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Introduction

Analogue and digital electronics are the centralecof computing and

computer systems. They provide the basis on whedfuli electronic systems
are designed and built. It is against this backdhap this course i.e. Analogue
and Digital Electronics — a 3 credit unit courséraduces the student to
aspects of analogue and digital electronics witiea to enabling the student
develop a basic competence in the subject areas€goently, the student is
introduced to the principle of operation and agglan of analogue and digital
electronic components. The components that will @amder focus include
but not limited to amplifiers, filters, oscillatgranalog-to-digital converters,
transistors, logic gates, multiplexers, and decader

Course Competencies

Upon undertaking this course, the student is exgetd have a wide range
knowledge of different types of analogue and digiactronics components,
their distinguishing physical features and struesyand areas of applications.
The student is also expected to have a good uraelisy of the behavior of
the components under special circuit conditionsl also be able to identify
early signs of component malfunction through measents and analysis.
Additionally, the student is expected to developibaompetence in the use of
simulation and modeling tools like Simulink, PradetYSM, PSpice, and
Circuit Maker for the design and simulation of awple, digital, and mixed
electronic (analogue and digital) circuits, anddgpototyping tools like Very
High Speed Integrated Circuit Hardware Descripti@amguage (VHDL) for
the rapid prototyping and Synthesis of digital &leaic circuits.

Course Objectives

The objectives of the course is revised and batiilhded into three sections-
objectives for analog electronics, objectives fagitdl electronics, and
objectives for modeling and simulations. The rensbdf the objectives and the
addition of new ones are harmonized and presestéollaws:

a. Course Objectives — Analog Electronics

i. Identity different types of transistors, capacitaasd inductors from
the perspective of their circuit symbols, and cgmfations.

il. Perform a detailed survey of the mathematical egusitthat govern
the operation of important analog devices like gistors, capacitors,
and inductors.

iii. Perform in-circuit application and analysis of sestors, capacitors,
and inductors

iv. Identify different fundamental types of operatioaatplifier (op-amp)
circuits which includes but not limited to voltag@lower, inverting
op-amp, non-inverting summing amplifier, differetamplifier, and
integrator.

V. Perform a detailed survey of the mathematical egositthat govern
the operation of different op-amp circuit configtivas.

Vi. Perform in-circuit application and analysis of difint op-amp circuits.
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Understand the design and analysis of DC power Igupoltage
regulator circuits and analog-to-digital converters

Course Objectives — Digital Electronics

Perform a detailed mathematical survey of Boolelmelaa and its
application digital circuits.

Identify different types of logic gates like XOR,N®, OR, NOT,
NAND from the perspective of circuit symbols andvegming truth
tables.

Understand Karnaugh maps and their applicationsligital circuit
minimization.

Identify different types of combinational circuitike decoders,
multiplexers, encoders, adders, subtractors, niligitgp and
demultiplexers from the perspective of circuit syitsband governing
truth tables.

Identify and understand the difference between gypk sequential
circuits i.e. asynchronous and synchronous sedlentcuits.

Identify different types of sequential circuitsdilcounters, flip-flops,
and registers from the perspective of circuit sylmkand governing
truth tables.

Working Through this Course

A thorough and excellent understanding of this seucan be achieved
through a systematic and methodic understandinth@fcontents that will
move the reader from the basic to the advancedntnbf the course. Further
steps that will reinforce the understanding of toeirse is the study of the
network of your organization or proposing one iéréh is none in existence
and be committed to learning and implementing ynawledge.

The approximate duration of the course is 22 weekker the assumption that
the student gives undivided attention to the studied commits to doing the
exercises in the tutor-marked assignments thatpeaed to be submitted to
the tutors

Study Units

There are 12 study units in this course

Module 1

Unit 1 Bipolar Junction Transistors

Unit 2 Small Signal Amplifiers

Unit 3 Field Effect Transistor

Module 2

Unit 1 Operational amplifiers — Types, and Confajions

Unit 2 Mathematical characterization of the funotbbehavior of op

amps.
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Module 3

Unit 1 Boolean algebra

Unit 2 Logic gates — Types, circuits symbols, amdht tables

Unit 3 Karnaugh maps and logic circuit simplificati

Unit 4 Combinational circuits — Arithmetic & Logidunctions:
Adders, Subtractors, Comparators

Unit 5 Combinational circuits — Data transmissioktultiplexers,
Demultiplexers, Decoders, Encoders

Module 4

Unit 1 Sequential circuits — Synchronous: flipgp registers,

counters

Unit 2 Sequential circuits — Asynchronous: Asyncluos: analysis

procedure, race conditions, stability consideration
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Presentation Schedule

The presentation schedule is characterized by itapbdates on which tutor

marked assignments are to be completed and sudmitihering to the due

dates is absolutely tangential for increasing adgaaderstanding of the course
and having time to address areas of weakness pedcéiom the submitted

assignments.

The presentation schedule is included in the cometerials.
Assessment

The assessment of this course is divided into tectiens- tutor marked
assignments, and written examination. In attemptimg assignments, the
candidate is kindly reminded that the knowledgenediduring the course is
absolutely tangential to a successful attempt. E€qusntly, candidates are
strongly advised to take very seriously every asmdcthe course as the
assignments will make 30% of the grading of therseuSequel to this, a
written three-hour examination which makes 70%hef grading of the course
will be administered. The examination shall be edllfrom the course
materials and where appropriate, the tutor marksdyaments.

Tutor-Marked Assignment

The tutor marked assignment section of the coursdl e comprised of
sixteen (16) assignments that shall be expectdsk tsubmitted for marking.

vi
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The total marks for the best four (4) assignmentslve 30% of your total
course mark.

Assignment questions for the units in this course eontained in the
Assignment File. You should be able to completerymsignments from the
information and materials contained in your setliegks, reading and study
units. However, you may wish to use other refeesnc

to broaden your viewpoint and provide a deeper tstdeding of the subject.

When you have completed each assignment, sengeititer with form to your
tutor. Make sure that each assignment reaches tyboir on or before the
deadline given. If, however, you cannot completarywork on time, contact
your tutor before the assignment is done to disahss possibility of an
extension.

Examination and Grading

The final examination for the course shall carno7@f the total marks
available for the grading of this course. The exetion will cover all aspects
of the course; the candidate is therefore advisedevise all corrected
assignments before the examination.

This course endows you with the status of a teaghdrthat of a learner. This
means that you teach yourself and that you learypar learning capabilities
would allow. It also means that you are in a bgitsition to determine and to
ascertain the what, the how, and the when of yourse learning. No teacher
imposes any method of leaning on you. The coursiés ware similarly
designed with the introduction following the taldé contents, then a set of
objectives and then the concepts and so on.

The objectives guide you as you go through thesutot ascertain your
knowledge of the required terms and expressions.

Course Marking Scheme

This table shows the break down of marks allocdtorthe course.

Assessment Marks

Assignment -4 Best three out of four assignments to count for d%ourse marl
Final Examinatio 70% of overall course matr

Total 100% of course mar

Table 1: Course marking scheme

Course Overview

After a review of the course overview, it was obser that there is the
absence of a structured an systemic approach toadtiese that progressively
enables the student develop higher understandimgadi module as progress
is made from one unit to another in the modulewdis also observed the
course overview does not equip the students withathility to establish the

vii
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nexus between theoretical understanding of a uniaimodule and the

application of the unit in electronic designs wmcircuit applications. It is

against this backdrop that the course overviewbleas reviewed an presented
as follows.

End of
Unit Title of Work Week(s) Unit
Number
Assessment]
Course guid 1
Module 1
1 Bipolar Junction Transistc 1-2
4 Small SignaAmplifiers 3 Assignment
1
5 Field Effect Transistors 4 Assignmept
2
Module 2
1 Operational amplifiers — Types, and Configuragion 5 Assignment|
3
2 Mathematical characterization of the functionaldébr of | 6 Assignment
op amps. 4
Module 3
1 Booleanalgebr: 8 Assignment
6
2 Logic gates — Types, circuits symbols, and ttaties 9 Assignment
7
3 Karnaugh maps and logic circuit simplification
4 Combinational circuits — Arithmetic & Logic funons: 10-11 | Assignment
Adders, Subtractors, Comparators 8
5 Combinational circuit— Data transmission: Multiplexer 12-13 | Assignment
Demultiplexers, Decoders, Encoders 9
Module 4
1 Sequential circuit— Synchronous: fli-flops, registers 14-15 | Assignment
counters 10
2 Sequential circuits — Asynchronous: analysis gdoce, 16 - 17 | Assignment
race conditions, stability considerations 11
Revision 18
Examination 19
Total 22 weeks

How to get the Most from the Course

In distance learning the study units replace thigeusity lecturer. This is one
of the great advantages of distance learning; ywuread and work through
specially designed study materials at your own paned at a time and place
that suit you best. Think of it as reading theilee instead of listening to a
lecturer. In the same way that a lecturer mighyysa some reading to do, the
study units tell you when to read your set book®ther material. Just as a
lecturer might give you an in-class exercise, y&udy units provide exercises
for you to do at appropriate points.

Each of the study units follows a common formatheTirst item is an
introduction to the subject matter of the unit dmalv a particular unit is
integrated with the other units and the course ashale. Next is a set of
learning objectives. These objectives enable yoomkwhat you should be
able to do by the time you have completed the ufoiu should use these

viii
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objectives to guide your study. When you have fiagthe units you must go
back and check whether you have achieved the olgscif you make a habit
of doing this you will significantly improve youthances of passing the
course. Remember that your tutor’s job is to aggist When you need help,
don't hesitate to call and ask your tutor to previd

I Read this Course Guide thoroughly.

il. Organize a study schedule. Refer to the ‘Courserviax’ for more
details. Note the time you are expected to speneazh unit and how
the assignments relate to the units. Whatever ndetba chose to use,
you should decide on it and write in your own ddtasworking on
each unit.

iii. Once you have created your own study schedule,vdoything you
can to stick to it. The major reason that studéatsis that they lag
behind in their course work.

iv. Turn to Unit 1 and read the introduction and thgctives for the unit.

V. Assemble the study materials. Information abouttwiwas need for a
unit is given in the ‘Overview’ at the beginning e@fch unit. You will
almost always need both the study unit you are ingrkn and one of
your set of books on your desk at the same time.

Vi. Work through the unit. The content of the unitlitbas been arranged
to provide a sequence for you to follow. As youkvthrough the unit
you will be instructed to read sections from yoat books or other
articles. Use the unit to guide your reading

Vii. Review the objectives for each study unit to confithat you have
achieved them. If you feel unsure about any ofdbgctives, review
the study material or consult your tutor.

viii. When you are confident that you have achieved esushjectives, you
can then start on the next unit. Proceed unit bythrough the course
and try to pace your study so that you keep yolioseschedule.

iX. When you have submitted an assignment to your fotomarking, do
not wait for its return before starting on the nerit. Keep to your
schedule. When the assignment is returned, paicpiar attention to
your tutor's comments, both on the tutor-markedgmssent form and
also written on the assignment. Consult your tamisoon as possible
if you have any questions or problems.

X. After completing the last unit, review the coursel grepare yourself
for the final examination. Check that you have aebd the unit
objectives (listed at the beginning of each unitid ahe course
objectives (listed in this Course Guide).

Facilitation

There are 12 hours of tutorials provided in suppbthis course. You will be
notified of the dates, times and location of thaderials, together with the
name and phone number of your tutor, as soon asg®allocated a tutorial

group.

Your tutor will mark and comment on your assignnseikeep a close watch
on your progress and on any difficulties you mighicounter and provide
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assistance to you during the course. You must wradubmit your tutor-
marked assignments to your tutor well before the date (at least two
working days are required). They will be markedybwr tutor and returned to
you as soon as possible.

Do not hesitate to contact your tutor by telephaneg-mail if you need help.
The following might be circumstances in which yowuM find help
necessary. Contact your tutor if:

. you do not understand any part of the study unitthe assigned
readings,

. you have difficulty with the self-tests or exercse

. you have a question or problem with an assignmeiti, your tutor’s

comments on an assignment or with the grading @sasignment.

You should try your best to attend the tutorialBhis is the only chance to
have face-to-face contact with your tutor and t& gsestions which are
answered instantly. You can raise any problem emeoed in the course of
your study. To gain the maximum benefit from course

tutorials, prepare a question list before attendimgm. You will learn a lot
from participating in discussions actively.

Ice Breaker

Students are to write what they know about analane digital electronics,
and what they also expect from the course.
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MODULE 1

Unit 1 Bipolar Junction Transistors
Unit 2 Small Signal Amplifiers
Unit 3 Field Effect Transistors

UNIT 1 BIPOLAR JUNCTION TRANSISTORS
CONTENTS

1.0 Introduction

2.0 Objectives

3.0 Main Content
3.1 Bipolar Junction Transistor
3.2 Bipolar Junction Transistor Configurations
3.3 Load Lines
3.4  Bipolar Junction Transistor Biasing
3.5 Common Emitter Biasing

4.0 Conclusion

5.0 Summary

6.0 Tutor-Marked Assignment

7.0 References/Further Readings

1.0 INTRODUCTION

A transistor is a three-terminal semiconductor deuhat can be used
for amplification and switching. Amplification colsss of magnifying a

signal by transferring energy to it from an extérsaurce; whereas a
transistor switch is a device for controlling aatalely large current

between or voltage across two terminals by meana sinall control

current or voltage applied at a third terminal. fEh@re two major

families of transistors are bipolar junction tratsrs, or BJTs; and field-
effect transistors, or FETs. As will be shown, BIH acts essentially as
a current-controlled device, while the FET behawss a voltage-

controlled device.

2.0 OBJECTIVES
At the end of this unit, students should be able to

. be able to IDENTIFY basic transistor amplifier tégpaies

. be able to ANALYZE basic amplifier topologies foaigs and
resistances

. be able to DISCUSS the relative properties of auasiamplifier
topologies
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. be able to DESIGN basic amplifiers to meet or edcstated
specifications.

3.0 MAIN CONTENT

The Bipolar Junction Transistor (BJT)

The pn junction forms the basis of a large humldesemiconductor

devices. A BJT is formed by joining three secti@missemiconductor

material, each with a different doping concentratibhe three sections
can be either a thin nregion sandwiched betweeangtp layers, or a p
region between n and n+ layers, where the supptsigius” indicates

more heavily doped material. The resulting BJTscated pnp and npn
transistors, respectively:

The figure 1.1 below shows the block diagrams anclit symbols of
both the npn ad the pnp transistors.

Collector Collector
_i. 0¢ 0¢ .i. o¢ 0¢

. "

/

BuseO-Ml » BO—K 3 BaseO-H p | B B

\! \hy

P "

T s Vi s
Emutter  Circwt symbols E

Pnp transistor Mpn ransistor
Figure 1.1 transistor symbols

N

mitter  Circuit symbols

Collector

Base

4 Ematter

K

:“'>= Electron flow
(:>= Hole Slow

Figure 1.2 electron flows in transistors
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The operation of the npn BJT can be explained bysicering the
transistor as consisting of two back-to-back pncjioms. The base-
emitter (BE) junction acts very much like a diodben it is forward-
biased; thus, the corresponding flow of hole amattebn currents from
base to emitter when the collector is open and BEe junction is
forward-biased, is shown in figure 1.2.Note tha #bectron current has
been shown larger than the hole current, becausieeafieavier doping
of the n side of the junction. Some of the electnole pairs in the base
will recombine; the remaining charge carriers wilte rise to a net flow
of current from base to emitter. It is also impottéo observe that the
base is much narrower than the emitter sectiohefransistor.

The flow of electrons in the transistor is représdnby the equation
below.

