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Introduction

The Aims and Objectives of the Book

My main aim in writing this book is to introduce you to the exciting and
challenging field of analog electronics. I want to develop your desire and
ability to understand how analog circuits work.

The Objectives of the Book
After reading this book, you should be able to do some or all of the
following:

e You will appreciate what a semiconductor is.

¢ You should understand what a PN junction is and how
we can use it as a diode.

e You should be able to appreciate how an SCR works
and where we might use them as well as a Diac and
a Triac.

e You will understand how the PN junction led to the
NPN and PNP transistors.

e Youwill have learned how to design a simple BJT
amplifier and a more stabilized amplifier.

e You will have some appreciation of what FETs are and
the JFET and MOSFET devices.

e You will have a good understanding of Opamps and
how they can be configured in a variety of modes.
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e You will appreciate what a multivibrator is, and we can
create a monostable and an astable multivibrator.

e You will learn about oscillators and how we can
design the phase shift and Wien Bridge oscillators
using Opamps.

¢ You will appreciate some of the ways we can use the
555 timer IC.

e You will understand passive and active filters and how
we can use complex numbers to help analyze them.

e You should be able to use the ECAD software Tina
12. We will use the Tina ECAD software to simulate
the circuits in the book and thus prove they work as
expected.

Prerequisites

There are no real prerequisites for you except a desire to learn about
this exciting and challenging field of analog electronics. An appreciation
of Ohm’s Law and the main Kirchhoff’s laws would be an advantage.
However, we will recap them as we use them in the book.

Engineering Numbers and How | Express Them

There will be numerous times when we need to write numbers in their
engineering format. For example, 2200 can be written as 2.2k. We can

also use scientific notation, and this will write 2200 as 2.2 but with an
indication that the decimal point has been moved from 2200.0 three places
to the left to be at 2.2. As a college lecturer, there were times when writing

xxii
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this in scientific notation caused some issues. Therefore, to try and avoid
confusion, I would write the scientific notation in the following manner:

2200=2.2E3

In this format, the capital letter “E” means the EXP button, for
Exponent, on your calculator. So, you would type 2.2 on your calculator,
then press the EXP button, then type 3 for the number of places you have
moved the decimal point. Some calculators, like the CASIO fx-83GT PLUS
shown in Figure 1, have the x10 button instead of the EXP.

Another example would be 3500000.0. This would be written as

3.5ES

The number 6 is because we move the decimal point six places to
the left.
Another example:

0.0000045
We would write this as
4.5E*

The number 6 again because the decimal point has been moved six
places. However, this time it has been moved six places to the right, and so
we give it the minus or negative sign. To put this into your calculator, you
would type 4.5. Then press the EXP button, then -6, or press 6 and use the
+- button to make it -6.

xxiii



INTRODUCTION

Figure 1. The Basic Calculator

The Natural Number “e”

You must not mistake my capital “E” for the letter “e” on your calculator.
The letter “e” is a representation of a real number that occurs in nature.
Almost everything that happens in nature has some relationship to this
number. Well, what is the number? When you look at your calculator, like
the one shown in Figure 1, you will see a button with “In”. This is really
Ln for natural or Napierian Logs. The shift function button above it is
“e”” which is the antilog for Ln. If you press this button and put a 1 in the
brackets that appear, then after pressing enter the display will give the
value of “2.71821828r”. This is the value of the natural number “e”. I hope
we are already happy to use the symbol “z” to represent the number of
3.14159r, then really, as an engineer, we should be happy to use the symbol
“e” However, you must not mistake it with my use of the capital letter “E”.
I hope these examples, and my explanation, will help you understand
how I will write these scientific numbers in all the chapters of the book.
In this introduction, I have tried to give you a feel for what you will learn
when you read this book.
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INTRODUCTION

I'hope I have got a good balance between explaining how things
work and giving you enough examples that you understand and find
them useful. I know I cannot cover everything there is about this and any
subject, as it is a growing area of electronics and there is always something
new and exciting happening. However, I hope there is enough in the book
for most of your needs and that you find it a useful resource to help in a

career as an analog electronics engineer. Happy reading.



CHAPTER 1

Electrical Current

In this chapter, we will learn what electrical current is. We will delve deep
inside the atom to understand the workhorse of electrical engineering, the
electron. We will study the principle on which all electrical circuits work.
We will examine the structure of the semiconductor and how we, as
engineers, make use of it. This will lead us, through the PN junction, to
consider the major semiconductor devices we use in our everyday life.

