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Introduction...
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* Operational amplifiers
(op-amp} are among the
most widely used
building blocks in
electronics

— they are integrated
circuits (ICs)
« often DIL or SMT
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...Introduction

¢ Asingle package will often contain several op-amp
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(9) A quad op-amp

Inside the Op-Amp (IC-chip)

741 op amp

20 transistors
11 resistors
1 capacitor

Ideal Op-Amp

* Most bioelectric signals are small and require amplifications
Op-amp equivalent circuit:
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The two inputs are; andv ,. A differential voltage between them causes
current flow through the differential resistariRg The differential voltage
is multiplied by A, the gain of the op amp, to generagedutput-voltage
source. Any current flowing to the output termimaimust pass through the
output resistanci,.




Ideal Characteristics
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e A=oo(gain is infinity)

* V,=0, whenv, = v, (no offset voltage)

* R,;= (inputimpedance is infinity)

* R,=0 (output impedance is zero)

Bandwidth = (no frequency response limitations) and no
phase shift

Two Basic Rules

* Rulel

— When the op-amp outputis in its linear range, the myotiterminals
are at the same voltage.

* Rule2
— No current flows into or out of either input termiméithe op amp.

Basic operational amplifier circuits...

* Inverting and non-inverting amplifiers

14

N

' '

DAA TAN

Vo

(3) A non-inverting amplifier
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(b) An inverting amplifier

...Basic operational amplifier circuits...

« When looking at feedback we derived the circuianf
amplifier from ‘first principles’

» Normally we use standarddokbook circuits and select

component values to suit our needs

In analysing these we normally assume the useeafl iop-

amps

— in demanding applications we may need to investigate thq

appropriateness of this assumption

— the use of ideal components makes the analysis of these
circuits very straightforward

...Basic operational amplifier circuits...

* A non-inverting amplifier
Analysis

Since the gain is assumed infiniteVjfis finite
then the input voltage must be zero. Hence

Vo=V, =V,

Since the input resistance of the op-amp is =
V-=Vo Rllisz

and hence, sincé_=V, =V,
Vi =V, Rl’isz and G ‘\\% = R1R+2R2

..Basic operational amplifier circuits...

* Example
Design a non-inverting amplifier with a gain of 25
V, _R *R
G=-0=-"1"72
From above v, R,
If G =25 then
RitRy _ o5 W
Ry
R; +R; = 25R,
Ry = 24R,

Therefore choosR, = 1 kQ andR,; = 24 kQ
(choice of values will be discussed later)




...Basic operational amplifier circuits...

R

* An inverting amplifier
Analysis...

Since the gain is assumed infiniteVjfis
finite the input voltage must be zero. Hence
V_=V, =0

Since the input resistance of the op-amg is
its input current must be zero, and hence
=1,
=YooV Vo =0_Vo
Rl Rl Rl

Now 1,

...Basic operational amplifier circuits...

...Analysis
Therefore, sincé, = -1,
Yo_ Vi
Ry Ry
or, rearranging
Yoo R
V\ RZ

* HereV_is held at zero volts by the operation of the circuit, heng

the circuit is known asartual earth circuit
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...Basic operational amplifier circuits

* Example
Design an inverting amplifier with a gain of —-25

From above oVoo R
Vi Rp
- Ry _
If G=-25then --t=-25
R>
R, = 25R,

Therefore choosRB, = 1 kQ andR, = 25 k2
(we will consider the choice of values later)

Other useful circuits...

* In addition to simple amplifiers, op-amps can dsaused
in a range of other circuit

* The next few slides show a few examples of op-amp
circuits for a range of purposes

* The analysis of these circuits is similar to thiathe non-
inverting and inverting amplifiers but (in most eajpthis
isnotincluded here

» For more details of these circuits see the releseaction
of the course text (as shown on the slides)

...Other useful circuits...

e A unity gain buffer amplifier
Analysis
This is a special case of the non-inver v,
amplifier withR, = 0 andR, =
Hence

“Ri*Rp Ry, 0,
R, o

Ry

G 1=1 Vi v,

Thus the circuit has a gain of unity - X

At first sight this might not seem like a very useful citcui
however, it has a high input resistance and a low output
resistance and is therefore useful asifier amplifier

...Other useful circuits...

e Acurrentto voItage converter
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...Other useful circuits...