IE=IB+IC 1

Since the transistor is biased in the active regismall base current
controls the much larger collector current.

where IC =3IB 2

where B is a current amplification factor dependent on gigsical
properties of the transistor. Typical valuespofange from 20 to 200.
The operation of a pnp transistor is completelyilsimo that of the npn
device, with the roles of the charge carriers (dretefore the signs of
the currents) reversed.

lE [

lE [

IB [

10

1B 3

1)IB 4

from the equation (4) above

Equation 6 can be written as
Thusa = (L) whereo, = common base gain
148

IC [
O 1E
Bipolar Junction Transistor Configurations

Transistors can be configured in three differentesowith one pair of
terminals for the input and another pair for thetpott These
configurations are:
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Common emitter

Common collector

Common base.

Common Emitter

In the common emitter configuration, the input terah is the base
while the output terminal is the collector and #mitter is common to
both the input and the output as shown in figuBhklow.

+¥ce

RL

Input Output

Figure 1.3 Common Emitter configurations

(04
The current gain for this configuration is given by
output _ current] IC _
input _ current IB

Common Collector

In the common collector configuration, the inputmeal is the base
while the output terminal is the emitter and thdembor is common to
both the input and the output as shown in figudeti2low.

+¥cC

Input Output
RL

Figure 1.4 Common collector configurations

| E

The current gain for this configuration is given py

B

Common Base

In the common base configuration, the input terinisathe emitter
while the output terminal is the collector and base is common to both
the input and the output as shown in figure 1.9Wwel
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Figure 1.5 common base configuration

IC
The current gain for this configuration is given py
E

The gain for the CB configuration is always lesanthl, so the CB
configuration is not used for current amplificatiohhe CC and CE
configurations both have a high gain but the inpyiedance of the CE
configuration is higher than that of the CC. Thisakes the CE
configuration the preferred choice for amplifienscircuit design.

Loads Lines

The load line is a line drawn based on the DC dpeyacharacteristics
of the circuit. It enables the visualization of tin@nsistor characteristics.
It is determined by using the DC equations of tineu@. The Ic (max)
and Vce (max) are used to determine the end pointee line, these
points are then joined together and superimposedhentransistor
characteristics.

Figure 1.6 Amplifier circuit
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From the circuit 1.6, the analysis is done belovonfrrthe output
equation
Vce [ ICRC ] VCE

The load line is determined by identifying the termdpoints of the line.
The are determined by assuming VCE = 0 and findngand the V
subscribe is determined by assuming lc= 0.

From the output equation, with Ic = 0, Vcc = VCE
With VCE = 0 Vcce = IcRc

Ic(max) = Vcc

Rc o

The load line is sketched in the figure 1.7 below

. Load Line
A
havt N e
[ \ I
TN
/ \\ — ;
h/ ...... \.--"-_
/"':'_,'-4\_ T
| ——> VDS (V)
VoD 2*VDD

Figure 1.7 load line

The curves are generated at different base curr@iiie Q point
(operating Point) is the intersection of the Ic #melVce on the load line
for any particular base current.

From the graphs, as Ic rises from 0, the mode daraipn of the
transistor changes from cutoff to active and whiea Ic gets to the
maximum, the transistor gets to the saturationoregi operation.
Example 1

Given the circuit below, determine the load line.
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+Nce =10V

RC=4K

vce
RB=220K

B=100
+8VW

From the output equation

Vce [1 ICRCI[] VCE

With Vce =0

Ic(max) =

1017 _

4K

2.5mA

With Ic =0

Vce = 10V

Bipolar Junction Transistor Biasing

The transistor can serve either as a switch omaplier. The mode of
operation of each transistor is determined by the bondition in which

it operates.

Biasing can be defined as the setting up of thevDitages and current
in an electronic circuit.

From the output characteristics, the transistordhaeyions of operation.
Saturation region

Active region
Cutoff region
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Ip (mA) Load Line
4

I.V..-\K T

Figure 1.8 Q-point

The Q point or dc operating point is that pointtba load line where the
lcq and Vceq intercept on the load line. The trsilosiwhen operating as
a switch is biased in the saturation or cutoff oegout for the transistor
to be used as an amplifier it is biased in thevaategion. With transistor
in the forward active region the voltage across BRE junction is V
subscribe (on) is 0.7V for silicon transistors @ndV for germanium
transistors.

The determination of the g point is through thecpss of biasing.
Example 2

Calculate the base, collector and emitter curréartghe circuit shown
below.
B =200

+¥ee =10V

RC=2K
RB=220K
— AN |~ Vce
+4V 1

From the output equation Vcc = IcRc + VCE
From the input equation

VBB= IBRB + VBE
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| = VBB [] VBE [
RB™

47070 150 A

220K

Ic = BIB = (200)(15:A) = 3mA

IE = (1+p).
IB = (200+1) (15A) = 3.02mA
VCE = Vce — IcRe = 10 — (3mA)(2K) = 4V

Types Common Emitter Biasing

There are different types of bias circuit with e&eving its advantages
and disadvantages.

1. Base Bias
This is the simplest type and is also known asdfig@s. The quiescent

base current is established by a single base aesistshown in figure
1.9 below.

- CC

B

ERC
1

Biasing of this circuit will involve the selecti@f appropriate values for
the base resistance and collector resistance.

Figure 1.9 base bias

Analysis
Input equation

Vce [ IBRB [ VBE (1)
IBRB [

IBQ
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VCC [] VBE

VCC [] VBE
RB

(2)

(3)
RB [
VCCT VBE IBQ

(4)

This equation yields the Quiescent base current IBQ

From the circuit, the output equation is derivetbire
Vcc [

ICRC (1 VCE
©))

ICQRC [

VCC [] VCE (6)

ICQ [

RC (]

VCC [1 VCE RC

VCC [ VCE

ICQ

(7)
(8)

Example 3

Given the circuit below, design the amplifier fohet following
specifications:

1

VCC =12V =100, Vbe = 0.7, lcg =1mA Vceq =6V
Solution

10
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From the input equation,
VCC [

IBRB [
IBRB [
IBRB [ VBE

VCC ] VBE [
1.3V

121

0.7

From the output equation
Vcc [

IcRc [

IcRc [0 Vce Vcecll Vece [

12776
12776

lc [1——
lcq [

IBQ

1mA

[

0 6K[
1BQ
lcqg ]
N

1ImA [ _
100 107 A

The base resistance is determined from the inpudtean to be

IBQRB [1 VCC [] Vbe(on)
1211 0.7

RB (107 A

] 1.13M

11
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B IcRc+ Vee
Vee =

Ic= 0.

Vee= Vee= 12V

Vee= 0
oo el 12 4
R ex ™

The load line is determined to

From the various formulas used above, the Icq geddent to a large
extent on the. The betaff) varies with temperature so any circuit built
with too much dependence gmwill be very unstable.

Base Bias with Collector Feedback

The base is connected to the collector as showheirtircuit in figure
1.10 below

+V(C

RC
RB

1

Figure 1.10 Base bias with collector feedback
Output equation

VCC [

(IC O

| B)RC ] VCE 1

The collector current and the base currents flosubh the collector
resistor

But IC >>IB
IC(sat) = Vcc
Rc

Since there is no emitter resistor the out put eogundecomes

12
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VCC [}

(IC ]
IB)RCIIVC
VC [ Vcec [
(IC [

I B)RC

Since Vc also forms part of the input equation, thput equation
becomes:

Ve= I3R; + V3

Vee - (]:+ IB)RC = lsRs + r_:z

Since Ic >>1Is

Vee— IcRe = I;R, + Vy;

Ic

But Ig= B_

IcR

v

t Vgg = Vee - IR
The collector current can be derived from the esgimn below.

Vcce [ VBE
Ic [

RB ] Rc
[l

OlIE

From the expression for collector current, the @ftd the transistor gain
on the collector current is reduced leading todvedystem stability.

13
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+V¢cC

RC
RB
|—“v“v‘\/—|T—,6
}/‘ Vce
Fa
e
RE vE

Base Bias with Collector and Emitter Feedback

Figure 1.11 Base Bias with collector and emittexdfsack

From the output equation:

Vee=Uc+ I)R: + Ve + IRy

Ic>>Ip and Ic= Iz
Vee= IR+ Ve + IcRg = Ve + IcRc + Ryg)

— Vee= Ver

7 _ &
¢ (R; RL)

At saturation (VCE =0)
I [ VCC

C (ROR)
C

The actual value of Ic is derived using the inpgiiagion since in most
cases the VCE is unknown

From the input equation

14



IFT236 ANALOG AND DIGITAL ELECTRONICS

VCC [

IC RC[] VBE [I
IBRBOIERE
Since IC = IE

Vec = IcRe + Ve + IRy + I R,
V(( - Vm = I( (R( ¥ Rl.)' IHRH

I
But I, = —
p

R
R,+R.+ =2
(L ¢ ‘6)

Example 4
Determine the Ic(sat),VCE and Vc. In the circuildve Neglect VBE

LY[H=12V

ﬁ RC=10K

1 .

Vce

RB=500K

From the output equation:

15
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Vie= (e + IR + Ve + IgR;

Ic>>Ig and Ic= I

Vee= IR+ Vez + IeRy = Vs + I (R + Rg)

= Vcc‘ Vcs
© ®RFR)

At saturation (VCE =0)

5
I.(saf) = __2 = 0.11mA
(100K + 10K)

Ve=Vee+ Ve

Vee=Vee— I:(Rc + Rg)

Ve =IERe

To determine IC we use the input equation
VCC ]

IC RC[1 VBE [

| BRB ]

| ERE

Since IC = |IE

VCC [J

IC RC[ VBE I
| BRB [

IC RE

VCC [1 VBE [
IC (RC]
RE) [

| BRB

But

VCC
| B [
VBE

16
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+N¢e

RC
R1

VB _%R Vce
Vbe

R2 L o
%RE

IC

o

Sile

(RC T

RE)C B R
0

| O VCCI VBE

C RB

(RECTRC 1)

0 12 0 12

C

(10K (1 100k 500K ) -
100

115k =0.1mA

Substituting the value of IC in the equation for & @e have

VCE (1 VCC [
IC (RC (]

RE)(] 12(]
0.1MA(110K )(1 1V

VC =VCE + VE =1 +ICRE =1 + 0.1mA(100K) =11V
Voltage Divider Bias

From the circuit diagram in figure 1.12, the vgkadivider bias is
analyzed below as follows.
Figure 1.12 Voltage divider bias

17
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From the potential (voltage) divider equation
VB 1]
Vce * R2

R11 R2

VB = Vbe + VE

VE = VB - Vbe but VB >>Vbe
IE =

_VEII

+

RE o
VB (1 Vbe ]l VB RE RE
From the output equation

VCC [
ICRCLIVCE[
| ERE

VC = VCE + VE
VCE [1 VCC [
IC (RE [

RC)

With VCE = 0 in the output equation, Ic is deteredras
Vcce

IC(sat) =
E RC

The base voltage is set by the resistors R1 anthi®the effect of the
transistor forward gain is reduced .The D.C biaadependent of.

4.0 CONCLUSION

In this unit you have been introduced to the trstosiamplifier and the
different types of biasing arrangements and trémsonfigurations.

5.0 SUMMARY

In this unit we have been able to extend knowlediythe theory and
applications of transistors and transistor amplifiesign.

18
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6.0 TUTOR-MARKED ASSIGNMENT

Determine the VCE and IC in the circuit diagramwhdelow. Vbe =
0.7

+¥ce =10V

RC=1k
R1=10k
VB

L ]
Vce
Vbe
R2=5k 1
% RE =500

L

AN

2. Given the circuit below, design the amplifierr fthe following
specifications:

VCC =12V, =100, Vbe =0.7, lcq=1mA Vceq=6V

+VcCC

7.0 REFERENCES/FURTHER READING
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UNIT 2 SMALL SIGNAL AMPLIFIERS
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1.0 INTRODUCTION

Electronic amplifying devices such as BJT and FEVehthree terminals
(E,B,C and S, G,D). In a basic amplifying circaitie of the terminals is
made common while the other two serve as input @mgut ports.

Small-signal models for the BJT take advantagehefrelative linearity

of the base and collector curves in the vicinityaof operating point.
These linear circuit models work very effectivepyroviding that the

transistor voltages and currents remain within seegon around the
operating point. This condition is usually satidfien small-signal

amplifiers used to magnify low-level signals (e $ensor signals). For
the purpose of our discussion, we use the hybndspater (h-

parameter) small-signal model of the BJT, to bewssed presently.
Note that a small-signal model assumes that théia€ point (Q-point)

of the transistor has been established. The foligwionvention will be

used: each voltage and current is assumed to bsutberposition of a
DC component (the quiescent voltage or current)asthall-signal AC

component. The former is denoted by an uppercdt End the latter
by an uppercase letter preceded by the symbdhus,

iB=IBQ+AIBIiC=ICQ+AIC
VCE = VCEQ +A VCE

20
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2.0 OBJECTIVES
At the end of this unit, student should be able to:

. be able to IDENTIFY the transistor hybrid paramster
. be able to ANALYZE amplifier topologies for gainsnd

impedances

. be able to DISCUSS the relative properties of auasiamplifier
configurations

. be able to DESIGN basic amplifiers to meet or escswated
specifications.

3.0 MAIN CONTENT
Transistor Hybrid parameters

The Hybrid parameters are specifications used & @malysis of
transistor amplifiers there are four h parametarstaese are:

The parameter hie which is approximately equalhi® tatioA VBE/
AIB. Physically, this parameter represents the fodwasistance of the
BE junction.

The parameter hre which is representative of thetfeat the 1B- VBE
curve is slightly dependent on the actual valug¢hefcollector- emitter
voltage, VCE. However, this effect is virtually riggole in any

applications of interest to us. Thus, we shall assudhat hrex 0. A

typical value of hre for VCE 1 V is around 10-2.

The parameter hf e is the current rafiolC /AIB. This parameter
represents the current gain of the transistor adapproximately
equivalent to the parametgrintroduced earlier. For the purpose of our
discussion,; and hf e will be interchangeable, although they aot
exactly identical.

The parameter hoe may be calculated as ha¢C# A VCE From the
collector characteristic curves. This parametexr physical indication of
the fact that the IC-VCE curves in the linear aetiregion are not
exactly flat; hoe represents the upward slope @seéhcurves and
therefore has units of conductance (S). Typicaleslof hoe are around
10-5 S. this parameter is often assumed to begielgli

21



IFT236 ANALOG AND DIGITAL ELECTRONICS

(S)

Analysis of a Single Stage Transistor Amplifier Singagnal Operation

In order to fully analyze a transistor amplifidretanalysis is broken into
AC and DC analysis. In the DC analysis all capasitare regarded as
open circuits, while for the AC analysis, the cajwas are regarded as
short circuits and the DC source is replaced bsoarg.

The purpose of the analysis is to determine therginht specifications of
the circuit. These specifications include the inpupedance, output
impedance and the circuit gain.

Example 1
Given the circuit below, determine the Q point agk and current

values and AC open-loop voltage gain of the anglidif Figure 2.1; the
amplifier employs a 2N5088 npn transistér350

Figure 2.1
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Analysis

Q-point calculation

We first write the collector circuit equation bypdying KVL.:
VCC = VCE + RCIC + REIE = VCE + RCIC + RE(IB + IC)
~VCE + (RC + RE)IC

where the emitter current has been approximatetyes@al to the
collector current since the current gain is large BC >> IB.