The Main Operation of All Electrical Circuits

Before we delve into what electrical current is, it might be useful to try and
understand the principle on which all electrical circuits work. The main
concept of what engineers are trying to do, with their electrical circuits,
is to move the energy from the source, be it a DC battery or an ac power
source, to a load. They will convert that energy into something useful such
as sound, light, or movement. This chapter is concerned with how we
move that energy from the source to the load, that is, the medium which
carries the energy around the circuit.

I feel I should say that the following is my interpretation of what I
have read about the process. It is based on years of studying, reading a
lot of material on the subject, and teaching the subject to my students. I
hope you will find it illuminating and useful and hopefully a good read.
However, I cannot guarantee that it is 100% correct; well, who can? Even
Bohr’s writings, on which some of this text is based, are termed Bohr’s
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postulates, that is, theories. However, my interpretation has served me well
over the years, and I think it does follow some common-sense approach to
the subject.

The Mighty Electron

The ELECTron is at the very heart of ELECTricity. It is the workhorse of
all electrical circuits, and I think that is why we have given the subject the
name “Electricity,” hence the capital letters in bold. However, the electron
is so small; it is invisible to the naked eye.

The importance of the electron is not confined to electrical circuits.
Indeed, the electron is the flexible glue, a glue that is flexible (what?)
that binds all things, including ourselves, together - a pretty strong glue
with a lot of force behind it. I compare the glue of the electron to the glue
that binds our universe together. Indeed, the way the electron orbits the
nucleus is similar to the way the planets of our universe orbit the sun.
However, the electron is very small; it’s miniscule in fact.

So, for something that has such a tiny mass that it takes approximately
1 million, million, million, million, million, or 1.098 E*°, to make 1 gram
of mass, that’s not bad going. Yes, the mass of an electron has been
measured, and the method scientists used to measure its mass is quite
extraordinary, but that’s not for this book.

So how does this little electron do it? It is all down to force “F” and the
interaction of two or more forces. The basic expression for force F is

F = ma, or Force = mass x acceleration.

The mass of an electron, given the symbol “m,’; has been
measured to be

Mass of an electron (m,) = 9.10939 E*' g
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This means that to get any level of force, there must be a very high
degree of acceleration. Well, the acceleration involved is another study
entirely and not for me to try and discuss; I will leave that for a far better

scientist than me.

The Charge “C” of an Electron

Charles Coulomb, conducting some experiments back in 1888, discovered
that the electron had some form of energy which he termed electrical
charge. He named the unit for charge, the Coulomb, after himself as he
found it, and he measured the charge on the electron at

Charge on the electron given the symbol “e” = 1.6022 E'° C

Note “C” stands for Coulomb. During these experiments, he
determined that the electron was attracted to the nucleus by an invisible
force pulling the electron toward the nucleus. If this attraction is compared
with the attraction of magnets, then it would seem that, as with magnets,
like poles repel and unlike poles attract, then the electron must be
attracted by an unlike or opposite charge on the nucleus. He used the
convention of positive and negative charge and stated that the electron
had a negative charge, while the nucleus, or rather something inside the
nucleus, had a positive charge. The difference in these charges brings the
electron close to the nucleus and allows it to settle down into its orbits
around the nucleus. When there are enough electrons orbiting the nucleus,
then the atom is said to be in a stable state, as the positive attractive force
of the nucleus is canceled out by the negative charge of the electrons
orbiting the nucleus.
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Bohr’s Postulates

It is inside the atom that the electron resides. An atom is made up of a
collection of electrons which are continually moving around a nucleus.
In the early days, scientists thought the electrons were moving around
the nucleus in the same way that the Earth orbits the Sun. Indeed, just as
the Earth spins on its own axis, thus causing the period of the day, while
it orbits the Sun, thus causing the period of the year, then the electron is
spinning around on its own axis as it moves around the nucleus in its orbit.

The Danish physicist, Niels Bohr, came up with his theory that the
electrons orbit the nucleus in a series of shells that are at a set distance
from the nucleus while spinning around on their own axis at the same
time. This means that the arrangement of the electrons orbiting the
nucleus can be as shown in Figure 1-1.

Figure 1-1. The Simplified Orbits of the Electron

Figure 1-1 is a simplified representation of how the electrons orbit the
nucleus of an atom. It really only shows the shells that Bohr’s postulates
put forward. The nucleus, at the center, shown in red, is a collection of
protons that have a positive charge and neutrons that are neutral, that is,
no charge. It is the number of protons, in the nucleus, that gives the atom
its atomic number in the periodic table. For an atom to be in its stable
state, the number of electrons orbiting the nucleus must be the same as the
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number of protons in the nucleus. This would mean that the overall charge
on the atom would be neutral, that is, no charge.