« A differential amplifier (or subtractor)
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...Other useful circuits...

e An inverting summing amplifier

R’
P a—
_h R . I
oo—_: :]— - R
v, Vo =-(V1 +V2)R7:
Ry

" 5 v
Vs ’

.||~

...Other useful circuits...

e An integrator

...Other useful circuits

¢ A differentiator
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Display Driver Differential Amplifiers
+ Differential Gain Gy v, Ry
G = Yo R )
v,mv; R Va 2 »
® » Common Mode GainG, e
- 20mA — Forideal op amp if the inputs are equal =
©On Jeovm © o
Tnput 38 i then the output= 0, and tk& = 0. R4

- - + — No differential amplifier perfectly rejects Vo =— (V4 —V3)

_— [ ® 7

ol l@ 220 ® i the common-mode voltage. R,

+ = * » Common-mode rejection ratioCMMR G
— Typical values range from 100 to 10,000 CMRR= Ed

c

» Disadvantage of one-op-amp differential amplifier is its low
input resistance




Instrumentation Amplifiers

o Ri Ry
Differential Mode Gain . B
V3_V4=i(R2+R1+R2) - -
v—V, =iR,
V-V, _2R+R
Gd =3 4_-"2 1
Vi—V, R

Advantages: High input impedance, High CMRR, Variable gain

Active Filters

Adding capacitors to op-amp circuits provides external obafithe
cutoff frequencies. The op-amp active filter provides kfable cutoff
frequencies and controllable gain.

Low-pass filter

« High-pass filter S ?
- Bandpass filter Vi e L '
« Bandstop filter o o

The filter transfer function T(s) = V,(s)/V((s).

Ideal transmission characteristics
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Specification of the transmission
characteristics of a low-pass filter
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Low-Pass Filter—First-Order
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The upper cutoff frequency
and voltage gain are given by:

!
OH = 27R1Cy Ry




Low-Pass Filter—Second-Order

20 dBldecade

Ouput (V,) ~40 dBldecade

The roll-off can be made steeper by adding more RC miswvo

High-Pass Filter

20 dB/decade
_~40 dBidecade
Az

Bandpass Filter
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There are two cutoff
frequencies: upper and
lower. They can be
calculated using the same
low-pass cutoff and high-

pass cutoff frequency ! < °T
formulas in the appropriate ¥
sections. Highpas st Low s setion
A (mid)
-20 dB/decade
20 dB/decade
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Multiple-Stage Gains...

The total gain (3-stages) is given by:

A=A AA,
or

...Multiple-Stage Gains

R

Ae AXAXA = Ré&x[_i]x[_&]: R+ RxR,

Real operational amplifiers...

So far we have assumed the us&le&l op-amps

— these havé,, = o, R = andR, =0
Real components do not have these ideal charstiteri
(though in many cases they approximate to them)
In this section we will look at the characteristaf typical
devices

— perhaps the most widely used general purpose op-amp ig
the 741




...Real operational amplifiers...

« Voltage gain

— typical gain of an operational amplifier might be
100 — 140 dB (voltage gain of 16 10)

— 741 has #@ypicalgain of 106 dB (2 10°)

— high gain devices might have a gain of 160 d&)(10

— while not infinite, the gain of most op-amps is
‘high-enough’

— however, gain varies between devices and with temperatjire

...Real operational amplifiers...

¢ Input resistance
— typical input resistance of a 741 is ZM
— very variable, for a 741 it can be as low as 300 k

— the above value is typical for devices based on
bipolar transistors

— op-amps based dield-effect transistorgenerally have a
much higher input resistance — perhap¥ @

— we will discuss bipolar and field-effect transistors later

...Real operational amplifiers...

e Output resistance
— typical output resistance of a 741 is5
— again very variable

— often of more importance, is the maximum output current
— the 741 will supply 20 mA

— high-power devices may supply 1 amper or more

...Real operational amplifiers...

e Supply voltage range

— atypical arrangement would use supply voltages of +15
and — 15 V, but a wide range of supply voltages is usuall
possible

— the 741 can use voltages in the ran§e¢o+18 V
— some devices allow voltages upt®0 V or more
— others, designed for low voltages, may #5& V

— many op-amps permit single voltage supply operation,
typically in the range 4 to 30 V
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...Real operational amplifiers...

» Common-mode rejection ratio

— an ideal op-amp would not respond to common-mode
signals.

— real amplifiers do respond to some extent

— the common-mode rejection ratio (CMRR) is the ratio of
the response produced by a differential-mode signal to th
produced by a common-mode signal

— typical values for CMRR might be in the range 80 to 120
dB

* 741 has a CMRR of about 90 dB

—
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...Real operational amplifiers

Frequency response Volugesit

— typical 741 frequency
response is shown here

— upper cut-off frequency is
few hertz

— frequency range generally
described by the
unity-gain bandwidth

— high-speed devices may
operate up to several
gigahertz 1

10100 1k 10k 100k 1M 10M]
Frequency (Hz)
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Selecting component values

* Our analysis assumed the use of an ideal op-amp

¢ When using real components we need to ensuretinat
assumptions are valid

¢ In general this will be true if we:
— limit the gain of our circuit tonuch lesshan the
open-loop gain of our op-amp
— choose external resistors that smeallcompared with the
input resistance of the op-amp
— choose external resistors that karge compared with the
output resistance of the op-amp.
* Generally we use resistors in the range 1 to ID0 k
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Effects of feedback on op-amp circuits...

 Effects of feedback on the Gain

— negative feedbaaleducegyain fromAto A/(1 + AB)

— inreturn for this loss of gain we get consistency, provided
that the open-loop gain is much greater than the closed-Id
gain (that isA>> 1B)

— using negative feedback, standard cookbook circuits can
used — greatly simplifying the design

— these can be analysed without a detailed knowledge of th
op-amp itself

44
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...Effects of feedback on op-amp circuits...

« Effects of feedback on frequency response
— as the gain ieducedhe Voltage gain

bandwidth isncreased w0

— gainx bandwidth= constant 10°

« since gain iseducedby (1 +AB)
bandwidth isincreaseddy (1 +AB)

— fora 741, 10
gainx bandwidth= 10° 1
- if gain = 1000 BWs 1000 Hz 1

« ifgain =100  BWs 10,000 Hz L

L
110 100 1k 10k 100k 1M 10M}
Frequency (Hz)
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...Effects of feedback on op-amp circuits...

« Effects of feedback on input and output resistance
— input/output resistance can be increased or decreased
depending on how feedback is used.
» we looked at this in an earlier lecture
« in each case the resistance is changed by a fdotbraAB)
Example

— if an op-amp with a gain of 210° is used to produce an amplifier with
gain of 100 then:

A=2x10
B=1/G=0.01
(1 +AB) = (L + 2000} 2000
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...Effects of feedback on op-amp circuits...

* Example

— determine the input and output resistance of the following
circuit assuming op-amp is a 741
Open-loop gain (A) of a 741 is 2 x 10°
Closed-loop gain (1/B) is 20, B = 1/20 = 0.05
& (1+AB) = (1+2 x 105x 0.05) = 10
Feedback senses output voltage therefore it

reduces output resistance of op-amp (75 Q) by
R, 10%to give 7.5 mQ

Feedback subtracts a voltage from the input,
therefore it increases the input resistance of

= the op-amp (2 MQ) by 10“ to give 20 GQ
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...Effects of feedback on op-amp circuits

* Example

— determine the input and output resistance of the following
circuit assuming op-amp is a 741

Open-loop gain (A) of a 741 is 2 x 10°
Closed-loop gain (1/B) is 20, B = 1/20 = 0.05
(1+AB)=(1+2x105x0.05)=10*
Feedback senses output voltage therefore, it
reduces output resistance of op-amp (75 Q) by
10 to give 7.5 mQ

Feedback subtracts a current from the input,
therefore it decreases the input resistance. In
this case the input sees R, to a virtual earth,
therefore the input resistance is 1 kQ

as|




Key points

Operational amplifiers are among the most widalgdubuilding
blocks in electronic circuits

An ideal operational amplifier would have infinite voltageirg,
infinite input resistance and zero output resiganc
Designers often make use of cookbook circuits

Real op-amps have several non-ideal characteristawever, if we
choose components appropriately this
should not affect the operation of our circuits

Feedback allows us to increase bandwidth by tgagain against
bandwidth

Feedback also allows us to alter other circuiratizristics
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