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Introduction

« Op-amps are very high gain amplifier with differential inputs.
* Most op-amps operate with two dc supply voltages.

Inverting
o———|- o—-

input

Output >—O
Noninverting

input 5 V
o)
-V
(a) Symbol (b) Symbol with dc supply connections

DIP DIP SMT SMT

(c) Typical packages. Pin 1 is indicated by a notch or dot on dual in-line (DIP)
and surface-mount technology (SMT) packages, as shown.




ldeal Op-amp

Infinite Voltage gain - Infinite Input impedance
Infinite Bandwidth - Zero output impedance

/
) | out

O Vnu! V{u § Zfﬂ
Z{Jl”

(a) Ideal op-amp representation (b) Practical op-amp representation




Voltage and Current Parameters

Vo' The maximum output voltage swing 1s determined
by the op-amp and the power supply voltages

Vos: The input offset voltage 1s the differential dc voltage
required between the mputs to force the output to zero volts

Igas: The input bias current 1s the [ I +1,
average of the two dc currents required | "B 5
to bias the differential amphifier

I¢: The input offset current 1s the
difterence between the two dc bias
currents
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Internal Block Diagram

Differential
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input stage
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Basic Differential Amp

+Vee
§ RCl § RCZ
Output Output 1 g l
Te ® ¢—0?
Input Input [nputs Outputs
| o—@ ) ( }_oz
Q Q) 20— 2
Rg
~VEE
(a) Circuit (b) Symbol




Push-pull amplifier

+Vee Yo

O, Q, OFF
conducting

Vm i t Vum/\ Vm Vurﬂ

)
), OFF Q>
Vin @ 4@) 2, § Ry Vin @ 4@) conducting § Ry

E— S — — 5 —
Vs Ve
(a) During a positive half-cycle (b) During a negative half-cycle




Q. conducting
0, off

V

out

Both Q; and Q, off Q, off
(crossover distortion) Q, conducting




o — o —
\ Z
§ Z]I\'((l) O IN(cm) o
O O
+ +
(a) Differential input impedance (b) Common-mode input impedance

Zin - The differential input impedance  Zpy() © The common-mode input

1s the total resistance between the inputs impedance 1s the resistance between
each mput and ground

10



Output Impedance
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Slew rate

The slew rate is the maximum rate of change of the output voltage in
response to a step input voltage.

Vm O

(a) Test circuit

AV
Slew Rate = —2=
At
Vi, 0
V Y i [y

oult

V(m! Or

1%

Y max

At ——»
(b) Step input voltage and the resulting output voltage
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Example

 Determine the slew rate for the output response to
a step input given in the figure.
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Signal Modes

The mput signal can be applied to an op-amp 1n differential-
mode or 1n common-mode. ”

2 J:/n'.'-'.?n'f
Differential-mode signals are / o]+
applied either as single-ended =
(one side on ground) or

double-ended (opposite phases o—-

on the mputs). y

Ditterential signals

14



The mput signal can be applied to an op-amp 1n differential-
mode or 1n common-mode. -

- E:/l'.'-'.i'l'f
Differential-mode signals are // o1+
applied either as single-ended =
(one side on ground) or

double-ended (opposite phases o=

on the mputs). >

Ditterential signals
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Negative Feedback

* Negative feedback is the process of returning a portion of the
output signal to the input with a phase angle that opposes the

Input signal.

V.

mn

%

N

o,

oul

N
~

Internal inversion makes V/-
180° out of phase with V;,.

N

Negative
feedback

circuit
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Advantage of Negative feedback

« The precise values of amplifier gain can be set. In addition,
bandwidth and input and output impedance can be

controlled
+VMax
| mV O—\
00
/ Without negative feedback
| and due to infinite gain, a
= small input voltage drives the
op-amp to its output limits
-] mVo———+ . :
\ and it becomes nonlinear.
0 0
i / _VMAX

Question. Which parameter usually determines the op-amp output limit? 17



Noninverting Amplifier

« A noninverting amplifier is a configuration in which the signal

IS on the noninverting input(+) and a portion of the output Is
returned to the inverting input(-).