The shells that the electrons exist in are given a number starting at 1,
where 1 is the shell closest to the nucleus. An alternative way of identifying
the shells would be to use letters starting at “K.” Bohr’s theory has given us
an expression for the number of electrons in each shell as

Number of electrons = 2n’

“__n

where “n” is the number of the shell.
Using this expression, we can list the number of electrons in each shell,
as shown in Table 1-1.

Table 1-1. The Number of Electrons in Each Shell

Shell Letter Shell Number Number of Electrons 2n?

K 1 2
L 2 8
M 3 18
N 4 32
0 S 50

The table lists the maximum number of electrons in each shell; this
is the maximum number, and there will be atoms with less electrons in a
particular shell.

The Valence Shell

The valence shell is the outer shell of the orbits. It is in this shell in which
there may be less electrons than predicted by Table 1-1. As an example,
we will look at the copper atom. It has an atomic number of 29. This
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means there will be 29 protons in the nucleus, but more importantly, well
I think it’s more important, there will be 29 electrons orbiting the nucleus.
Figure 1-2 shows a simplified representation of the copper atom.

Figure 1-2. The Simplified Representation of the Copper Atom

Using Bohr’s theory, there will be 2 electrons in the first shell, 8 in
the next, and 18 in the third. This must leave 1 in the outer or valence
shell. This is shown in Figure 1-2. I don’t think it is too difficult to see that
the electron in the outer shell has only a weak bond to the nucleus, as it
has to overcome the repelling forces of the electrons between it and the
nucleus. However, this does not mean the electron in the valence shell has
no energy. Indeed, according to Bohr’s theory, the outer electrons have
more energy than the electrons in the lower shells, that is, the closer the
electrons get to the nucleus, the less energy levels they have.

We should be able to see that as the electron tries to move toward the
nucleus, because of the attractive force between the positive protons inside
the nucleus and the negative charge of the electron, the electrons in the lower
shells actually try to repel it, stopping it from getting any closer to the nucleus.
It is this same attracting force of the protons in the nucleus and the repelling
force of the electrons close by that keep the electrons in their respective orbits.

This electron in the valence shell is the weak link in this state of
equilibrium as the copper atoms that are close by also have a single
electron in their valence shell. As these electrons are orbiting their
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respective nuclei, then at some moment in time, these two electrons, each
in their respective valence shells, will come close to each other. It is at this
instant in time that the like charges of the two negatively charged electrons
cause a repelling force that is strong enough to force the two electrons

to spin out of their orbits and away from their respective nuclei. This has
some very important consequences:

1. The two electrons accelerate at a tremendous rate
causing huge forces.

2. The two atoms they have left are now in an
unstable state.

3. The atoms that have lost this outer electron will
do all they can to get an electron back so that
they can return to their natural stable state of a
neutral charge.

The Sea of Free Electrons

We have atoms in which the electrons have just been forced out of the
valence shell, which means that the atoms are in an unstable state, which
is intolerable for nature and these atoms. The nucleus of these two atoms
will exert great forces to bring an electron back to them. They may even
bring back the electron that has just left it, but they are more likely to pull
another electron out of the valence shell of a nearby copper atom. In this
way then, there is a continual movement of electrons accelerating away
from, and to, the nucleus of nearby copper atoms. This is termed a sea

of free electrons all jumping, or being pushed, from one copper atom

to another. However, we must realize that this movement of electrons is
totally random as they are jumping about in all different directions. The
fact that, in copper, there are electrons freely moving around it makes
copper a good conductor. This is because, as we will see, it does not need
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much effort to make these electrons move in a uniform direction and so
create a flow of current. Indeed, one of the definitions of current flow is as
follows:

Current flow can be defined as the flow of electrons
moving in a uniform direction.

The Octal Rule

To fully understand the movement of electrons around an atom, we

would have to delve deep into quantum mechanics. That is far beyond my
expertise and the context of this book. However, to understand conductors
and insulators we need to cover some of the basic aspects of atomic
theory. We have already looked at some of Bohr’s theories, and it was only
a glimpse. Figure 1-1 is a simplified diagram to try and explain the orbits
of the electron. It has, I hope, helped us appreciate the importance of the
valence shell. However, to move on and learn about conductors, insulators,
and the usage of the semiconductor, we need to consider the octal rule.
An American chemist called Gilbert Lewis came up with the theory that

if a compound of atoms could create the situation whereby their valence
shell had the magic number of eight electrons in them, then they could
mimic the stable state of the inert gases. He went on to say that most of the
elements, especially those in groups 1, 2, and 14 to 18 of the periodic table
will try their best to form a valence shell with eight electrons in them. This
is what he termed the “octal rule or octet rule,” and some materials will
create huge forces as their atoms try to comply with this octal rule.

If a material has eight electrons in its valence shell, then, according to
the octal rule, it can be said to have a full valence shell. It will make a good
insulator, as opposed to a good conductor, that has only one electron in its
valence shell.
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We can summarize the important points of what we have discussed as

follows:

The atomic number of an atom is based on the number
of protons in the nucleus.

The nucleus has protons with a positive charge and
neutrons with a neutral charge.

Electrons have a negative charge.
Electrons orbit the nucleus in a series of shells.

The number of electrons in an atom is the same as the

number of protons in the nucleus.

It is the valence or outer shell that determines the
action of the atom.

Materials or compounds that have atoms with a
full eight electrons in their valence shell make good
insulators.

Materials or compounds that have atoms with only one
electron in their valence shell make good conductors.

The octal rule states that atoms within the groups 1,
2, and 14 to 18 exert large forces to maintain eight
electrons in their valence shell

The Semiconductor

In our study so far, we have learned what makes a good conductor and

what makes a good insulator. We have seen that it is the number of

electrons in the atom’s valence shell that controls this aspect, that is, a

full valence shell for an insulator and a valence shell with only 1 electron
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for a good conductor. This is in accordance with the octal rule. Now we

are going to look at elements whose atoms have valence shells that are
half full, that is, those that have only four electrons in their valence shell.
As the number of four is halfway between eight and one, we could say

that elements that have these four electrons in their valence shell could

be called semiconductors as they are half way between conductors and
insulators. Using Bohr’s expression, we can create a table that determines
the required atomic number for a semiconductor element related to the
number of shells used in the atom. This table, shown as Table 1-2, can then
allow us to determine if such an element exists and resides in the groups 1,
2, and 14 to 18.

Table 1-2. The Shell Arrangement of Electrons Required for a
Semiconductor Atom

Shell Atomic Period  Shell Arrangement of Atomic
Electrons Number

1 + valence shell 2 2+4 6

2 +valence shell 3 2+8+4 14

3 + valence shell 4 2+8+18+4 32

4 + valence shell 5 2+8+18+32+4 64

5 +valence shell 6 2+8+18+32+50+4 114

The first column indicates the shells of the atoms of the element with
the valence shell added. Therefore, the first row in this column indicates
we are looking for an atom that has one shell not including the valence
shell. This means that an atom will actually have two shells when we
include the valence shell.

The second column in Table 1-2, headed Atom Period, relates to the
row number on the periodic table.

10
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Therefore, using this table we can see that, if we consider the elements
within the atomic row 2, for the element to be termed a semiconductor
having four electrons in its valence shell, it must have an atomic number of
“6.” Similarly, if we consider the next row in Table 1-2, we can see that the
element must have an atomic number of 14. The next row states that the
element should have an atomic number of 32. Similarly, we can see that
the next two would have atomic numbers of 64 and 114.

The middle column of Table 1-2 states the required arrangement of
electrons to provide four electrons in the valence shell. The last column
states the required atomic number of the element, which is the same as the
total number of electrons stated in the middle column. We can use this last
column to determine if such an element exists and if it is within the groups
that follow the octal rule.

If we now look at the periodic table (see Figure 1-3), we can see that
only the first three elements, that is, those with atomic numbers of 6, 14,
and 32, actually reside in the groups that follow the octal rule. Indeed, all
three exist in group 14. The elements are

e Carbon with the number 6
¢ Silicon with the number 14
¢ Germanium with the number 32

This means that these three elements are suitable for use as a
semiconductor. However, carbon is not suitable as its electrons require
too much energy to jump between levels. This means we are left with
just silicon or germanium as our semiconductor elements. The most
widely used of the two is silicon, although germanium can be used in the
manufacture of diodes, which are sometimes referred to as signal diodes.

11
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Atomic
Period

109 | 110 | 111

Figure 1-3. The Periodic Table

Covalent Bonding

Now that we know we can use silicon as a semiconductor, we need to
examine how we use it. The first aspect is how the pure silicon atom, in its
natural or intrinsic state, reacts when multiple atoms come together. As
silicon, being in group 14, is one of the elements that complies with the
octal rule, the atom will exhibit huge forces to try and increase the number
of electrons in its valence shell to the magic 8. If it can do this, then it will
be able to act in a similar fashion to one of the noble gases, that is, it will
become very stable and not interact with other atoms. