifications
—Frequency Parameters

An op-amp is a wide-bandwidth amplifier. The
following affect the bandwidth of the op-amp:

* Gain
* Slew rate

14
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Gain and Bandwidth

The op-amp’s high frequency
response is limited by internal
circuitry. The plot shown is for

an open loop gain (Ag 0r A,p).

This means that the op-amp is 0707w
operating at the highest

possible gain with no feedback
resistor.

In the open loop, the op-amp
has a narrow bandwidth. The
bandwidth widens in closed-
loop operation, but the gain is
lower.

Frequency
(log scale)

15
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Slew Rate (SR)

Is the maximum rate at which an op-amp can change
output without distortion.

OR

A limitation of the maximum possible rate of change of
the output of an op-amp.

Slew Rate is independent of the closed-loop gain of the
op-amp.

The SR rating is given in
SR AV, Vs the specification sheets
At as V/us rating.

16
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Example:
An op-amp has SR = 2V/us. Determine A, if v; changes
by 0.5V/10us?.
Vo =AY,
AV, AV.
=Aq
At At
AV, 2V
TS Vs

LAV, AV 05\7 N
At At 0us

This means that for A, greater than 40 will cause a
distortion at the output.

17
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Maximum Signal Frequency

The slew rate determines where Vy is
the highest frequency of the f <

the peak
op-amp without distortion. 2nVp voltage

Example:

An op-amp has SR = 0.5V/us and a supply voltage +15V.
What is the maximum frequency before distortion occur?

_ SR _05V/s

f< < =5.3kHz
21V, = 2n(15)

18
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A desired output

/ waveform

SEE 2253 OPERATIONAL AMPLIFIERS

SR = Av/At =m (slope)

rate limitation

/ W
actual output
because of slew

N4

The picture above shows exactly what happens when
the slew rate limitations are not met and the output of
the operational amplifier is distorted.

19
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Absolute Ratings

These are commonly
the maximum ratings
for the op-amp.
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Absclute Maximum

Ratings
Supply voltage 622v
Internal power dissipation 500 mW
Differential input voltage 630V
Input voltage 615V

20
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Electrical Characteristics

TABLE 13.2 mAT741 Electrical Characteristics: Voe = £15V, T, = 25°C

Characteristic MIN TYP MAX Unit
Vo Input offset voltage 1 6 mV
I Input offset current 20 200 nA
Iy Input bias current 80 500 nA
Vick Common-mode input voltage range *+12 +13 \%
Vo Maximum peak output voltage swing *12 +14 \%
Ayp Large-signal differential voltage amplification 20 200 VimV
r; Input resistance 0.3 2 MO
r, Output resistance 75 9]
C; Input capacitance 1.4 pF
CMRR Common-mode rejection ratio 70 90 dB
I¢c Supply current 1.7 28 mA
Py, Total power dissipation 50 85 mw

Note these ratings are for specific circuit conditions, and
they often include minimum, maximum and typical
values.

21
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CMRR

One rating worth mentioning that is unique to op-amps
is CMRR or common-mode rejection ratio.

Because the op-amp has two inputs that are opposite
in phase (inverting input and the non-inverting input)
any signal that is common to both inputs will be
cancelled.

A measure of the ability to cancel out common signals
is called CMRR.

22

11
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5.6 Op-Amp Advantages
O No external element is needed for stability.
Gain value varies with feedback to one of the inputs.
AC signal can be amplified without biasing.
Output nearly zero when input is zero.

Output can be in phase or 180° out of phase with
input.

O oono

23
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5.7 Op-Amp Linear Applications

- Inverting Amplifier

The signal input is applied to the inverting (-) input.

The non-inverting input (+) is grounded.

The resistor R; is the feedback resistor.

It is connected from the output to the negative
(inverting) input. This is negative feedback.

O o0Ooao

24
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Inverting Op-Amp Gain
O Gain can be determined from external resistors: R;

and R;. R R
V™= f V, + LV,
R, +R; R, +R;
——— AN
& V=0
Vi —AAN—— =
R, P V=V =0
Op-amp —— V,
R R
+ oV ——1 V=0
| R, + R, R, + R,
*The negative sign denotes a 180°
phase shift between input and output. Vo Rf
«Point P is known as virtual ground. A= 71 - _E

25
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5.8 Virtual Ground And Virtual Short Circuit

An understanding of the

concept of virtual ground R;
provides a better v, AAA—
understanding of how an R,

op-amp operates. Opamp  ——— V,= =2V,

Virtual ground refers to fJ'

one of op-amp input

terminals that is virtually

connected to ground due to R, R,
the other input terminal that AN AAN
is physically connected to f
ground.

The non-inverting input pin l' r’;o
is at ground. The inverting
input pin is also at OV for
an AC signal.

26
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O The op-amp has such high input impedance
that even with a high gain there is no current
from inverting input pin, therefore there is no
voltage from inverting pin to ground—all of
the current is through R;.

O Virtual short circuit means that whatever
voltage that appears at the non-inverting
input terminal will automatically appear at the
inverting input terminal because of the very
large open-loop gain.

27
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5.9 Practical Op-Amp Circuits
O These op-amp circuits are commonly used:
m Inverting amplifier
= Non-inverting amplifier
= Unity follower
m  Summing amplifier
= Integrator
m Differentiator

28
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Inverting Amplifier

O The output voltage is the gain times the input
voltage.

O What makes an op-amp different from other
amplifiers is its impedance characteristics and gain
calculations that depend solely on external resistors.

Ry
A A A

V,

@

29
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Non-Inverting Amplifier

V- =—R1 o
Vi + R., +Rf
Op-amp — Vo \/Jr — \/1
g Vo=V"
ANV
Ry R, V. =
o "1
RE R, +R;
A =Yo RitR 4 R
1 R, R,

30
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Unity Follower

O Any amplifier with no gain or loss is called a unity
gain amplifier.

O The advantages of using a unity gain amplifier:
= Very high input impedance
= Very low output impedance

Vo=V,
vy,
Vo=V
Op-amp

VvV, =V
——————+ o 1
v, i
t Yo _q
J—- = V1

31
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Inverting Summing Amplifier
O The output is the sum of individual signals times the

gain:

7 ‘V;f/\r I1:V,—V‘:V,—0:£
V'_IV‘,;ZA'_' R, 1 R,
A - [ V=V V-0V,
Vs —AV— Op-amp vv 2 R, R, R,

+
| l3 = = =
— R3 R3 3

) Vv, v,

SVt = S+ =24 =-_9
V _V _0 R1 R2 3 Rf
L+, +1;, =1 R, f f
/ =V7—Vo=0—Vo "'VO:__1V1+_2V2+ 3V3j
! R R
f f 32
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If R,=R,=R;=R;
Vo = _(\/1 +V, +V3)

For N numbers of input:

V,=— &v, +&v2+&v3+ ....... +&VN)
R1 RZ R3 RN
Andif Ri=R,=R;=R;=......= Ry

Vo ==V, +V, +V, +..c...+ V)

33
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Non-Inverting Summing Amplifier

Ry

W~
Ry
% Ay = — Vo

Ry Vi,

" V, = (1 +&)v+
)

e vie_Re y, Ra

Ve R, +R, R, +R;

34
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Subtracting Amplifier

Ry

MWV Voo Rey o Ray
Ry R, +R, R, +R,
v, —AAN——— . R,
— v, R+ R3 '
R
vi i V™ =V*
Ry RZ 5 + R4 V2 RS V1
R, +R, R, +R, R, +R;

35
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Exercise:
O Name the function of each op-amp.
O Determine Vg, Vo, Vozs Voq @nd V.

2KQ

36

18
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Integrator
iy + Ve - _\/"
KN i = V,-V _ A
c R R
Vi _"V;Nil:,__ dVC _ |_1
Op-amp — -V, dt C

dt C RC

1
..vo(t)z—C—ijldt

37
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Differentiator

R
v _Ic(i?—_ i = dVl
I Op-amp —— 1, (D ! dt
, V, = iR
= I, =1,
.V, —-iR =—rcs
dt

38
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vi(®)

v

10

V=0 att=0.

1
V,(t) = —aj‘o Vdt

" JEE
Example : Plot V,(t) and V,(t) versus t.

t(ms)

If capacitor initially uncharge,
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1pF

|l
I

5K +10V

-10V

1
- 4dt
(5x10°)(1x107°) IO

=-0.2(4t—0)=—0.8t

Vo (t) =

V| -10ms = (~0.8)(10) = -8V

39

vi(®)

+4V

o()

10

10

+8V

10
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i i t(ms)
20 30
20 30
| | t(ms)
Ve =-Vo()
1 1 t(ms)
20 30
40

20
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Example : Determine V,(t).

10K

W

70

+10V

AR
ms P

W R vo

dV, 10-(-10) . .y
- 10 A

From A-B dt Z(T\j
V, =-RC—
dt

= —(10*)(0.001uF)(10* %) =-0.1V

41
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dv. (10) 10 104\y
From B-C dt 2m
Vo =—RCd—V
dt

= ~(10")(0.001F)(-10* V() = +0.1v

Vo(®)

+0.1V ——

i ] é\ i t(ms)

-0.1v

42
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Instrumentation Amplifier

) Y
x>

Because V* = V-,

V,=V,-V,
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" JE
Log Amplifier
Vo
I, =l (e¥" —1)
Vo
~le"
I +Vp-
D— \/I
g I =E’VO =-V,
R
v, o_/\l AN\— lk =lp
R T —o v Vp
£=Ise Vi
R
- Yy _Yo
lg V;
V.
Vy, =-V;In(—
0o="Vr (ISR)
44
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Is is a function of temperature and its value defer
between diodes. In order to overcome this problem,
replace the diode with a transistor.

Vee
V.
R IC zlo(e ! _1)
pa—yyy __
IR — Vo VBE - VO

45
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Antilog Amplifier

R I

P=_SYVN Yo v
+Vp- Is(evT -)=--2
R
o™ ——o Vo VD = \/I
= S R
k__, R M
VW V, =-IR(e")
o,
VEB—T —oVe V| = VEB
= + v
L Vo = -loR(e")

46
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Log And Antilog Amplifiers Application

Example : V, xV,

Log(V, x V,) =log V; + log V,
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Vie—]| Log |
Amp
Sum Antilog | VXV,
Amp Amp
Log
V; o— —
Amp Antilog (log x) = x

47

A
Example : VA
2
Log (ﬂ) =log V; -log V,
V.

2

Vi o— Log |
Amp
Sub Antilog A
Amp Amp 2
Lo
Va o Am% B
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48
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Current to Voltage Converter
O This is simply another way of applying the op-amp

operation.
O Whether the input is a current determined by V, /R,
or as l;:
O For example output from photodiode or
photodetector.
RL
i &g R
o _
| = ' Vo - R
—_— 1
1
RETR or V=R,

49
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Voltage to Current Converter
O This is opposite to current to voltage converter.
O For example to drive magnetic coil.

AN
— X
R, L The output current is:
14 —I\L\L\,——— y
4 " |, ==L =kV,
R,

50
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5.10 Op-Amp Non-Linear Applications

- Comparator Circuit
O Comparators have two inputs and one output.
The operation is a basic comparison.

O The output swings between its maximum and minimum
voltage, depending upon whether one input (V,,) is greater or
less than the other (V).

O The output is always a square wave where: '
= The maximum high output voltage is +Vg,r. /f\\_

oy

= The minimum low output voltage is —Vg,r. \ /
\/

O

+V (+10 V)

Output Output

-V —Vi-10V) —_—

51
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+VCC
0
v, I ) Vo=Ag V-V
v o+

-VCC

m Since Ay = , V5 will become maximum i.e either at
+Vosat OF -Vosar

m [finput V* > V-, then Vg = +V,
m [finput V->V* thenVy=-V

Osat*

Osat*

52
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PO
ov, =A(vt —v7)
vt o A
m Since Ag = o,
(a) Open-loop operation as a voltage comparator :
pen-loop op p Vo will become
, maximum i.e
o .
either at +V
+ Vum_\' — or 'VOsat'
m Ifinput V* > V-,
(vt =) =
then Vg = +V .-
—y m Ifinput V->V*,
max
_ | then Vg = -V
(b) Transter characteristic of the voltage comparator.
When v > v, the output is at its maximum
positive limit, and when v << v~ the output
switches to its maximum negative limit.
53
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VO
+VCC I
+VOsat
V Practical Transfer
Characteristics
- _VOsat
Vee 4_

+ For ideal Op-Amp, +V ;= ¥V

« Butin practice £V, usually 1 or 2 volt less than
tVec.

* Only one input reference will be connected to either
inputs of op-amp while the other will be the required
voltage that need to compare.

54
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+
V=
A

>

10VE--.

LI e R

L S— >

P : :

: : \_/ : : \/ +6V

: : : : Vow =15V
comparator : ' :

oulput“ : : E : v;

+15V

-15vd

The comparator output switches to +V g, = +V . When v - v >0V,
which corresponds to the time points where v* rises through +6 V.
The output remains high aslongasv*-v->0,orvt>6 V.

55
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Non-Inverting Op-Amp Comparator

For a non-inverting op-amp s2v
comparator:

+ The output goes to +Vg,;r When input "%
V, is greater than the reference

voltage. _— o G
» The output goes to -V, when input o J} gmoﬂ
V, is less than the reference voltage. = e |
W ¥ LED
L
Example: =

* V4 in this circuit is +6V (taken from the voltage divider)
o +Vg,p =1V, or +12V
o -Vgur =-Vor-12Vv

When V, is greater than +6V the output swings to +12V and the LED

goes on. When V; is less than +6V the output is at —12V and the
LED goes off.

56
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Inverting Op-Amp Comparator

For an inverting op-amp comparator:

» The output goes to -V, When input
V, is greater than the reference
voltage.

* The output goes to +Vg,r when input
V, is less than the reference voltage.

Example:

* V4 in this circuit is +6V (taken from the voltage divider)
* +Vgp =4V, or +12V
* -Vgar=-Vor-12Vv

When V, is greater than +6V the output swings to -12V and the LED
goes off. When V;is less than +6V the output is at +12V and the
LED goes on.

57
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Example:

O Draw the output waveform, v, for the given
sinusoidal input as shown if (i) V., = 0 and (i) V, =
V. /2

O Assume £Vgg, = Ve

/\ Vi o
t —OVO
U Vref O—— ‘l'_
“Vm

58
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® . (il

ref \
y \_/
V., v,
V, Vo
+Vee — +Vee L _
t t
-VCC 'Vcc

59
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O Comparator has problem with noise.

O If input voltage, V; is superimposed with
noise, this will cause a false triggering.

O One way to overcome this is by using
Schmitt Trigger.

False trigger
+V

W

ov

60
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Schmitt Trigger
O Comparator with positive feedback will form a
Schmitt Trigger.

. V,R, VR,

Vi V — ref ;
Q—‘l>_‘._ovo R +R, R, +R,

When Vi<V+’ then Vo =+ VOsat

V+_ VrefRZ L VOsatR1 _V

"R,+R, R,+R, "

Vy7p is known as Upper Trigger voltage

61
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m If v, increases, output voltage v,= +V, and stays at this
value until v; = V* = V.

m Beyond this point, if v, keep increasing, then v, is larger
than V5.

m vV, will change to -V,
m This is shown in the diagram below:

Vo

+Vosat

Vure

'VOsat

62
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Vo

+VOsat

Vure

'VOSat

m Whenv, >V, output vy = -V
terminal:

osar then output at V*

V+: VrefRZ VOsatR1:V
R,+R, R,+R,

m V ;pis known as Lower Trigger voltage

63
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Vo

+VOsat

Vire

'VOsat

m vV, =-V,, and stays as long as v, > V ;p.

m Butif v, is reduce to v; = V ;5 and keep reducing until
V; < V| 1p, then vy will change to +V,,, and stay at
that value as long as v, <V .

64
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m Diagram below shows the transfer characteristic for

Schmitt Trigger.
VO
+Vosa
N
V,
'VOsat i VUTP

» This shows that when v, <V, then vy =+V
* Ifv, >V, output will change to vy = -V
+ At this point, compare v, with V.

o Ifv,>V pthenvy =-Vo andifv, <V 4
+ In this situation, there are two references i.e V,

Osat*

Osat*

then vy =+ Vo,
and V

UTP LTP *

65
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Hysteresis

O Is a property that means a device behaves differently when its
input is increasing from the way it behaves when its input is
decreasing.

O In other words, the output will switch when the input increases
to one level but will not switch back until the input falls below a
different level.

O Itis a desirable characteristic because it prevents the
comparator from switching back and forth in response to
random noise fluctuations in the input.

O Quantitatively, the hysteresis voltage (V,;) of a Schmitt trigger is
defined as the difference between the input trigger levels.

Vi =Vire =Vire

R
V, z{—1 (+V -(-V, ))
_ R1 _ R1 B H R R j cc cc
—[R1+R2J(+Vcc) [R1+R2]( Vee) LY

66
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Example:

O If v, =10 sin ot Volt, determine Vp and V1.
Sketch the output waveform and the transfer
characteristic.

+10 V
6(10k) . 10(20k)

Vi UTP T 10k + 20k 10K + 20K
—O Vo

=8.67V

v v 6(10k)  10(20k) _ 467V

TP T 10k + 20Kk 10K + 20K

6V
20 kQ 10 kQ

67
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Vi
8.67V \ \
Yo ] Tt
+10V -4.67V
V.
/ ™ ' Vo
ey 8.67V 0w L
-10V
t

-10V

68
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Example:

+15V

=15V
(2) Vggp = 68V

Vo

P—"0V, +I5V

-5V +5V

10 k2
5k ~15V

(b) Vg = OV

Veep = +6V

ov| s2v

(© Vigr = OV, ¥V, = OV,
Vi = 6V
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Exercise:
O Determine v ; and v,.

V=10 mv

1KQ
100

V,=0.03sinwt
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Exercise:
O Draw the output waveform of v, and v,,.

+ 10V

3 KQ

2 KQ
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