» Feedback force V;to be equal to V,,, hence Vin is across R..

® O Vru!l
Vin @ / R
=3

s V/' Feedback

@ . )
circuit
Rif
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 The closed-loop gain of the noninverting(NI) amplifier

can be found from the feedback circuit(voltage
divider).

Rf
Acf{NI) =1+ ?

1

19



Voltage Follower

» A special case of the noninverting amplifier is when R~=0
and R=Infinity.

e This form a unity gain buffer.(gain=1)
* Input impedance is very high(avoid loading effects).

« Excellent for circuit interfacing.
> L

Vin v

20



Inverting Amplifier

 The input Is connected to the inverting pin(-).

* Negative feedback controls the amount of voltage
gain.

21



Virtual Ground Concept

 Feedback forces the inputs to be nearly identical hence the
Inverting input is very close to OV.

 The zero voltage at the inverting input is referred to as
virtual ground.

Virtual ground (0 V)
Wy ‘ W=
Rf Rj'
R /m
’ — a0t %
Vi o—MA— Vi oA
: | =
() V{ Vuuf R’ VHH!
+ +

(a) Virtual ground b) I, = Iy and current at the inverting input (/) is O.
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* The closed-loop gain of inverting(l) amplifier
can be expressed as:

R
Aff(I) o5 ?f

I

23



Impedance of a noninverting amplifier

* Input Impedance Zyow =(1+4,B)Z

I

in

or assumed to be infinity.

V;,, ° \
fo [ ’ O V(JHI
/ . §
=)

Small differential voltage

v

R;
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. Output Impedance 7  —_ %o

out (NI) (]~+A{}EB)
or assumed to be zero

' l O V{)

R. §
v
Vi
. ]
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Example

* Find the closed-loop voltage gain.

« Determine the input and output impedance. The datasheet gives Z,,=2MQ
, Zo,i—= 75Q , and A,=200,000.

Vin © \
4 O Vm.'f
/ Ry

220 k()

Rr‘
10 kQ
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Input Offset Compensation

The output voltage of an op-amp should be zero when
differential input is zero. If not, the compensation for offset

voltage should be done by connecting external potentiometer
between “offset null” pins.

(6)

(3) o—

Offset null CHEE Kl 1 NC

Invert 2 7 mpLEs

_ ot 10 k{2
Noninvert + LK Gl 1 Output (4)

V- [l Rl 1 Offset null

-V -V

(a) 8-pin DIP or SMT package (b) External potentiometer (c) Adjust for zero output
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Open-loop response

A, (dB) .
) —— Midrange Bode-plot: a plot of dB voltage gain
106 versus frequencies on semilog graph.
100 :
|
|
I
|
75 - :
: -20 dB/decade roll-ofl
I
50 :
I
|
|
25 :
[ Unity-gain frequency (f1)
: Critical frequency
|
0 / I i I | - » f(Hz)
| 10 100 Ik 10k 100k IM

Ideal plot of open-loop voltage gain versus frequency for a typical op-amp. The frequency scale
Is logarithmic.
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Closed-loop Frequency Response

A closed-loop
configuration with

negative feedback tc o

achieve precise
control of the gain
and bandwidth.

For closed-loop
response, the gain is
reduced while the
bandwidth*(BW) is 4,
increased.

Open-loop eain

The operational amplifiers bandwidth is the
frequency range over which the voltage gain
of the amplifier is above 70.7%b6 or -3dB
(where 0dB is the maximum) of its maximum
output value.

)

L'lwwd-lnnp :,_’Llili

I.', m |'.I I.' i

e o e — —— — — — —

0

. > f
focct

* Bandwidth is the characteristic of certain types of electronic circuits
that specifies the usable range of frequencies that pass from input to output.
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Example

 From a given bode plot, find the bandwidth of this op-amp.