Next, we write the base circuit equation, alSOKAA:
VBB = RBIB + VBE + REIE = (RB +§ + 1)RE)IB + Vbe

The above equation can be solved numerically (Wiith =) to obtain:

Vi - Vi 6- 0.6

g = ‘ - = 3 - = 40p4
"R+ (0 - DR, 100x10 + 351x 100

Then,

IC =BIB =350 X 40 x 10-6 = 14 mA

and

VCE=VCC - (RC+RE)IC=12-600x40x 10-3 6%

Thus, the Q point for the amplifier is:

IBQ = 40pA, ICQ = 14 mA and VCEQ = 3.6 V

Confirming that the transistor is indeed in thenexctegion.

From previous discussion, it has been verified thatcommon emitter
configuration is the best for signal amplificatiode shall be looking at
the single stage common emitter amplifier.

Any amplifier circuit has the following parts:

The Bias Circuit

The Load Circuit
The Coupling Circuit

23
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The bias circuit has been discussed so we foculeonther component
parts.

+VccC
R1 RC
C
R2 éRE

@/ Yin

Fig 2.2: CE amplifier circuit

From the diagram above, the following are the raspmlity of the
different components.

C = Coupling capacitor. it prevents dc signals I tsource from
upsetting the amplifier's Q point values.

R1 and R2 = potential divider bias resistors
RC = load/collector resistor
RE = Emitter resistor

Given a common emitter amplifier circuit, to anayzuch a circuit we
need to consider its DC and AC characteristics.

Example 2

Given the circuit with the following parameters d&| (3dc =150 and
Bac = 160)

where fdc =DC gain andpac = AC gain. Determine the circuit

specifications given the following component partare RE = 600
Rc = 1K2 R1 = 22K) R2= 4.7k
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R1 RC

g
A

Fig 2.3: CE amplifier circuit

In order to understand the operation of the cirgiuen above, we will
have to perform both the DC and AC analysis.

DC Analysis

Before the DC analysis is performed, all couplingpacitors are

regarded as open circuit. This will yield the feling representation of
the circuit above.

+V¢C

Fig 2.4:
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From Ohms Law,

Rin
Vin lin

Vin =Vbe + IERE . Vbe = 0.7 for silicon transistahich is the most
widely used type. IERE >> Vbe

Vin = IERE

Rin Il E RE

lin

Vin [

linRin [

IE RE

but IE [ Ic =BlIb . The base current Ib is the input

current and RIN is the resistance at the basearsg,lb and RIN = RB
Vin [

] IbRE =IbRB

RB [1[] IbRE Ib
canceling Ib from both the numerator and denommat have the DC
input resistance RB to be, RB ] RE

Inserting the values of the components, the Dctimpsistance of the
circuit is given by

RIN = RB ] [1 dcRE =150 x 600 = 90K
Note: If RB is more than 10 times R2 then the \g@talivider rules is

used VB[] [J
R2 0Vee O [

4.7k
1 x12 [
2.11V

R1
o
22k [ ———
4.7k )
VE =VB —Vbe =2.11 — 0.7=1.41V
IE = VE [
RE
1410
600
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mA
Since Ic =IE

VC = Vcec- IcRC =12 - 2.4 = 9.6V VCE = VC -VE = 96141 =
8.19V

AC Analysis

For the ac analysis, the circuit is redrawn witle tfollowing
assumptions:

All capacitors are short circuit

DC sources are replaced by ground

This circuit is further reduced to the circuit shobelow

RS
_/\/\/\/ & &
+ N
A Vin R1 R2 §
Rin(base)

Rin (base) is the resistance at the base of timsistar and it is derived
with the ac emitter resistance added in seriesadriE.

Rin (base) Pac(re + RE)

The ac emitter resistance is given by

27



IFT236 ANALOG AND DIGITAL ELECTRONICS

25mV
IE

re=

3.3 Input Impedance

The total input impedance of the circuit is thegtlai combination of
R1 ,R2 and Rin(base).Thus the circuit is reducetiedollowing:

R1/R2iRin(hase)

NN

Input Impedance = R1//R2//Rin(base).

From the component values of the circuit assumisguace impedance
of 302, the input impedance is computed to be

Rin(base) = 160(re + 600)
_ Butre125mV [
IE 25mV
mMA=10.42
IE is the DC emitter current computed to be 2.4 (base) = 160
(10.4 + 600)
Rin(base) =160(610.4) = 97664

The voltage at the base of the transistor (Vbeigmined below

RS Vh

+ .
(”\/ vin RUR2IRIn(base)
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If RS << Rin(input impedance) then Vb = Vin. If nitien the voltage
divider equation is used as shown below.

N Rin

| RS+ Rin
Compute the input impedance and the voltage atbthee of the
transistor

'Vm

Output Impedance

The output resistance looking at the collectorppraximately equal to
RC. In situations where a load is connected inlf@naith the RC, the
output resistance will be equal to the parallel boration of both the Rc
and the load resistance. Thus a load (RL) conndotéte output affects
the gain.

RC1=RC//RL
Voltage Gain

The voltage gain is the ratio between the outpltage and the input
voltage.

AV (1] Output _ voltage
U
U
VC []
U
Input _ voltage'|
IcCRC
Vb  IE(re]
IERC
RE)
IE(re [J
AV []
RE) RC
(rel] RE)
RE)

This is the voltage gain from the base to the cudleof the transistor.
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The total circuit gain is made up of the attenuatitue to the source
resistance and the base to collector gain as shelomy.

Smem Attenuation------------ = Base to collector gain---=

RS J
NN ) g

Vb = | !Vm
\ RS+ Rin |

.4V" = L! &
(re+ RE)\ Vin

Effects of Emitter Bypass Capacitor on the CE Aiffigli

When a capacitor is connected across the emitestoe it bypasses the
RE as the capacitor acts as a sort circuit forAiesignals. Thus the Ac
voltage gain becomes

AV [
RC

(re)
RE is neglected and the gain increases.

This increase in gain however leads to a reductiomain stability
because the re ( ac emitter resistance variestantperature)

4.0 CONCLUSION

In this unit you have been introduced to the sisigihal operation of the
BJT amplifier and the transistor hybrid parameters.

30



IFT236 ANALOG AND DIGITAL ELECTRONICS

5.0 SUMMARY

In this unit we have been able to extend knowleoigthe theory and
applications of transistors and small signal trstesiamplifier design.

6.0 TUTOR-MARKED ASSIGNMENT

Determine the Q point of the amplifier shown bel&be = 0.7 V;p =
100; VCC =15

V.R1=68k ;R2=11.7k_; RC =200 ; RE =200 .

Voo

A
m

-
Tour

Given the amplifier circuit below determine thealodutput voltage (ac
and dc).Vcc = 10V dc=150, = 175 RS = 30Q,R1=50KQ,R2 =
10KQ, Rc = 5KQ,

RE1=RE2 = 50Q, Load =502
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1.0 INTRODUCTION

The concept upon which the field - effect transisio FET is based is
that the width of a conducting channel in a senilcator may be varied
by the external application of an electric fielchus, FETs behave as
voltage-controlled resistors. These devices carghoeiped into three
major categories. The first two categories are lnghles of metal-oxide-
semiconductor field-effect transistors,or MOSFE&ishancement-mode
MOSFETs and depletion-mode MOSFETSs. The third categonsists
of junction field-effect transistors, or JFETs. dddition, each of these
devices can be fabricated either as an n-channeélaler as a p-channel
device, where the n or p designation indicatesttare of the doping in
the semiconductor channel.

2.0

OBJECTIVES

At the end of this unit, students are expectedibe @:

3.0

be able to IDENTIFY field effect transistor symbols

be able to ANALYZE basic FET amplifier topologiesr fgains
and resistances

be able to DISCUSS the relative properties of wemid-ET
configurations

be able to DESIGN basic amplifiers to meet or escswated
specifications.

MAIN CONTENT

Junction Field Effect Transistors

There are two general classes of FETs
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The Metal Oxide Semiconductor FET (MOSFET)
The Junction FET (JFET)

FET Configurations

The FET is similar to the BJT transistor in ternfsttee number of
terminals and configuration. The FET has three itesla as shown
below.

G g
Fig 3.1 FET symbol

The configurations include:

Common Source £

\Y
Vv O
IN

Common Drain (i)  Common Gate

o 4 P b

v mf

Fig 3.2 FET Configurations
The JFET is made up of a Semiconductor region knasvthe Channel

with ohmic contacts at each end. The Channel nateain either be N-
type of P-type as shown below:
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/Ld rain (Ld rain

gate —gate]r| ~ [r] —{w] » [

TSOU rc Tsou rc

Fig 3.3 N channel JFET  Fig 3.4 P channel JFET

The JFET is always operated with the Gate to Sousttage in Reverse
Bias as shown below.

sourc drain

L
v

Fig 3.5 JFET Operation

In a P channel JFET, the P and N Junctions argseddrom those of
the N Channel. In the P channel device, the MajdCirriers are holes
(Positive Charges) and due to the low mobility ofels. The N-channel
is often times preferred.

When VGS is increased, more positive ions are iagemto the P side
and this narrows the depletion region there by wiitg the channel and
increasing the current flow. When VGS is decreagedde more
negative), more positive ions are taken from tlsde and the depletion
region widens leading to a narrowing of the chanreducing ID flow.
When VGS becomes more negative to a point whereOJDhe
conduction known as pinch-off arises.

Drain current at Pinch-Off is essentially zero. TR& JFET is a
normally-On device and its current flow is contedllby the gate and
can only be switched off by applying a suitabletagé to the gate
terminal
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For the JFET,

()

Vas
VGs(at) !

ID= IDSS’ 1-

Where IDSS = maximum value of ID when VGS = 0 VG§(e value
of VGS when FET will be off
VvV -V

R
R S R S
i T //7% ﬁ/%/ Vi
Example 1
Given IDSS = 12mA, VGS (off) = -5V, determine thalwe of ID
at VGS =0,
-1, -4.

Solution:

For V=0 %

o

Vas r 01
Ip= IDssi1- - 1 .
Vesa)! =12mAl°" ~ syl

=12mA [1 +0]°=12mA
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For Vgs=-1

IL)= 12111.411' -

S,
=12mAi1- _Si =7.68mA

\4

/7777 /777

VDD [J IDRD (] VD
VD 1 VDD [

VGS [ VG [

IDRD VS

R Vv VGS 1]
001VS

VS [l

IDRS

[1 For N channel, the VGS = -IDRS For P channelM@s = IDRS
VDD (] IDRD 1 VDS 1 VS VS[] IDRS

VDD ©
IDRD [] VDS [
IDRS

VDS [
VDD ©
ID(RD [

RS)
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Example 2

Given the circuit below with the following transistparameters of IDSS
=5mA, Vp = VGS = -4V, design the circuit such that= 2mA, VDS =

Solution

-~

- 1ned 1. ZE5|
Ip= Ipss| 1- >~

P
2
VGs |
- L —
2= 41 )
Vas o)
1- —| = 5
- = |- %

Take the square root of both sides

Vas
[1- =] - Joa
-4
1 VGS- 0.63
-4
VaGs

- — = 063- 1= -037
S - 063 3

- Ves= (-4)(-037)= 148
- Vs = 148V
. Ves= - 148V
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From the diagram IDRS = -VGS
VGS

11D [ RS ——

10 VGS

1 RST] ID O

1.481] -
2mA

0.74K]

From the output equation,

VDD [

IDRD [] VDS [

IDRS

VDS [

VDS [

VDD [

6V

ID [

IDRS

[ RD [

VDD [ VDS [] IDRS [
ID

1000 6 [ 2mAL [1 0.74K ]
2mA

RD [

4114801

2

1.26K]

Example 3 Given the circuit below, the transistargmeters are IDSS =

12mA, Vp = -3.5V, R1+R2 = 100K. Design the circsitch that ID =
5mA, VDS =5V
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)

[ Vesy
I- IDss{I-V—Ps?' «
:
|

[ Vs
5:121- V_pf
5 ‘ VGs .

R

- 35/

Square root both sides —p \Y
L Vas |

=== =
Y042+ f11- =]

Vas
065= 1- ——=

-3
- |

- ——=:-035
- 35 3 &V

- V6s= 124V
Ves= - 124V

AMA
wyv

v L

AMA

R =035K

From the circuit,

VS [

IDRS (1511

1500 10.570 [0

501025V

VGS ]

VG [1 VST VG []

VGS ] VS

VGSI[][]1.2411 (12501 111.2411 2501 (] 3.74V
From potential divider

VGIOR2 0O 0VD

R10 R2
1 3.7401 R2011000 [0 5

100
R2 1100 (1 1 3.747) 5100
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R2 [

10 o
R20

R1[

1.26K

12.6K

100K [J

12.6K ]

87.4K]

VDD [

IDRD [ VDS [
IDRS

I RD [

VDD [1 VDS [1 IDRS ]
ID

1001 501 [ 501 [ 0.5
5

RD [

1000510

5

2.50]

0.5K0]

40 CONCLUSION

In this unit you have been introduced to the Fieftect transistor
amplifier and the different types of biasing arramgnts and FET
configurations.

5.0 SUMMARY

In this unit we have been able to extend knowledfythe theory and
applications of transistors and transistor amplifiesign.

6.0 TUTOR-MARKED ASSIGNMENT

Given IDSS = 12mA, VGS (off) = -4V, determine thalwe of ID at
VGS =0, -1, -4.

7.0 REFERENCES/FURTHER READING

Fitchen F.C; (1972). Transistor Circuit AnalysisdabDesign. Second
Edition Van Nostrand Reinhold Publishers.

Neamen D.A (1996). Electronics Circuit Aymas and Design.

McGraw-Hill Publishers.
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3.3  Effect of Negative Feedback on Amplifiers
3.4 Types of Negative Feed back Topologies
4.0 Conclusion
5.0 Summary
6.0 Tutor-Marked Assignment
7.0 References/Further Readings

1.0 INTRODUCTION

A feedback system is a system in which the inpghaiis modified by
the system output before the internal processinghleysystem itself.
The block diagram in a typical feedback systemhews in figure 4.1
below.

| Signal

L S— Basic System
Exter?3P'Sifha > ’

Outpu

t |

Output Signal Feedback

L d

Figure 4.1: Typical Feedback system

The signal combination is usually a simple addition subtraction.
Multiplication, logical or other combination cansal be used. The
output signal processing is often a simple attaonabr amplitude
reduction.
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2.0 OBJECTIVES
At the end of this unit, students should be able to

. be able to IDENTIFY feedback amplifier topologies

. be able to ANALYZE feedback amplifier topologies

. be able to DISCUSS the relative benefits and ptessitawbacks
of feedback amplifier topologies with respect tsibaamplifier
topologies

. be able to APPLY the concepts of feedback analysighe
DESIGN of analog amplifiers to meet or exceed state
specifications.

3.0 MAIN CONTENT
Feedback Amplifiers
A feedback amplifier consists of two parts

The Amplifier system
The feedback system

The classic block diagram for a feedback systegiven in figure 4.2
below.

111/
2)/ A(s)
load
B(s)

Figure 4.2: Classic feedback block system z

The amplifier A(s) when used without the feedbackaid to be in open
loop with the gain denoted by AO1.

From the circuit in figure 4.2 above.
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vd 0 Vi O VfVo OO A0O1vd
(1)
(2)
Vf O 0 Vo
(3)

From equation (2), substitute for vVd

Vo [

AO1CVi O Vf [
But Vf

0 0 Vo

Vo= AolVi- fVo ()

Expand (4) and collect like terms

Vo= AoWi- Ao Vo

Aowi= Vo+ AnfVo= Voll+ Af) %)

Aovi= Voll: Aof

Yo da ‘ 6
Vi 1 dmp O ©)
The Voltage

The Voltage gain for the closed loop is given to be
ACL [

Vo [

Vi

A0l

117 A0
AO01 = open loop gain

B = feedback attenuation factor AD% loop gain = T
ACL [
AO01

10T

Types of Feedback Arrangements
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There are two basic types of feedback arrangenagiatshese are:

Positive Feedback

ANALOG AND DIGITAL ELECTRONICS

In the positive feedback arrangement, the feedhadtage is in the
same phase as the input voltage and it increasesnfiut voltage
amplitude. It leads to instability in systems asamnly used in oscillator

design.

For Positive Feedback (PFB)

Vd [0 Vi [ Vf

Vo [

AO01Vvd

Vo [

AO1CVi O VIO [
AO1CVi O [0 VolI
Vo [

AOQOL1Vi [

AO01C] Vo

AOL1Vi [

Vo [JAO1[l] Vo [
VollO

ALl []

Vo [11[]AO1

Vi AO01[]

1 ACL [

Vo [

Vi

A0l

101 A0L]

PFB

Negative Feedback

In negative feedback, the feedback voltage is 1I80®mf phase with the
input voltage. This leads to a reduction in theuingoltage and this

stabilizes the system. It is used mostly in amglifi

Negative Feedback (NFB)
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Vd = Vi- Vf
Vo= Aowd

Vo= AolVi- Vol = AoWVi- AoifVo

AoWVi= Vo- AoufVo= Voll: Ao

Vi 1- Aof
Vo Ao
Vo Aol
At —=
Vi 1- Aof NFB

Both gain A and feedbadk may be complex quantities having both a
modulus and an angle which may depend on signgliénecy.

AO010 [
ACL 5
10 0A0LD O
0o

For NFB, T = Positive > 0 For PFB, T = Negative <0
SELF ASSESSMENT EXERCISE
The gain and feedback factor of an amplifier atedént frequencies are

listed below. For each case, determine the nathitbeofeedback and
system gain.

F1 F2 F3 F4
A 5000<180° 4500<160° 1000<65° 500<20°
B 0.02<0° 0.018<-5° 1.148 x 10-3<-10° 0,001<-15°
F1 ACL
[l 50001180 1[I
11110001 180
5000018001
10117 180
49.5(1 1800

Solve the rest.
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From our previous discussion, the gain of an aneplifVoltage gain)
without feedback is higher than the gain with negateedback while it
is lower than the gain of the amplifier with posgtifeedback.

AV(NFB) < AV < AV(PFB).

Effect of Negative Feedback on Amplifiers

Gain and Gain Stability

Typical amplifiers are subject to changes sucleagerature, dc supply
levels and ageing. Such change results in variatioamplifier gain.
Negative feedback helps to reduce the variatiogaim to acceptable
limits (or stabilize the gain).

For a NFB amplifier

ACL [0
AO1

11 AO1(
AO1B>>1
ACL (]

AOL (11

AO1[l [
The feed back ratiofis often determined by the ratio of two resistors.

Example 1

The gain of an amplifier is found to be 750 on tagt under conditions
of reduced dc supply and external loading, the evakduced to 400.
Compare this percentage variation for the amplifieith the

corresponding variation if NFB of (a) 0.005 (b)®.0 (c) 0.1 is

used.

Solution
Percentage variation of gain without feed backrigial [1 new 1 100
175007 40007 10017 — — —

46.67 %

original 1 750 1
Using ap of 0.005
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A 750 750
1- A} 1:(750x 0005 475

The maximum gain = = 1579

400

Amin - —1- 2001 0005 = 1333
o 1579- 1333 100 1569
" " h T —— Y e— i
percentagevariation 1579 1 o

From this we observe that the gain of the amplifiew ranges from
157.9 to 133.3 as against the 750 to 400 and thaticen is now 15.6%
as against 46.7%.

Using ap of 0.03
A max (]

A min []

100

100

750

7501

400

400 (]
0.037 [
0.037 [I
31.9

30.8

31.911 30.8
100
percentage variation
31.9

[l 10
3.45%

From the above, as theincreases, the gain reduces and the stability
increases. Thus, negative feedback decreases gaimcbeases stability.

Decreased Distortion

Amplifiers exhibit a measure of non-linearity dwethe curvature of the
characteristic curve of active (cut off and satorafpoints). The non-
linearity results in harmonic distortion and Clipgi Each output
without distortion has a harmonic distortion com@oainD.

Vout [J
AVin [1 D

(1)
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From the feed back definition (PFB)
Vin= Vi: Vo 2

But Vo= AVin-"D 3)
. Vin=Vi: fAVin+ D  Expanding

Vin= Vi+ pAVin+ §D Collecting like terms
Vin- fAVin= Vi pD

Vinl1- Al = Vi+ D

Vi: D o .
Vin 1~ 54 Substitute in equation 3
| Vi+ pD i
Vo - .-1; %: + D Taking LCM
AVi: ABD =
1- 4
AVi: ApD- D1- fA|  AVi: ApD- D- AfD
1- f4 ' 1- f4
Vo. AVitD  _AVi =D
C 1-f4  1- B4 1- A
AVi

Theterm 11 [ A——
= actual amplified signal.
D

100A
= Distortion

The distortion present in the signal is reducedabfactor of (1-BA)
while the desired output can be attained by cdmgVi.

When negative feedback is used, the distortionl kevlebe reduced by
a factor (1 43A).

Example 2

In an amplifier without feedback, the gain is 36dBd the harmonic
distortion at normal output level is 10%. Determine
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The gain
The distortion

When NFB is applied with the feedback factor of B6Beedback factor
= loop gain PA

Solution

A
: — i =2
Acl 1 Gain (dB) = 20logA

For no feed back

36 = 20logA ~A=10"=63
Feed back factor = 16 = 20logBA
BA=10""=6.3

BA=63 butA=063

63
. f=—=01
P 63

Gain using NFB
Gain using NFB

B=0.1

63 63
Acl =

— . 2.3863
1- 63: 01 73

20log8.63 = 18.7dB

D 01
1 1 = ————— e = : [+]
Distortion - j4 73 100= 1369%
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Increased Bandwidth

Amplifiers have a frequency range over which thamgand phase shift
are approximately constant. For frequencies outideband (mid-band
range), the gain falls. When NFB is applied, thi giops. The product
of the gain and bandwidth must remain constangssthe gain drops by
a factor, the bandwidth increases by that samerfact

Example 3
An RC coupled amplifier has a frequency gain of 3@ a response

from 100Hz to 20KHz. A negative feedback with = 0.02 is
incorporated into the circuit. Determine the newtsyn performance.

Solution

A 300
p, - - = = 43 5
g 1: A 1- 300« 002 -

. f1 100
Sr- 1: A8 1+ 300x 002

£2'= 201+ Af| = 20KH=7) - 140KH-

= 1428H=

From the diagram
A
Gain

NN
S N

F'1
14.28

100
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F

2

20K

F'2

140K

Frequency

From the values above, applying the gain produotbedth equation,
A (Bandwidth) = A (BandwidtH)

A (f2-f1) = A (f2-11)

300 (20 KHz — 100Hz) = 42.85 (140 KHz — 14.28Hz)
5.97MHz = 5.99MHz

From the values above

A (f2-fl)~ A’ (f2' - f1)

3.4  Types of Negative Feedback Circuit Topologies

There are basically 4 types of feedback amplifiecuit topologies
depending on how the signals are added at the.input

Shunt Derived Series-Fed Feedback

This is also known as Voltage Series Feedback.olitut is connected
in parallel while the input is connected in series.

-,

The output resistance is reduced by the shuntifegtedf the feedback
connection while the input resistance is incredsethe series addition
of both the feedback and amplifier resistance \&alue

Ro' - Ro,
1- fA

Ri'= Rill- §A4
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Shunt Derived Shunt-Fed Feedback Topology

I

In this arrangement, the feedback is connectedotb the input and
output of the amplifier in parallel. This leadsaaeduction in both the
input and output impedance values.

R
Ro' - O,
1+ pA
Ri
Ri’ =
"1 B4

Series Derived Series-Fed Feedback Topology

A E R

L

In this arrangement, the input and output of theldmr are connected
in series. This leads to an increase in both iapdtoutput impedance.

Ro' = Roll+ Af
Ri'= Rill+ Af

Series Derived Shunt-Fed Feedback Topology

| A |

L

In this arrangement, the output is feedback ineseand the input is
connected in parallel. The output impedance isemsed by the factor
1+A B while the input impedance is decreased.
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Ro' = Roll: Af
Ri

il e ——

1+ Ap

The application of negative feedback has the fahgwsummarized
effects.

Decreases the effect of noise
Decreases the voltage gain
Decreases the Harmonic distortion
Increases Gain stability

Increases System bandwidth

Its effect on the input and output impedance valdepends on the
topology used.

4.0 CONCLUSION

The advantages and applications of feed back has sdied in this
unit and the different applications and advantagésthe negative
feedback for amplifier design has also been studied

50 SUMMARY
In this unit we studied the following:

The application of negative feed back

The effects of negative feed back.

The determination of the gain of a positive and atieg feed back
amplifier system.

6.0 TUTOR-MARKED ASSIGNMENT

Determine the input resistance of a shunt inputneotion and the
output resistance of a series output connectiom flmedback amplifier.
Open loop gain = 105. Closed loop gain =50.Input @uitput resistance
of the basic amplifier are 10kand 20K2 respectively.

Calculate the percentage change in the closeddaopand a change in
the open loop gain. Open loop gain = 105. Closeg Igain =50 =
0.01999.Assume a change in the open loop gainds 10

Given a negative feedback circuit with the follogyiparameters Open
loop gain = 106. Closed loop gain = 100. If the magle of the open
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loop gain decreases by 20% determine the corregppretiange in the
closed loop gain.

7.0 REFERENCES/FURTHER READING
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UNIT 2 OPERATIONAL AMPLIFIERS (OPAMPS)
CONTENTS

1.0 Introduction
2.0 Objectives
3.0 Main Content
3.1 Ideal Op-Amp
3.2  Op-Amp Configurations
3.3  Application of Op-Amps
4.0 Conclusion
5.0 Summary
6.0 Tutor-Marked Assignment
7.0 References/Further Readings

1.0 INTRODUCTION

The operational amplifier is a direct coupled affigrli capable of
amplifying signals from DC up to a few MHz An optoaal
amplifier—or op-amp—can perform a great number érations, such
as addition, filtering, or integration, which alkkmased on the properties
of ideal amplifiers and of ideal circuit elemeni$e introduction of the
operational amplifier in integrated circuit form rkad the beginning of
a new era in modern electronics. Since the intrbooof the first IC
op-amp, the trend in electronic instrumentation b@sn to move away
from the discrete (individual-component) designetgctronic circuits,
toward the use of integrated circuits for a largenber of applications.
The majority of op-amps have three stages. The dtegge converts the
differential signal into a single-ended one; theos®l one provides the
bulk on the gain and the third one the requiregwuupower.

2.0 OBJECTIVES
At the end of this unit, student should be able to:

. be able to IDENTIFY op-amp circuit topologies
. be able to ANALYZE op-amp circuits
. be able to DISCUSS the relative properties of op-aircuits.

3.0 MAIN CONTENT

Ideal Op-Amp

The Ideal Op Amp parameters are derived to simglifguit analysis.
Op amps depart from the ideal in two ways. Firstpdrameters such as

input offset voltage are large enough to causertiggafrom the ideal.
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The ideal assumes that input offset voltage is .z&econd, ac
parameters such as gain are a function of frequeswythey go from
large values at dc to small values at high freqigsncThe table below
lists the ideal opamp parameters.

Table 5.1 Ideal Opamp assumptions

PARAMETER NAME PARAMETERS SYMBOL | VALUE
Input current IIN 0
Input offset voltage Vos 0
Input impedance 2N
Qutput impedance Zout 0
Gain a

|

@
=

o

<
m

O
N — —>

O Vour

@
=)

|

Figure 5.1 ideal Opamp
Op-Amp Configurations

There are two basic configurations of the operafiamplifier and these
are:

The Noninverting Op Amp

The noninverting op amp configuration has the irpghal connected to
its noninverting input. There is no input offsetitage because VOS =
VE = 0, hence the negative input must be at theesaoltage as the
positive input. The op amp output drives currenb ifRF until the
negative input is at the voltage, VIN. This actimauses VIN to appear
across RG. The voltage divider rule is used towate VIN; VOUT is
the input to the voltage divider and VIN is the putt of the voltage
divider. Since no current can flow into either oppalead.
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Figure 5.2 Non invertfng opamp configurations

From the circuit shown in the fig above, the gafnthe noninverting
configuration is derived as:

Rg
Viv = Vour R.+R.
Vour _Re + R _ .|+&
Vi Rg Rs

The Inverting Op Amp

In the inverting configuration, the input is feddhgh the input resistor
to the inverting pin and the noninverting inputtbé inverting op amp
circuit is grounded. One assumption made is tmatesthe opamp has an
infinite input resistance, so the feedback keeperimg the input of the
opamp at a virtual ground (not actual ground buingclike ground).
The current flow in the input leads is assumed @ozbro, hence the
current flowing through RG equals the current flogvithrough RF.
Using Kirchoff's law, and the Equation is writtenitv a minus sign
inserted because this is the inverting input. Atgeb manipulation
gives.

lh —» I —»
Vin — W *

Rg Ig = Ol RE

Ve l} Vour

o-d

Figure 5.3 Inverting oﬁamp configurations
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From the inverting Opamp configuration the gaidesived is follows:

110

VIN RG —
20

VOUT —
RF

VOUT VIN

0 RF —
RG —

Notice that the gain is only a function of the feadk and gain resistors,
so the feedback has accomplished its function okimgathe gain
independent of the op amp parameters. The actsatoe values are
determined by the impedance levels that the desigaats to establish.
If RF = 10 k and RG = 10 k the gain is minus onslaswvn in Equation.

Applications of Op-Amps

The operational amplifier can be configured to perf mathematical
operations. Some of these are listed below:

Adder or Summer
The adder circuit of the operational amplifier go®s an output voltage

proportional to the algebraic sum of the inputscheaultiplied by a
constant gain factor.

Y% > -
vV »>—nt " >_y

> ‘
110

Vi, 120 —

R1

V2, 130 _

R2

V3, IFIVF — _
R3 RF
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From Kirchoff's current law at point A 11 + 12 + B IF
V1o

R1

V20

R2

V30 [1VoR3 RF

Multiply through by RF

71 V2 V3

= . Fi — RF= -V
R1 R:Rr RsR: °

RrF
—= AV

Ri

. V14AV1+ V2A4V2- V3AV3= - Vo
Assuming Ri= R2= R3

ViRF V2RF V3iRrF
R R R

Vo =

Rr
Vo= - ?‘Vl- Va: V3= AnV1: V2: V3
If RF- R

Vo= -\V1: V2: V3

Hence the output is proportional to the sum ofdhtput voltages.
Subtractor

The function of the subtractor is to produce arpouproportional to the
difference of the two input signals.

j IW/——W{Ff
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Using superposition theorem, the sum of the outptlt the input taken
one by one is as listed below.

V01 = output generated by V1 V02 = output generatedl2

Voi= - TVI Inverting amplifier
)
Vor=|1: ?IV: Non-inverting amplifier
RF
RF>> Ri, T 1  (Rule of Thumb)
Ve R'FV RFV’
"R VTR
RF
Vo= —I(V2-"1
>R
Vo= ANV2-V1
Integrator

Integration is a mathematical process of deterrgirthee area under a
curve. The Op amp integrator produces an outputisharoportional to
the area under the curve of the input voltage.

<
=

/7777

From the concept of virtual ground, Point A=0

61



IFT236 ANALOG AND DIGITAL ELECTRONICS

Vin= IR LIl —

The current through the capacitor charges it in the direction shown
below.

Vour _ .
2 = s Nh-I2:=0
1 1 1
X - we €
Jw= s
Jw=s
Vi Vour VouisC
—= - = Vous
R sC
Vi
. Vout= - ——=
ou SRC
Vo 1
Voltage gam= —= - —
g g Vi 3RC

Converting this to time domain

4
Vo= - %%Vﬂtldt
Alternatively

I,=1. where I.= Current through the capacitor

In-= Cﬂ but Ve= Vo
dt

dVe I Vi
7 butii= In= - R
Ve V 14

o = - L . dVout = - —ldt
dt RC RC
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Integrating both sides

4

1 3
Vout = - —| Vidt
out RC', 1

The integrator is a low pass filter and producesemumutput for low
frequency signals.

Example 1

A 5V, 1KHz sinusoidal signal is applied to the ihpef an op amp
integrator. R = 100K, C =iF, determine the Vout.

Vin =5 Sin Zft = 5 Sin 200@t. Integration is fromt=0tot=t

1 ’
Vot = - R_Cl Vinl t

: 1
1 ‘ . -10
RC 1001 10°« 1x 10°®
i " Cos2000s¢]"
Vo - - 1o'°>Sm_00xt= - 5°|_' ZOQT.'O

1
= —| Cos2000r - 1
Oz
Differentiator

This is the process by which the rate of change ofirve at any given
point can be determined. It is essentially the nsgeof integration.

. . Vin
Vin= NXc L Il= Y R
Vout ﬂ
n= -—— n=n X
Xc ¢
Vi
—t,z - Vout —i Vv
X Vi —» .
I
1

But the current through the capacitor 1s I,

dVin dVin Vout
. n=C z - —
dt dt R
adVin
Vout = - RC
dt
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The differentiator is basically a high pass filter.
4.0 CONCLUSION

In this unit you have been introduced to the openat amplifier and its
applications.

5.0 SUMMARY

In this unit we have been able to extend knowledgthe theory and
applications of operational amplifiers and the basinfigurations of op
amps.

6.0 TUTOR-MARKED ASSIGNMENT

A 5V, 10 KHz sinusoidal signal is applied to thgoum of an op amp
integrator for 10 seconds. R = 100K, CFldetermine the Vout.

7.0 REFERENCES/FURTHER READING

Fitchen F.C; (1972). Transistor Circuit Analysisdabesign. Second
Edition Van Nostrand Reinhold Publishers.

Maddock R.J and Calcutt D.M (1994). Electronics:Caurse for
Engineers Second Edition. Longman Publishers.

Neamen D.A (1996). Electronics Circuit Analysis
and Design.
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MODULE 3 BOOLEAN ALGEBRA, LOGIC GATES, AND
COMBINATIONAL CIRCUITS

MODULE INTRODUCTION

This module is designed to enables the studera gebd understanding
of one of the critical foundations of digital elewtics. It covers the
mathematics of Boolean algebra which leads to logramizations, and

then moves to logic gates and combinational ciscuit

Unit 1 Boolean algebra

Unit 2 Logic gates — Types, circuits symbols, &mth tables

Unit 3 Karnaugh maps and logic circuit minimizato

Unit 4 Combinational circuits — Arithmetic & Logitunctions:
Adders, Subtractors, Comparators

Unit 5 Combinational circuits — Data transmissidviultiplexers,
Demultiplexers, Encoders, Decoders

Unit 6 Combinational circuits — Code convertersndy, BCD,
7-segment

UNIT 1 BOOLEAN ALGEBRA
CONTENTS

1.0 Introduction
2.0 Intended Learning Outcomes (ILOS)
3.0 Main Content
3.1 Boolean Algebra
3.2 De Morgan’s Theorem
4.0 Self-Assessment Exercise(s)
5.0 Conclusion
6.0 Summary
7.0 References/Further Reading

1.0 INTRODUCTION

The objective of this course is to introduce thedsnt to the field of
digital systems. Starting at the fundamental l®@féoolean algebra and
the different laws used in the resolution of digékectronics circuits.

2.0 OBJECTIVES

At the end of this unit, students should be able to

. the understanding of Boolean algebra and its laws
. the introduction of the Boolean algebraic idengitie
. the introduction of the De Morgan’s theorem.
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3.0 MAIN CONTENT
Boolean Algebra

Boolean algebra is the basic mathematics for thdysof logic design
.Basic laws of Boolean algebra are implementedvatctsing devices
called logic gates. A Boolean variable can taketwo values ‘0’ and
‘', ‘T’, ‘F or H,L or ON,OFF . Boolean operatiortsansform Boolean
Variables the basic operations are NOT, AND, OR.

More complicated Boolean Functions can be derivednfthe basic
Boolean operations.

Basic Boolean algebraic identities
A+0=AA+1=1A+A=AA+A=10*A=0

I*A=AA*A=AA*A=0
ATTA

Laws of Boolean algebra Commutative Law
A+B=B+A

AB=BA

Associate Law

@ (A+B)+C=A+(B+C)
() (AB)C=A(BCQC)

Distributive Law

@ AMB+C)=AB+AC
(b) A+BC)=(A+B)(A+C)

Identity Law

A+A=A
AA=A

Redundance Law

A+AB=A
AA+B)=A

Other Boolean Identities
(a) AB+AB=4
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) (A+B)A+B)=A
A+4a=1
AA=0
A+ AB=4+B

A(A+B)=AB

Commutative property of multiplication

AB = BA
A N A B
B:l:/‘_\ —
(same)
B

>

Fig 9.1 Boolean algebraic identities

:I::_/ B A

Associative property of addition

A+ (B+C)=(A+B) +C

A
T | | |
B—‘.I- - ) >— 11 N
- B
€ T | [
(same) 11
c (same)
—
A — 1 | |
i _'L>— > 1
C—l - A ~
| | ]
11 A
B
| |
11
c
| |
11
Associative property of multiplication
A(BC) = (AB)C
A
oL
c J/
(same) H
B (same)

Distributive property
A(B + C) = AB + AC

a ) A
=~71
) 7 \ c
c—
(same)
A I A B

: A;—->l L

A

N 2 A C
Lo Y

67



IFT236 ANALOG AND DIGITAL ELECTRONICS

Example 1 Prove (a) A
Solution
AB 1AIB

Algebraically:
ATJAB 1ALl AB

AL B)1AB
TAD -
TA D _
0A D000

ABOABB(ALAB
Using the truth table:

Table 9.1: Truth table for the example 9.1
A B A+B “A+ AB

>
vy

] ] O] O
R O] k| O
R k| L] O
o O r| O
R R Rk O

DeMorgan’s Theorem

DeMorgan’s Theorem allows gates to be converteothers by simply
inverting the inputs of the selected gate. Morecgpally, you can
convert gates to others if the following stepsfalilewed accordingly:

Complement all inputs.

Convert all AND operations to ORs
Convert all OR operations to ANDs
Complement the entire expression.

AOBIAB

ALBIALB

The key to the theorem is break the line, changesidmn
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The truth table to prove the theorem is shown below

A B

1B AIB |AB

Bl =] O] ©
R O R, ©
o| o] r| >
o| r| o »r|WI
ol o| o| r|*”!

1 1
1 1
1 1
0 0

4.0 CONCLUSION

In this unit you have been introduced to the basiaciples of the
Boolean algebra and the demorgans theorem.

50 SUMMARY

In this unit we have been able to extend knowledgthe theory and
applications of Boolean algebra, the De Morgan'sotem and the
different rule that govern the use of Boolean atgeln digital
electronics.

6.0 TUTOR-MARKED ASSIGNMENT

Simplify the expression using Boolean algebra

Xy [ Xy [ Xy
X [ Xy [
Xz [

Xyz
[AB (C [IBD) ©

AB|C

69



IFT236 ANALOG AND DIGITAL ELECTRONICS

ABC

Apply DeMorgan’s theorems to the  following
expression
A [1BC

DE [).
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1.0 INTRODUCTION
A logic gate is an electronic circuit which makegit decisions. It has
one output and one or more inputs. They are theddomental blocks

with which digital systems are built. The output asresult of the
implementation of the logical algebra known asBloelean algebra.

2.0 OBJECTIVES

At the end of this unit, student should be able to:

identify the different logic gates

analyze circuits with logic gates

generate other gates from the universal gates.

3.0 MAIN CONTENT

3.1 Logic Gates

One characteristic of this Boolean algebra is thatvariables can only
assume one of the two values 0 and 1. Where O)(zarorepresent off,
low, minus or false depending on the conventiondusdile 1 (one)

takes the opposite state. The gates are availablarious IC families,
popular among them are the transistor- transistgicl(TTL), emitter
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coupled logic (ECL), metal oxide semiconductor (MO&nd the
complementary metal oxide semiconductor (CMOS). tMafs these
families have their unique characteristics and itjaalfor example, the
TTL families consume considerable quiescent curvdnite the CMOS
which is factor than the TTL consumes zero quiescarrent (though it
is more delicate) among other properties.

We shall be considering the following gates andrtheth table OR
gate, AND gate, NOT gate, NOR and NAND gates. Aaptfjate we
will look at is the exclusive OR gate. The logiecdsto determine the
state of the variables can either be positive @atiee. In the positive
logic, where there are two voltage values, the muositive of the
voltage represents the high while if we are opegatn the negative
logic, the more negative value would representibh state.

3.2 OR Gate

The OR gate is a gate which produces a high outbany or both (all)
if its inputs are high. It symbolizes logic additio

0 + 0 =0

Rlrlolol>

R olr|lolm

D

0 —— 0 0
\ N o / __+
O_;._/ A
0
._¢/
0+ 1 =1
0 o 1
) N—1 L —+
1_‘ /
C 1
I
O 14+ 0=1
1 e 1 1
—
) — 1 — - —+
0 —
1 0
1 L]
1+1=1
1< 1 1
| —1 I -—+
1— 7
1
L v |

Figure 2 input OR gate

From the diagram (b) we see that so long as atiyeo$witches is closed
the bulb will light up. The OR gate representsBio®lean equation;

A+B=C

NOTE: a truth table is a table which gives the autgtate for all the
possible input combination.
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This OR gate can also be known as an inclusive @fe because it
includes the case when both input are true. Gateshave any number
of inputs but standard packages contain four 2utirgates, three 3-
input gates. The OR gate can also be derived frsorate circuits. e.g.
diodes and transistors.

3.3 AND Gate

The AND gate is a logic gate which will give a hightput if and only if
all its inputs are high. It symbolizes logical nipiitation.

SYMBOL

0%x0 =0

6 - 0 0 0

SIS e Y
0x1=0

o R

- o +—/*—° °———+
1%x0=0

— 1 o 0

ol O po——CH
1x1=1

L — 1 1 1

T b

Figure 2 —input AND gate
The AND gate works on the Boolean algebra
AXB =C
From the diagram it can be seen that an AND gatebeaepresented by
a series circuit. For the lamp to come on, theadweis A and B must be

on. Below are truth tables for two and three indND gates.

Two input AND gate. C = output Three input AND gdbe= output
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The AND gate can also be realized using the diodktlae transistor.

A|B |C

A |B |C |D

0 |0 0O |0 |0 |O
0

oOl1 10 0O |0 |1 1|0

1/0 |0 O |1 |0 |O

111 1 O |1 |1 1|0

3.4 The NOT Gate (Inverse)

The NOT gate is also known as an inverter becauseaerts the input
signal. It has one input and one output terminik Togical symbol for
negation or inversion is a bar over whose funci®rio indicate the
opposite state. The symbol of the NOT gate is shioglaw. Truth table
for the NOT gate

A B
0 1
1 |0

=

Figure 3 NOT gate symbol

3.5 The NOR Gate

The NOR gate is a combination of the NOT and thegat. The NOT
gate function is a reverse of the OR gate functonit will have an
output of 1 only when all its inputs are 0. Theputtof the NOR gate is
fed to the input of the NOT gate to give NOR.

The NOR gate is also referred to as a universa batause it can be
used to simulate OR, AND and NOT gate functionse MOR gate

symbol is an OR gate symbol with a bubble at thipwupin as shown

below.

2-input NOR gate

Input,— " Output
Inputs_; S
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Figure 4-input NOR gate

Equivalent gate circuit
Input,— ™

| )— o Output
Inputg——=__~ L P

Truth table for the 2 input NOR gate
A B C

0 [0 |1
0 |1 |0
1 0 |0
1 1 |0

OR GATE FUNCTION
By placing another inverter at the output of theR@ate the output is
inverted giving an OR gate function.

OPERATION

A

B
A+B= —
ATB=C

AND GATE FUNCTION
In this case, two inverters are used in the inpbe inputs are inverted
before going into the NOR gate and thus the outptite NOR gate is:

A
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NOT GATE FUNCTION

In this case the two inputs are tired together #nedoutput is A + A
which by demorgan is A. the OR and AND gates cao &le derived
from using purely NOR gates.

) e
NAND Gate

In this case the circuit of the AND gate is fedHte input of an inverter.
The gate gives an output of 1 if either A or B othbare 0. The NAND
gate is also a universal gate as it can be comkaseshown to get either
an AND gate or an OR gate operation. The NAND gatabol is an

AND gate symbol with a bubble at the output pirslhswn below.
C=AB

FROo[Oo[>
ROk ol
SINISI[e)

Implementation of a NOT gate using a NAND

A

—T A
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XOR Gate

Exclusive-OR gates output a high, (1) logic leviethie inputs are at
different logic levels, either 0 and 1 or 1 andC@nversely, they output
a low (0) logic level if the inputs are at the safogic levels. The
Exclusive-OR (sometimes called XOR) gate has bo#lyrabol and a
truth table pattern shown below:

B| Output
0 0
1
0
1

Exclusive-OR gate

Input,—\ ™

— Output

e | OO e

1
1
0

Inputg—L_~

There are equivalent circuits for an Exclusive-O&egmade up of
AND, OR, and NOT gates, just as there were for NABDI] NOR
gates. A rather direct approach to simulating adstve-OR gate is to
start with a regular OR gate, then add additiorakg to inhibit the
output from going, high, (1) when both inputs aighh (1):

‘/‘r:
Input,+——= ™ — Output

InputBJ—;, 7
3.8 XNOR Gate

Exclusive-NOR gate, otherwise known as the XNORgsivalent to an
Exclusive-OR gate but it has an inverted outpute Triath table for this
gate is exactly opposite as for the Exclusive-Ofe:ga

A| B | Output
1

Exclusive-NOR gate

0

—

Input,—\

N\
) )o— Qutput
Inputg—L_~ P !

- O] | O

0
0
1

Example 1

A digital signal 101011 is applied to a NOT gateawvtvill be the NOT
gate output.

Input=101011
Output=010100
SELF ASSESSMENT EXERCISE

Twosignals A=101101andB=11010 1lfackto a 2 input
AND gate sketch the output signal.
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Convert the following Boolean expression to loggng different logic
gates.
(A.B+C)

4.0 CONCLUSION

In this unit you have been introduced to the défdrlogic gates, their
symbols and applications.

5.0 SUMMARY

In this unit we have been able to extend knowleoigthe theory and
applications of the different types of logic gates.

6.0 TUTOR-MARKED ASSIGNMENT

Twosignals A=101101andB=11010 1faeceto a 2 input
AND gate sketch the output signal.

Using DeMorgan’s theorem, convert the following Bxamn expressions
to equivalent expressions that (i) have only OR awminplement
operations, and show that the functions can beamphted with NOR
gates only; (ii) have only AND and complement opieres, and show
that the functions can be implemented with NANDegatnly.

(a)
(b)

f xyrl
frl(yl

Xz [
Z)(x [

yz

y)(y [ 2)

3) Express the switching circuit shown in the fggum binary logic
notation and generate the truth table

A L
@
N—

Voltage
source
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1.0 INTRODUCTION

In the design of logic functions by means of logates, more than one
solution is usually available for the implementatiof a given logic

expression and some combinations of gates can maple a given

function more efficiently than others. The challeng logic design is

the assurance of having chosen the most efficealization.