A,
60

]

-3dB point down
from40dB

[ g ]
Lo ]

"
.
-TJD

Ll
Lo ]

M3
Lo

Voltage Gainin dB

—k
—

Lo ]

107 10 10" 10f 10° 10 10°  10°
Frequency in Hertz
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Comparator

A comparator is a specialized nonlinear op-amp circuit that compares two
iInput voltages and produces an output state that indicates which one is
greater.

Comparators are designed to be fast and frequently have other capabilities

to optimize the comparison function.
V., 0 l/\ > |
- I | I
= : | :
I I
I I

+V —

i ey )

il

— !

1 -
— UMy )

(a) (b)
Fig. The op-amp as a zero-level detector.
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Example

« Draw the output waveform showing its proper relationship to

the input signal. Assume the maximum output levels of the
comparator is = 14V.

|

SV

3

-3 V-

(a)

+15V
o]

R, §
8.2 k()

»9B——

V inQ ar

R, §
1.0 k€2
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Comparator with Hysteresis

 ItIs positive feedback.

35



VI'FP/ ‘..\_ V 4.].-'mmm“
i in
T T ey

-V

et |

o
Vi @ Fs

M an

VUTP o %(4_[/&”(1??03() )

LTP

ﬁ (_mer(max) )

(a) When the output is at the maximum positive voltage and the input
exceeds UTFE, the output switches to the maximum negative voltage,

+V4:wninur.11
=¥

R A )

{b) When the output is at the maximum negative voltage and the input
goes below LTE the oumput switches back 1o the maximum

positive voltage.

+V

EA LY )

-V

el )

{c) Device triggers only once when UTP or LTP is reached:
thus, there is immunity to noise that is riding on the

input signal.



Example

 Determine the upper and lower trigger points for the
comparator circuit. Assume that +Vout(max)= 5V and

-Vout(max)= -5V
Vin 00—

Ul

r § RI
100 k()

R,
100 k()
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Application

* Analog-to-digital
converter (ADC) using
op-amps as
comparators

mn
(analog)

()

6

(5)

“)

3)

2

)

VYYVYY%@

0

L]

!

Enable
input

—o0
Dy
——0

Binary
output



Comparator with output bounding

« To limit the output voltage level of a comparator to a
value less than the saturated level.

 The process of limiting the output range is called
bounding.

oul
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(a) Bounded at a positive value

/
(

/\\/ Lc &" in

V'S

+0.7V

(b) Bounded at a negative value

40
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Example

e Draw the output waveform of a Double-bounded

comparator given below. -

) \
+5V 4.(:; 4:1\:*
AT
0 o—A

Rl
100 kO
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— Vz -Vb I ( ut)
R2 , : R3

Summing point V, = V,

V. o2 Vely R R
: If Vb 0, then: Vnut(a) \!?1 : = = \!?1 s
R;+R, R,
R4
v If V, =0, then: V . =V, R, 14 Rs
ol + O R,+R, R,
Vnut = Vnut(a] + Vnut(h]
If R1 = R2 = R3 = R4 then the circuit will
become a Unity Gain Differential Amplifier R R, R
and the voltage gain of the amplifier will be sV = =V 2+, 1+ ==
. R, R,+R, R,
exactly one or unity.
Then the output expression would simply be When resistors, R; = R,and R =
Vout = V2 - Vl' . R3
OUT — R
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Applications

 Bridge Amplifier

« Light activated switch

Light

Differential TRy

Amplifier

0w
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Summing Amplifier

« A summing amplifier sums several (weighted) voltages:

Kutz—Rf(%qL%Jr---Jr;n—f)
e When R, =R,=---=R,

Vo = (i + Vi + -+ 0)
e When ti=Hy=-=1I, =1

Vour = (Vi +Va+---+V3) =

The equation of output voltage can be proof by KCL at Op-amp negative input.
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Applictions

Offset adjustment
Voltage level shifter

Zero-span circuit
Digital to analog converter(DAC or D/A)

46



10 k{2
Vvt =43V o—AMy— Calculate V_
10 k(2
Ving = +1 Vo—\MA—e
10 kQ -
Vins = +8 V o—AMA—]
R,
., . Ry
Ving = +3 V o—AW, -
47 k() w’
10 k2
R
Ving = 42 Vo—AA—o
100 kQ2 Veur
3 R
Ving = +8 V o—AW—

10 k£
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Example

« Draw output voltage waveform.

Ri
1k Ohm
e "NA——
Rz
10 k Ohm

Ra R¢
50 k Ohm 100 k Ohm
®

1I'ul'llin

+ +
1 mVp-p
Eﬁ‘“ 60 Hz

_ Peak
Reminder

Peak-to-Peak

!

Time —= Time —
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Digital to Analog Converter(DAC)

+V

/
‘()l'l'

Y]

D, ©

D, ©

D, O

D, 0

(a)

&= Hinary input




 The magnitude of output is determined by the length of time a voltage is

present at its input. The longer the input is present, the greater the output
becomes. c

{ HW_L

a
V. o N —

" Vin ‘
I’{:rut — / RC dt + Hnltlﬂ.l L

where V,, and V, are functions of time, V, ., IS the output voltage of the integrator at time t-o,)
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How the Integrator op-amp works

When the voltage is first applied to an integrator op amp:
» The uncharged capacitor acts like a short and has very little resistance.
e The resistance ratio of the capacitor/input resistor Ry is very low.
* The gain of the op amp is less than 1.
» The output voltage is 0 volts.

| [

I\
+18v
1KQ
-1V o——AANN ;
Rin o Ov
_I_
r— -18v
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As the capacitor is charging:
» The effective resistance of the capacitor is increasing.
» The resistance ratio of the capacitor / R resistor is increasing.
* The voltage at the output is increasing.

|t
1§
+18v
1K Q)
-1V o AAAN i
Rin 0 +7V
_I_
pr— -18v
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When the capacitor is fully charged:
» The capacitor acts like an open with resistance.
e The resistance ratio of the capacitor/Rm resistor is infinite.
* The gain is infinite, causing the op amp to go into positive saturation.

00 Resistance
= | (R
I\
+18v
1KQ
-1V o—AAAN .
R
o o+15v
Saturation
+
— -18v
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The rate at which the output voltage of the integrator op amp increases is
determined by the values of the resistor and the capacitor, an RC network in
which time constants develop.

mResistiI_nce
-= | jf.|_+
I\
+18v
1K)
W ——o——0— ANV -
Rin L o +15v
Saturation
+
Switch
Closure 1 -18v
Ov ' o
Input
-1v
+15v
Saturation
Output
Ow
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Applications

 Ramp generator

Ov | _I J Input Signal ‘

v | | | ! | - - 0.01 uF
Vsat : : : : : ] +3-f‘1‘”' i A 7

N \/\/W Output Signal ﬂ_}_ﬁ',;_. rg[ 10 kA2

L7

Y 5 M. .
II

—2.5 Y [oem—

I-i— 100N s —r-l-l—- 1K) __l,l-.—ll-l-l— 1EMD s —e

| | | |

= 1 |

| |

| |
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Input Signal Qutput Signal

_q:
)
=
Ee

Sguare Wave

Spikes |—> AN
Iil‘l W
V — e L lx D

Vin 1

Triangular Wave

<\

\/

Sine Wave

|

|

|

|

|

|

| o

! +

| Ve A —© Mout
| +

| Rectangular = I
! ‘ -
|

|

|

|

|

|

|

|

|

|

|

Cosine Sine
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Differentiator with Ramp input

Vv Constant /j
in .
* W
R.
":'H OA I
.. Y e
TR e
1 0V
C ® O VHH.’

— Vﬂ'ut — IRRf — I{:‘Rf

Ve
Vout = — (—) CRf
t
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Example

Determine the output voltage of the ideal differentiator in figure below.

A

F_
Wy
l 22kQ

+5V "‘7\ C

| 10 us /:\

V., 0 | ,‘u = ! © |
/ 5 us \}/ 15 us \ |

-5V 0.00

''''''''
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