A very popular and easy to use procedure for sigpll logic design

exists and it utilizes a map, describing all pdesitombinations of the
variables present in the logic function of interéigis map is called a
Karnaugh map, after its inventor. The karnaugh s@psists of row and
column assignments for two or more variables amdngo that all

adjacent terms change by only one bit. Each mapistsnof 2N cells,

where N is the number of logic variables. Karnauaggps allow us to
convert a truth table to a simplified Boolean esgren without using
Boolean Algebra.

2.0 OBJECTIVES

At the end of this unit, student should be able to:

. the understanding of the use of karnaugh mapsgic besign

. the understanding of the use of karnaugh mapsnipliication
of logic design

. the understanding of conversion of truth tables Bwolean
algebra

. the generation of digital logic circuits from trugbles.
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3.0 MAIN CONTENT
3.1 Introduction to Karnaugh Maps

Karnaugh maps are a graphical way of simplifyir§omlean expression
and thus simplifying the resulting circuit. A Kaugh map is a
completely mechanical method of performing thisgifitation, and so
has an advantage over manipulation of expressi@nsguBoolean
algebra. Karnaugh maps are effective for expressadrup to about six
variables. For more complex expressions the morarastd Quine-
McKluskey method may be appropriate.

The Karnaugh map uses a rectangle divided into e columns in
such a way that any product term in the expressidre simplified can
be represented as the intersection of a row aralueno. The rows and
columns are labeled with each term in the expraessamd its
complement. The labels must be arranged so that kadzontal or
vertical move changes the state of one and onlyanable. The figure
3.1 below shows karnaugh map with 2,3and 4 vargable

X X X o
P

X7 0

i
il
I

IF X¥r XY XT XY 00 01 11 10

N
o

XyZ | X¥

|

=il
=
3]
=il
bt
]

X¥z | xX¥z

N
=
(]
=il
et
N

X X wX WX X 00 01 11 10
X
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N
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P

|
N
-

P

=l
]
=

=il
~
]
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=
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=l
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=
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-
N
N

-t
(]
=l
P
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N
=l
-
-
N
&1
P
-
5]
-1
=il
bt
8]
S

Figure 3.1 Karnaugh maps with 2, 3, 4 variables
3.2 Circuit Simplification Using Karnaugh Maps

The following steps are required to use a Karnaugp to simplify an
expression:
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Draw a “map” with one box for each possible prodtertm in the
expression.

The boxes must be arranged so that a one-box maoxesither

horizontal or vertical changes one and only onéabée. See Figure 3.1.
For each product term in the expression to be $ieqhl place a
checkmark (or a 1) in the box whose labels areptioeluct's variables
and their complements.

Draw loops around adjacent pairs of checkmarkscli&are “adjacent”
horizontally and vertically only, not diagonally. Block may be “in”
more than one loop, and a single loop may spanipteittows, multiple
columns, or both, so long as the number of checksnanclosed is a
power of two.

For each loop, write an unduplicated list of theng which appear; i.e.
no matter how many times A appears, write down only A.

If a term and its complement both appear in the ¢igy. both A andl
delete both from the list.

For each list, write the Boolean product of the aarimg terms.
Write the Boolean sum of the products from Stefhis; is the simplified
expression.

Example 1

Simplify the Boolean expression below using karmaogps AB| A B
Solution

This is an expression of two variables. A rectanglérawn and divided
so that there is a row or column for each variad its complement.
Next, we place checks in the boxes that represaett ef the product
terms of the expression.

A A
-
B/ /\':
\
_ \
Bl v/
\_/

Figure 3.2: Karnaugh map for example 1

The first product term is AB, so a check is plaoethe upper left block
of the diagram, the conjunction of A and B.

The second is A B, so we place a check in the ldgfeblock. Finally,

we draw a loop around adjacent pairs of checks.ldd contains A, B,
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A, and B . We remove one A so that the list is ypidated. The B and
B “cancel,” leaving only A, which is the expectezult: AB1 AB [] A.

Example 2

Simplifiy ABLIABLI — —

AB using K-Maps

Solution

There are two variables, so the K-Map is the sasne &xample 1. The
solution will be derived using the following steps:

Place a check in the A B area. Place a check iAtBerea.

Place a check in the AB area. ~—

Draw loops around pairs of adjacent checks.

A A
N\
B [V
v |
B \ 5.. /)
R

Figure 3.3: Karnaugh map for example_2

The Vertical loop contains A , B, A, B . Since Adaplicated, one of it
is removed. B and its complement B both canceleaiting only A .

From the horizontal loop we have A, B, A, B .Thmﬁcatg B is
removed and the A cancels out with its complement.
The Boolean sum of the manipulation is now A + Balihs the answer.

3.3 Simplifying Logic Circuits Using Karnaugh Maps

The major advantage of Karnaugh maps is its abiitgimplify logic
design by simplifying the Boolean expression andfath table and
eliminating unnecessary logic gates in a digitgldadesign.

Example 3

Given the truth table for a 3 input logic design:

Generate the Boolean equation and sketch the tgiait required to
implement the truth table
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Simplify the logic design using K-maps and sketich tesultant logic
circuit.

The output is the X column.

Table 3.2 Output of the 3 input logic circuit

I lellellellalh
A EEEEREEY
NEIEEREIREE
Rlo|lo|o|lkr|o|lo|r|X

Solution

From the truth table, the circuit generates an wuiphen X = 1.The
product of the terms at which X = 1 is taken ouf aammed together.
This sum is known as sum of products and it isBbelean expression
that generates the truth table.

Products terms are:

ABC ,

ABC

and ABC

Sum of products =
ABC

+ ABC

+ ABC

The digital logic circuit based on the Boolean emumis given below.
Note, the inputs are A, B and C and the complemanets

ABC

The complements are generated by the use of imgesteNOT gates.
ABC complements are fed into a 3 input AND gatela/iABC is fed
into another 3 input AND gate and ABC is fed inke tthird 3 input
AND gate. The inputs of the three 3-input AND gases fed together
into a 3-input OR gate. The circuit diagram is shdvelow.
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A B C

Y [ [V

.
| >—|J
N\ -

|
P
BN

| )J_I
1
—

Figure 3.4: Digital logic circuit for example 3

The truth table generates an expression with tipreeuct terms. A
measure of the complexity of a digital logic cittcigi the number of gate
inputs. The circuit in

Figure 9.4 has 15 gate inputs. The Karnaugh maptter sum of
products expression is shown in Figure 9.5 below.

AB AB AB AB
= E
V) <‘_’

C

c v

Figure 3.5 Karnaugh map for example 3

In this Karnaugh map, the large loop surrounds & &nd ABC .1t
“wraps around” from the left edge of the map totiiglt edge. The A
and A cancel, sothese two terms simplify to BC.

ABC

Is in a cell all by itself, and so contributes thlfee of its terms to the
final expression.

The simplified expression is B (C ABC and the simptified circuit is
shown in Figure 9.6. In the simplified circuit, otlgee-input AND gate
was removed, a remaining AND gate was changeddaartputs, and the
OR gate was changed to two inputs, resulting iir@uit with ten gate
inputs.

A B C
’§\7 Al
M
Y
| =

Figure 3.6: Simplified Circuit in example 3
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4.0 CONCLUSION

In this unit you have been introduced to the usthefkarnaugh map in
simplification of digital logic circuits. The follsing observations are to
be noted in the generation of loops in the K-mapst maximum
simplification, the loops are to be made as bigassible with big loops
being the preferred size. The restriction is thae toop must be
rectangular and enclose a number of checkmarksstsapower of two.
When a map is more than two rows deep, i.e. wheapitesents more
than three variables, the top and bottom edgeseatonsidered to be
adjacent in the same way that the right and lefesdare adjacent in the
two-by-four maps above. If all checkmarks in a l@wp enclosed within
other loops as well, that loop can be ignored bseall its terms are
accounted for.

5.0 SUMMARY

In this unit we have been able to extend knowledigthe theory and
applications of the Karnaugh Maps.

6.0 TUTOR-MARKED ASSIGNMENT

1 Given the following Karnaugh maps, determinertlagic equation.

WX WX

Y\ 0 or 11 10 S\ 0 01 1110
ol 1 {1 | ofo ol 1o | o]
1 1 1 0 0 1| o 0 0 0

Given the truth table for a 3 input logic design,

Generate the Boolean equation and sketch the tgiait required to
implement the truth table in Table 9.3

Simplify the logic design using K-maps and sketich tesultant logic
circuit.

The output is the X column.

Table 3.3 Output of the 3 input logic circuit

o[o[oo[>
Y =l =]lY

Rlolklo|lO
Rk lo|lo|X
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SRR
PR OO

RO O
=)

3 Use a Karnaugh map to simplify A BICA BC [ —

ABC .
7.0 REFERENCES/FURTHER READING

Mendelson, Elliott, (1970). Schaum's Outline of dityeand Problems of
Boolean Algebra. McGraw- Hill

Maddock R.J and Calcutt D.M (1994). Electronics:Caurse for
Engineers Second Edition. Longman Publishers.

Neamen D.A (1996). Electronics Circuit Analysis
and Design.

McGraw-Hill Publishers.

87



IFT236 ANALOG AND DIGITAL ELECTRONICS

UNIT 4 COMBINATIONAL CIRCUITS — ARITHMETIC &
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1.0 INTRODUCTION

This unit is designed to equip the student with@ppr understanding of
how arithmetic & logic functions are obtained viantbinational

circuits. The unit focuses on fundamental arithmdtinctions i.e.

adders, subtractors, and comparators.

2.0 INTENDED LEARNING OUTCOMES (ILOS)

The student is expected at the end of this unitet@ble to have a good
understanding of how combination circuits can beduso realize
arithmetic & logic functions that are central toetloperation of
microprocessors.

3.0 MAIN CONTENT
3.1 Adders

There are fundamentally two types of adders frontlviether types of
adders are derived. These include half adder, ladutl adder, and the
operation of each type of adder is governed by ughttable. The
following sub-sections discusses these adders.

3.1.1 Half Adder
The half adder as a combinational circuit is usedtie addition of two
bits. The circuit for this type of adder is chaeaed by two inputs, and

two outputs. The input bits are called augend aftad bits, while the
output bits are called sum and carry bits. Figude shows the circuit
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diagram for the half adder while Table 3.1 showsdrresponding truth
table.

Figure 3.1: Half adder circuit

Table 3.1: Half adder truth table

Inputs Outputs
A B S C
0 0 0 0
0 1 1 0
1 0 1 0
1 1 0 1

From the circuit diagram, the logic equation foe thalf adder can be
deduced as follows:

S=A®B
C = AB (3.1)

The validation of the logic equation 3.1 using VHDiardware
description is shown in figure 3.2.

800.000 ns

Name  ©0.000 ns 500.000 hs 1,000.

MA I
up| [ |

és | o
W C [ ]

Figure 3.2: Digital waveform validation of half aetdusing VHDL

3.1.2 Full Adder

The full adder is used for the addition of threpuinbits where the first
bit represents the augend, the second the addeddha third the carry
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bit from a previous addition. Similar to the halflder, it has two
outputs- the sum output, and the carry output. feigdi3 shows the
circuit diagram for the full adder, while Table 3.2hows its

corresponding truth table.

X
et

Figure 3.3: Full adder circuit

Table 3.2: Full adder truth table

Inputs Outputs
X 1Y |Cin |S C
0 0 0 0 0
0 0 1 1 0
0 1 0 1 0
0 1 1 0 1
1 0 0 1 0
1 0 1 0 1
1 1 0 0 1
1 1 1 1 1

From the circuit diagram, the logic equation foe thull adder can be

deduced as follows:

S = X®Y®C;,
C=XY+XCy+YCp,

The validation of the logic equation 3.2 using VHDhardware

description is shown in figure 3.4.

90

(3.2)




IFT236 ANALOG AND DIGITAL ELECTRONICS

1,600.000 ns

Name 0.000 ns S00.000 ns 1,000.000 ns 1,%00.000 ns 2,
M X |

My | |

L L N I N

s | | I

W c I

Figure 3.4: Digital waveform validation of half aetdusing VHDL
3.2  Subtractors

Similar to adders, there are fundamentally two sypesubtractors- half
subtractor, and full subtractor. Other types oftsadiors are derived
from these two.

3.2.1 Half Subtractors

The half subtractor is similar to the half adderthe sense it has two
inputs and two outputs. It subtracts one bit fromother bit, with the

first bit being the minuend bit, and the secondbleing the subtrahend
bit. The output bits are the difference and bortwis. Figure 3.5 shows
the circuit diagram for the half subtractor, andbl€a3.3 shows its

corresponding truth table.

o= o [ S
‘L}DB

Figure 3.5: Half subtractor circuit

Table 3.3: Half subtractor truth table

Inputs Output:
X Y D B
0 0 0 0
0 1 1 1
1 0 1 0
1 1 0 0

From Table 3.3, equation 3.3 is derived for thié-&abtractor.
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D=x®Y (3.3)
B =XY

The functional verification of the Table 3.3 is shoin figure 3.6 using
digital waveforms obtained via VHDL modeling anchsiation.

Name 0.000 ns 500.000 hs 1,000.
M X |

Wy | 1 |

WD

B

Figure 3.6: Functional verification of half subtiactruth table

3.2.2 Full Subtractors

The full subtractor is characterized by three inpitg- the minuend, the
subtrahend, and the borrow bit from a previous llefeoperations.
Similar to the half subtractor, it also has twopuis- the difference D,
and the present borrow B. Figure 3.7 shows theuitifor the full
subtractor, while Table 3.4 shows the truth tabletlie circuit.

X Y Z

st

o 00 00 o
Figure 3.7: Full subtractor circuit
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Table 3.4: Truth table for full subtractor

Inputs Output:

R Rk |~|lolololo|x
PP |olo|r kool
R(O|k|o|r|O|r|o|N

~(Clolrk|olF |k lolC

B
0
1

1
1
0
0

0
1

From the circuit diagram and the truth table, thgid equation for the
full subtractor is derived as shown in equation 8:ile the validation
of the truth table is shown in figure 3.8 usingi@ibgwaveform analysis.

D=XYZ+XYZ+XYZ+XYZ (3.4)
B=XY+XZ+YZ '

1,600.000 ns

Name 0.000 ns 500.000 ns 1,000.000 ns 1,%00.000 ns 2
M X |
uy T ——
| N S I S N
W D
e [ T

Figure 3.8: Functional verification of full subttac truth table
3.2 Comparators

A comparator is a combinational circuit that congsatwo binary
numbers and determines the relationship between #eebeing equal,
less than, or greater than. In practice, the madélyw used comparator
is the magnitude comparator. Given two binary nusl#e and B, the
operation of the magnitude comparator on these rtwmbers outputs
one of three possibilities i.e. A = B, A < B, or-AB.

To understand the working of the magnitude comparatonsider an
example when both A and B are 4-bits wide as falléw= A3SA2A1A0,
and B = B3B2B1BO0. The two numbers are equal when=AR3, A2 =
B2, A1 = B1, and A0 = BO; this comparison is detewad by the
relationship in equation (3.5).

x; = A;B; + A'B! (3.5)
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where xi = 1 iff the ith bits are equal.

Consequently for the 4-bit comparatofA = B) =
(x3%2%1%0)
(A > B) = A3Bé + x3AzBé + x3x2AlB]’_ + x3x2x1AoB(,)

(A < B) = A5B; + x3A5B, + x3x,A1B; + x3%,%,A4Bg

The gate level implementation for the three outpgtsA = B, A > B,
and A < B is shown in figure 3.9.

A

VY QY YY
YIYIYIYIYIYIYIY

w
joe]
@
>
N
o]
N
>
—a
oe)
o
=]

BO

B |

1 o PN

%D_D

l (A>B)
([ E X N NN NN NNNENENNNNN.] (A=B)

Figure 3.9: Combinational circuit for a 4-bit maigiwie comparator

The simulation of the circuit using VHDL vyields theveform function
verification of the circuit as shown in figure 3.10

L |

Name 0.000 ns 500.000 ns 1,000/000 ns 1,50¢
> WA30)| (ool Y 1000
> WB[30] ¢ 001l :;;,_: 1010

dAeqB[ |

WY B

WA ItB I_—

o [Tl

B x1 1

ue | | |

ve  [IEEEL |

Figure 3.10: Functional verification of 4-bit magde comparator
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40 TUTOR MARKED ASSIGNMENT

Consider the combinational circuit shown below:

N L

Derive the logic equation for the circuit, and frothe equation,
construct a corresponding truth table.

5.0 CONCLUSION

In this unit, you have been introduced to the thmemst fundamental

arithmetic & logic circuits i.e. adders, subtrastoand comparators as
combinational circuits. You have also been shownrbxus between a
truth table and the behavior of a combinationadiotr

6.0 SUMMARY

The unit has been able to show to the reader hawtlieoretical
knowledge of a class of combinational circuit isedisin realizing

arithmetic & logic functions. The reader has alserbshown the central
role truth tables play in understanding and usmmglainational circuits.

7.0 REFERENCES/FURTHER READING

Tertulien, N. (2016). Digital Electronicsl: Combiio@al Logic
Circuits. Wiley, pp 1 — 276. ISBN: 978-1-848-21984-
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UNIT 5 COMBINATIONAL CIRCUITS — DATA
TRANSMISSION: MULTIPLEXERS,
DEMULTIPLEXERS, DECODERS, ENCODERS

CONTENTS

1.0 Introduction
2.0 Intended Learning Outcomes (ILOS)
3.0 Main Content
3.1  Multiplexers
3.2 Demultiplexers
3.3 Decoders
3.4 Encoders
4.0 Self-Assessment Exercise(s)
5.0 Conclusion
6.0 Summary
7.0  Further Readings

1.0 INTRODUCTION

This unit is designed to equip the student withhgppr understanding of
how data transmission systems are designed viaioatidnal circuits.
The unit focuses on combinational circuit composéehat are central to
the success of data transmission circuits.

2.0 INTENDED LEARNING OUTCOMES (ILOS)

The student is expected at the end of this unitet@ble to have a good
understanding of how combination circuits can bedu® in the design
of data components that used in the design oftdatamission systems.

3.0 MAIN CONTENT
3.1 Multiplexers

Multiplexers are a special class of combinationatuits that are
characterized by a single output, and allow thespge of a particular
binary information to the output from a set of pbks inputs; the
selection of the binary input is done by a set d&le lines whose
combination enables the input of interest to bespado the output. For
any set of 2n input lines in a multiplexer, there a selection lines.
Conceptually, figure 3.1 shows how a multiplexer tgpically
represented in a digital circuit design.

96



IFT236 ANALOG AND DIGITAL ELECTRONICS

-
) —D'

Input lines < : MUX Output
In '—>

/IO/ Jn

-

Selection lines

Figure 3.1: Block diagram of a multiplexer

Consider the case of a 4-to-1 multiplexer i.e. guis 1-output
multiplexer as an example. Such a circuit and agesponding truth
table are shown in figure 3.2 and Table 3.1 respsgt

S1 So

h > ?j % :\/

h > Py D
% — Y

2 > [ Py D

3 > Py [\

* L/

o o L I
Figure 3.2: A 4-to-1 multiplexer

Table 3.1: Truth table for a 4-to-1 multiplexer

Si SC Y
0 0 10
0 1 11
1 0 12
1 1 13
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Table 3.1 shows the required selection line conlmnato enable an
input pass to the circuit. The selection line camabipn that enables a
particular input to be transmitted to the outpidoatiisables all other
inputs from being transmitted to the output. Figl#& shows the
functional verification of the 4-to-1 multiplexenav VHDL modeling

and simulation.

800.000 ns

Name 0.000 ns $00.000 hs 1,000

il 50 |
M s1 L
M io

i1

Ml i2

i3

i [ e
%|SelectLine[1:0)|¢ 0 X 1 ¥ 2 X 3

Figure 3.3: Functional verification of 4-to-1 mplexer

3.2 Demultiplexers

Demultiplexers (demux) perform a reversal operatdnmultiplexers
where a single input is routed to any of the memlwéra given set of
outputs. Figure 3.4 shows the conceptual represemtaf a demux in a
typical circuit design.

Input Demux : Outputs
1

Selection lines
Figure 3.4: Block diagram of a demux

Consider the case of a 1-to-4 demux shown in figike and whose
truth table is shown in Table 3.2. It can be sdwnrouting of the input
to a specific output port is achieved by the ANCei@ghion in the truth

table.
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IFT236
$1 So
R

I o 5
° *

e o o o

Figure 3.5: A 1-to-4 demux

Table 3.2: Truth table for a 1-to-4 demux

Selection lines Outputs

S1 SO YO | Y1 | Y2 ]| Y3
0 0 1 0 0 0
0 1 0 1 0 0
1 0 0 0 1 0

1 1 0 0 0 1

The functional verification of the truth table ifosvn in figure 3.6
where the routing of the input to different outpo#s be seen when the
signal values in the select lines are changed.

1,000.000 ns

Name 0.000 ns

S00.000 ns 1,000

.000 ns

Wso | 1

M s1 |

M
M YO0

Ml Y1 I I

M Y2 |

M Y3

Figure 3.6: Functional verification of 1-to-4 demux
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3.3 Decoders

Decoders are a class of combinational circuits ttatvert binary
information from n input lines to a maximum of 2ntput lines. The
goal of decoders is to minterms that less-thangoiak 2n for n input
variables. The operation of a decoder is such tbatevery input
combination, a unique output is asserted. FiguresBows the block
diagram of a decoder.

_ 3
—_—aln-to-m line

ninput g
P ‘L decoder m output
—

Figure 3.7: Block diagram of an n-to-m decoder

vy

v

Consider the case of a 2-to-4 decoder whose cideagiram is shown in
figure 3.8, and whose truth table is shown in TaBl8. It can be
observed from the truth table that for every seinptit combination, a
unique set of output is generated.

X

U U

Figure 3.8: Circuit diagram of a 2-to-4 decoder

Table 3.3: Truth table of a 2-to-4 decoder

Inputs Outputs

X y DO D1 D2 D3
0 0 1 0 0 0

0 1 0 1 0 0
1 0 0 0 1 0
1 1 0 0 0 1
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The functional of Table 3.3 via waveform analysishown in figure 3.9
that was generated using VHDL.

Name 0.000 ns §00.000 ns 1,000.000 ns
M X
My | [ ]
W DO
W D1 |
M D2
W D3 |

Figure 3.9: Functional verification of a 2-to-4 dder
3.4 Encoders

Encoders are combinational circuits that perforen itiverse operation
of a decoder. They have less-than-or-equal to gatilines and n output
lines. For every given input, the encoder generatesorresponding
binary code on the output lines. Figure 3.10 shiwvesblock diagram
representation of an encoder.

> >
) —_— )
2" input ——>{ Encoder i n output
>

1
— >

Figure 3.10: Block diagram of an encoder

A special class of an encoder is called a priostycoder whose
operation is such that when two or more inputs ageal to 1
concurrently, the input with the highest priorityllwiake precedence.
Consider the case of a four input priority encoslhose circuit diagram
is shown in figure 3.11, and whose truth tablensven in Table 3.4.

D, >
D1 >+ _'E ) > x
Dy —> = > >V

Figure 3.11: Circuit diagram of 4-input priority arder
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Table 3.4: Truth table for a 4-input priority eneod

Inputs Outputs

DO D1 D2 D3 X y \Y
0 0 0 0 X X 0
1 0 0 0 0 0 1
X 1 0 0 0 1 1
X X 1 0 1 0 1
X X X 1 1 1 1

Table 3.4 shows a proportional relationship betwélesm subscript
number and the priority of the input, with D3 hayithe highest priority
and DO having the least priority.

The logical equations for the 4-input priority edeo from the circuit in
figure 3.11 are stated as follows:

x:D2+D3
V:D0+D1+D2+D3

The functional verification of the circuit in figeir3.11 and equation 3.1
is shown in figure 3.12, where for every possiblgut combination, the
circuit responded according to the entries in T&bde

Name 0.000 ns S500.000 ns 1,000.000 ns 1,%00.000 ns 2
¥ Do | |
M D1 | |
¥ D2 |
M D3
Ml x l
al y |
MV |

Figure 3.6: Functional verification of 4-input prity encoder
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40 TUTOR MARKED ASSIGNMENT

The truth table for an octal-to-binary encoderhisvgn below:

Inputs Outputs

=
N
N

DO D6 | D7 | x| vy

0 0 0 |0 |O

o|o|o|lo|o|o|r|o|g

o|lo|o|o|lo|r|o|Plo

olo|o|o|r|o|o|C|lg
w

o|o|olr|o|lo|o|®lo
g

olo|r|olo|o|olClg
a

o|lo|o|o|o|o|o|-
o|lr|o|lo|lo|lo|o
Sllelleollelleolleolle]
N ===
===
==l =

Derive the logic equations for the encoder frons tble, and draw the
corresponding schematic from the equations.

5.0 CONCLUSION

In this unit, you have been introduced to the corational circuits that
are central to the operational of data transmissi@au have been shown
how truth tables are absolutely tangential to thdewstanding of these
circuits.

6.0 SUMMARY

The unit has been able to show to the reader havthleoretical
knowledge of a class of combinational circuit idisn realizing and
understanding of the application of combinationeduits and their role
in data transmission systems.

7.0 REFERENCES/FURTHER READING

Tertulien, N. (2016). Digital Electronicsl: Combiimal Logic
Circuits. Wiley, pp 1 — 276. ISBN: 978-1-848-21984-
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MODULE 4 SEQUENTIAL CIRCUITS
MODULE INTRODUCTION

The module is designed to make the student deveipprtant skills in

the design and analysis of sequential circuits.introduces the
fundamental devices used in the realization of eetial circuits, and
then takes the student further to the applicatiothe devices in design
examples. The unit also shows the student the atdnehethodology
used in designing sequential based on state machieefinite state
machines, and algorithmic state machines.

Unit 1 Sequential circuits — Synchronous: flip-ffQpregisters,
counters
Unit 2 Sequential circuits — Asynchronous: stadd#gsign

procedure, un-clocked flip-flops, time-delay etts

UNIT 1 SEQUENTIAL CIRCUITS — SYNCHRONOUS:
FLIP- FLOPS, REGISTERS, COUNTERS

CONTENTS

1.0 Introduction
2.0 Intended Learning Outcomes (ILOS)
3.0 Main Content
3.1 Flip-flops
3.2 Registers
3.3 Counters
4.0 Self-Assessment Exercise(s)
5.0 Conclusion
6.0 Summary
7.0  Further Readings

1.0 INTRODUCTION

This unit gives the student critical information dumndamental
components of a sequential circuit. The informatianges from circuit
symbol of components used in sequential circumsiyttruth tables, and
their areas of application in the design of basigugntial circuits to the
control units of microprocessors.

2.0 INTENDED LEARNING OUTCOMES (ILOS)
For this unit, the ILOs include the ability to gkiy identify sequential

circuit components, their truth tables, and th&atus as either positive-
edged triggered or negative-edge triggered sedlentircuit
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components. Another ILO is to know when to know thedamental
difference between a register and a flip-flop, aviten to apply each.
The student is also expected to develop a basierstahding of how
flip-flops are used in designing counters.

3.0 MAIN CONTENT
3.1 Flip-flops

Flip-flops (FFs) are circuits in digital electrosithat are characterized
by two stable states that can be used for theggavbdata. Through the
application of varying inputs, the stored data banchanged. FFs are
the foundation building blocks in electronic syssethat range from
communication systems, control systems, and comgustystems. There
are four fundamental types of flip-flops used igential circuits- SR
flip-flop, D flip-flop, JK flip-flop, and T flip-flop; of these four, the SR,
D, and JK flip are the most widely used.

3.1.1 SR Flip-flop

The SR (Set-Reset) flip-flop is the most widely disigp-flop in digital
designs. The operation of the SR flip-flop is stitét when the S input
is HIGH i.e. digital 1, the Qa output will be HIG&hd the Qb output
will be LOW i.e. digital 0. Figure 3.1 shows the hematic
representation for the SR flip-flop.

— Qq

. } — Qp

Figure 3.1: Schematic representation of an SRiiitip-

The truth table for the operation of the SR flipgilis shown in Table
3.1 where it can be observed that when the SR snana both O, there
will be no change in the value at the Qa and Qpustof the flip-flop.
When the S input is 1 and the R input is 1, thepwist of the SR are
thrown into a 0 output; this can lead to unpredilgabehavior in a
digital system. For other possible combinations, @a output trails the
S input, and the Qb output trails the R input. F&g8.2 shows the digital
waveform verification for the truth table SR flifmp.

Table 3.1: The truth table of an SR flip-flop
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S R Qa Qb

0 0 0/1 1/0 No change
0 1 0 1 Reset

1 0 1 0 Set

1 1 0 0 Forbidden

1,600.000 ns
Name 0.000 ns $00.000 ns 1,000.000 ns 1,$00.000 ns 2
Ms |
¥R |
Qa |
Qb

Figure 3.2: Waveform verification of the SR flim{

3.1.2 D Flip-flop

The D flip-flop is characterized by a single ingatled D input, and two
outputs Qa, and Qb. The schematic for the D fliphiswn in figure 3.3;
it is based on the idea of the SR flip, where than R inputs are
connected to the D input, with R input connectimgptigh an inverter.

S
D

(Data)

Clk 17

P
5 .
et

Figure 3.3: Schematic of the D flip-flop

Qa

When the D input is HIGH, S becomes HIGH and R bee® LOW,;

this translates in the Qa output becoming HIGH &pk output
becoming LOW at the rising edge of the Clk sigivdhen D is LOW,

the S input becomes LOW, and the R input becom&sH4lat the
output and at the rising edge of the clock, Qa besoLOW, and Qb
becomes HIGH. Table 3.2 shows the truth table ef@hflip-flop. The

digital waveform verification for the truth tablg the D flip-flop is

shown in figure 3.4.
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Table 3.2: The truth table of D flip-flop

D Qa Qb
0 0 1 Reset
1 1 0 Set
B - 200:000 5
Name 0.000 ns 500.000 ns 1,000/000 ns 1,50¢

annnnnnnnnnnn
up | L |
doa L. T
oo o] ||

Figure 3.4: Waveform verification of the D flip-flo

3.1.3 JK Flip-flop

The JK flip-flop is a device that operates in a m&mto the SR flip-flop
where the function of the J input corresponds & $hinput in the SR
flip-flop and the K input corresponds to the R ihputhe SR flip-flop.

The fundamental difference between the JK flip-feopd the SR flip-
flop is that when the J and K inputs are HIGH, tleet state of the flip-
flop is the inverse of the current state; for thefip-flop, when S and R
inputs are HIGH, its next state is undefined. Feg®.5 shows the
schematic for the JK flip-flop, and Table 3.3 shdiws truth table of the
JK flip-flop.

Y
By

:D D Q Qa

> Q Qb

K —>0—]

—

Clock

Figure 3.5: Schematic for JK flip-flop

Table 3.3: The truth table of an SR flip-flop

J K Qa Qb
0 0 Qa Qb No
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change
0 1 0 1 Reset
1 0 1 0 Se
1 1 Qb Qa Inverse

Figure 3.6 shows the verification of the truth &lbif the JK flip-flop
using digital waveform analysis.

Name 0.000 ns 500.000 ns 1,000.000 ns 1,500.000 ns |2
Ml Clk ||||||||||||||||||||||||||||
MWJ |

ak] | mmmm |

¥ aa I e B e Il W
oy iesBEEsEhEsEs]
U os I e Enillnln )
U too . mmmm

Figure 3.4: Waveform verification of the JK flipafh
3.1.3 T Flip-flop

The T flip-flop is characterized by a single inmatled the T (Toggle)
input similar to the D flip-flop. When T is HIGHh& output of the flip-
flop toggles between 0 and 1 on the active edgéhefclock signal.
When it is LOW, the current state is maintainedhwy flip-flop. Figure

3.5 shows the schematic of the T flip-flop, and [€&h4 shows the truth
table of the flip-flop.

Db oo
Clk

D Clk

o' Qo

<

Figure 3.5: Schematic of the T flip-flop

Table 3.3: The truth table of an SR flip-flop

T Qa Qanext Qbnext
0 0 0 1
0 1 1 0
1 0 1 0
1 1 0 1
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The digital waveform for the functional verificat of the
truth table is shown

in figure 3.6.
Name 0.000 ns 500.000 ns 1,000.000 ns 1,%00.000
dck | 1111 LI 1]
ry | | LI

W Qa | | | | |
L e Bl B o B e B B
¥t Qa | | | | |
LT s B B s B e W B

Figure 3.6: Waveform verification of the T flip-fto

3.2 Registers

Registers are n-bit structures designed for stomktogt of information.
The structure is made of n number of flip-flopsuaity D flip-flops)
that share a common clock, and a common clearlsigaah flip-flop in
the register stores a unique bit of informationefEhare different types
of registers in literature, some of the most naaines include parallel
load registers, and shift registers.

The parallel load registers allow the loading dfrabits concurrently,
and it equally outputs the bits concurrently. F&Gct7 shows a typical
parallel load register for a case of 4-bits. Thes bget loaded
concurrently from the D inputs, and are clocked authe Q outputs.
Figure 3.8 shows the functional verification of tlegjister using digital
waveform analysis.

D, D, D, D,
Clear = 1 1 1
Clear Clear Clear Clear
D, O D, O+ D, O D, (e}
b Clk b Clk > Clk > Clk
‘ ~—E ‘ ~—{E ‘ —iE ~iE
Clock - ‘ .
Load =+
" "
QS Q‘ Q Q

o

Figure 3.7: A parallel load register (4 bits)
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1,400.000 ns

Name 0.000 ns $00.000 ns 1,000.000 nf 1,500.000
wow [T PR PR PR P AL LT
¥ Clear |
¥ Load » »

> W D[3:0]| ¢ 0110 X 1010

> W Q30 ( 0000 ¥ oo Y 1010

Figure 3.8: Functional behavior of a 4-bit paralteld register

Shift registers are used for shifting and rotatoperations on data that
are stored in the registers. Thus, they can be tmedhifting a data

from an input point to an output point (serial-grgl-out shift register)

passing a cascade of registers; they can alsodaefas conversion of a
serial data input to a parallel data output ané viersa. The structure of
the serial-in-serial-out (SISO) shift register i®wn in figure 3.9, and

figure 3.10 shows the functional verification oétregister using digital

waveforms.

Q, Q, Q, Q,
D Q D Q D Q D Q DataOut

Dataln

Clock > Q r> Q r>

Figure 3.9: SISO shift register

Ql
-

vV

Ql

1,800.000 ns

Name 0.000 ns 500.000 ns 1,000.000 ns 1,500.00p ns 2,000.0
M Clk ||||||||||||||||||||||||||||||

il Reset |

il Load

i patan | |
# DataOut 1. /T
vaor | [T ]
vz | [l ||
¥ a3 | | |

Figure 3.10: Functional behavior of a SISO register
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Another type of shift register is the serial-in-giél-out (SIPO) register.
Its operation is characterized by a serial inpu anparallel output.
Figure 3.11 shows the structure of the registeta@aters the register
via the Dataln port, and the first output i.e. @8aives the data after the
first clock cycle; the data travels to Q2 after tatock cycles, Q1 after
three clock cycles, and QO after four clock cyclagure 3.12 shows the
functional behavior of the SIPO shift register gsthgital waveforms.

Datain =———D; Q3 Dy Qs Dy O Do Qo
Cik > Clk > Clk > Clk
—E —E —E E
Clk — IV
Shift —»
v v v v
0 0, Q) 9

Figure 3.11: Structure of the SIPO register

Name 0.000 ns $00.000 ns 1,000.000 ns 1,500.00p ns 2,
o [T TP TP P LT T R LY
M Reset [ |

&l Shift

¥ Dataln | |

O |

w2 | [ T
dor | o [ —
oo — —
vtaos | [T |

Bto2 | [T 1 |
vtor | [T T |
¥ tao ] [ 1

Figure 3.12: Functional behavior of the SIPO regist

3.2 Counters

Counters are sequential circuits used for counseguence of values
where they measure the frequency of a given signahe interval

between two unknown time instants. Counters cairbadly divided
into asynchronous, and synchronous counters.
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In asynchronous counters, the clock is appliedhéofirst flip-flop only,
while the clock input to any succeeding flip-flop derived from the
output of the preceding flip-flop. Figure 3.13 slswan asynchronous
counter using JK flip-flop and having n stages, levfigure 3.14 shows
a T flip-flop version of it having three stagesgiliie 3.15 shows the
function behavior of the counter based on T flippfl

1
Y — J — J —J Qn—
01—| Q- Qn-1 ~|
Clack L &~ FF1 > FF2 > FF(n-1) 4> FF(n)
L1k LK L1k Lk

Figure 3.13: Asynchronous counter using JK fligaflo

I T Q—’ LT Q—’ LT Q
Clock > > > Q

: ’ : ’
Q(. Q, QJ
Figure 3.14: Asynchronous counter using T flip-flop
ERREREREEES |
Name 0.000 ns $00.000 ns 1,000.000 ns 1,%00.000 ns 2,

o [T L TP T L P LT
oo [T [ [T 1 1M m
"L e I e B o I s
de — [l
ufovo [l [ M 1 LR
LN o B e N e R e B
ve Tl . ol T

Figure 3.15: Functional behavior of T flip-flop

Synchronous counters are designed in a mannealtithe flip-flops are
clocked at the same time. Irrespective of the numide flip-flops
involved in the construction of this counter, thepgagation delay is
equal to delay of only one flip-flop. Figure 3.16osvs an example of a
synchronous counter that counts in the sequenee®— 5— 7 — 6
— 0, and whose functional behavior is shown in #gW®.17 using
digital waveform analysis.
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Clear Output Output Output

g Y O 0 0

(g0
g0
(90

J of— @—J J
. A=t

-
|

\_,I
Figure 3:16: Synchronous counter to courb@B —>5—7—>6—0
Name 0.000 ns 200.000 ns 400.000 ns 600
W Clk 1 /1 /1 71 F
> WCounti20]| (03 3 s 7 6 W0 3
¥ Qa | |
14 ana 1 I
oo | = |
14 anb ] | | [ 1
¥ ac ] | [
14 anc 1 1T 1

Figure 3.17: Functional behavior of synchronousnteu
40 TUTOR MARKED ASSIGNMENT
It is desired that a synchronous counter perfotmssequence of count

0000 to 0001... to 1001 and then return to 0000. Glaracteristic
equations for the operation of the counter are:

Jl=Ki=1

J2 = Q104"

K2 = Q1
J3=K3=Q1Q2
J4 = Q1Q20Q3
K4 = Q1

Draw a circuit for the counter based on the charattc equations.
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5.0 CONCLUSION

In this unit, you have been introduced to sequksirguits and their
governing truth tables. You have also been showw lsmple

sequential components can be interconnected tgrdesore advanced
and useful sequential circuits.

6.0 SUMMARY

The unit has been able to show to the reader hawthieoretical

knowledge of basic sequential circuits can be usetksigning circuits

with a desired functionality. The reader has alserbshown the central
role truth tables play in understanding and usewugntial circuits.

7.0 REFERENCES/FURTHER READING
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114



IFT236 ANALOG AND DIGITAL ELECTRONICS

UNIT 2 SEQUENTIAL CIRCUITS — ASYNCHRONOUS:
ANALYSIS PROCEDURE, RACE CONDITIONS,
STABILITY CONSIDERATIONS

CONTENTS

1.0 Introduction
2.0 Intended Learning Outcomes (ILOS)
3.0 Main Content
3.1 Analysis procedure
3.2  Race conditions
3.3  Stability considerations
4.0 Self-Assessment Exercise(s)
5.0 Conclusion
6.0 Summary
7.0  Further Readings

1.0 INTRODUCTION

Asynchronous sequential circuits (ASC) are a spetas of sequential
circuits that do not use clock pulses. The changieir internal states
occurs as a result of a change in input variablas.contrast to
synchronous sequential circuit (SSC) that use eldcKip-flops as
memory elements, ASCs use un-clocked flip-flopsecdlatches or time
delay elements. It should be noted that the memapability of time-
delay elements is a function of the time takenaa@ignal to propagate
through its digital gates. Conceptually, the ASGlepicted in figure 3.1
resembles a combination with a feedback.

] —p 5 Z)
2— —— > 22
ninput i moutput
variables : variables
o Combinational Zm
vl Circuit Y,

Ksecondary K excitation
variables y2 i i Y2 variables
{present state) {next state)

: Yy

Y[

Figure 3.1: Conceptual representation of an ASC

The ASC shown in figure 3.1 has two sets of inptitg, first being
external to the circuit, and the second being #wedbback input that
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represent the present state of the circuit. Sifgilawo sets of outputs
characterize the output of the circuit; the firsirlg the output from the
circuit, and the second is the output that serveamsinput to the
feedback loop.

2.0 INTENDED LEARNING OUTCOMES (ILOS)

The student is expected at the end of this unitet@ble to have a good
understanding of ASC, its area of application, giesnethodology, and
important considerations that must be made whenguieg ASC
circuits.

3.0 MAIN CONTENT

3.1  Analysis Procedure

ASC are usually analyzed by deriving a transitiombleé that
characterizes the sequence of internal states apdts as a function of

the changes that occur in the input variables. {denshe circuit shown
in figure 3.2.

Y1
X[ —— >n
N,
y2 >
> >—»

Figure 3.2: An ASC circuit

The circuit in figure 3.2 has two feedback loops thie OR gate outputs
which terminate at the AND gate inputs. The cir@al#o has one input
variable x and two internal states that are exdtgdwo variables Y1

and Y2 (next state), and two secondary variablesanyd y2 (present
state). The propagation delay from a y input temiesponding Y output
form the delay of the feedback loop. The standaildydvalues for the

logic gates ranges between 2 to 10ns, and the cbngevires 1ns.

For the circuit in figure 3.2 under consideratitile Boolean equations
are as follows:
Y1 =xy; +x'y,

' / 3.1
Y,=xy; +x'y, (3.1)
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From equation 3.1, the maps for Y1 and Y2 are éerigs shown in
figure 3.3a-b, while figure 3.3c shows the trawsittable that is derived
by the combination of the values in figures 3.3a-b.

X

X X

WNC o 1 YN, N
00/010 001011 00 (0001
01 (1|0 01 (1)1 01 (11|01
11 (1|1 11 (1(0 11 (11 (10
1010 |1 1000 10 | 00|10

(@) (b) (€)

Figure 3.3: Characteristics map and transitionetglal) Map forY; =
xy; + x'y, (b) Map forY, = xy’ + x'y, (c) Transition table

From figure 3.3c, a state table for the circuitdexived as shown in
Table 3.1 where the stable states i.e. yly2x = 000, 110, and 101 are
indicated in yellow. Similarly, the unstable states yly2x = 001, 010,

111, and 100 are indicated in blue. Figure 3.3 shtive waveform

verification of Table 3.1.

Table 3.1: State table for ASC circuit

Present Next state

state x=0 x=1

0 0 0 0 0 1

0 1 1 1 0 1

1 0 0 0 1 0

1 1 1 1 1 0
Stable stal

Unstable state

1,600.000 ns

Name 0.000 ns 500.000 ns 1,000.000 ns 1,$00.000 ns 2,

M x
v
‘y2
Wty
Wty2

I

I
[ T
| I S R
|

]]]L

Figure 3.1: Waveform verification of ASC circuit
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Formally, the following steps govern the derivatafrthe state table:
Evaluate all the feedback loops in the circuit

All output variables should be designated Yi, ahd torresponding
input variables yi for i = 1,2,...,k, with k represig the total number
of the circuit feedback loops.

Derive all the Boolean functions of Y’s, with respéo external inputs
and y’s.

For each Y, plot a function map such that the yialdes define the
rows, and the external inputs define the columns

Derive the transition table through the combinatainall map into a
single table where each square is defined as Y'¥2Y.1Yk

Identify the stable the states by matching the eslf the next state that
have the same value as the present state in a givenand unstable
states when the opposite is the case.

3.2 Race Conditions

In ASCs, a race condition is a situation when angeain the input
variables causes two or more binary state variablebange value. The
change in state variables is usually unpredictalfien unequal delays
characterize the race condition. As an examplejdfdesired that a state
variable changes from the value 8911, unequal delays will trigger a
transition 00— 10 — 11 when the latency of the first variable is less
than the second variable, and 8001 — 11 when the latency of the
second variable is less than the first variablenggégquently, a priori
knowledge of the order by which state variabled @hange is likely to
be impossible. However, if the final state of tlrewt is not affected by
the order in which the state variables change, therondition is called
noncritical race. If the reverse is the case, thewritical race has
occurred, and this should be avoided at all costs.

3.3  Stability Considerations

Stability conditions are an integral part of thesiga procedure for
ASCs in order to ensure stability and prevent @dmin of the circuit

between unstable states due to unstable condiidtey methodology

used for the detection of instability is the usdrahsition table analysis.
Consider the circuit shown in figure 3.4 alongside excitation

function. The transition table is shown in figur&.3

Y = (y)x, = (g +y)x, = xix, +y'x,
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o ——h

X2 >
Figure 3.4: ASC circuit

X1X2
00 01 11 10

ojoj1|1]0
1710(1(0 )0

Figure 3.5: Transition table

In the transition table of figure 3.5, the staliigtes i.e. when Y =y are
circled, while the un-circled states represent abist states. It can be
observed for column x1x2 = 11, unstable state gxeinsequently, the
values of y and Y are always opposite. For examphen y = 0, then Y

= 1; a table occurs in the second row of the coluwihen the reverse is
the case, the transition reverts back to the foat. Hence, as long as
x1x2 =11, an oscillation occurs infinitely betwe@and 1.

40 TUTOR MARKED ASSIGNMENT
An ASC circuit is defined by the following excitati equations:

Y1 =xy;, +xy,
Y, = xy; + xy,

Draw the ASC circuit represented by the equations
Derive the map for the two equations and draw taesition table from
the map.

5.0 CONCLUSION

In this unit, you have been introduced to ASC dtecand the standard
methodology for the analysis of ASC circuits. Yoavh also been
presented with two critical design factors for ASCcuits i.e. race
conditions, and stability considerations.
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6.0 SUMMARY

The unit has been able to show to the reader #wretical knowledge
of ASC circuits. The reader has also been shown ceéwral role
transition tables play in understanding of ASC wits:

7.0 REFERENCES/FURTHER READING
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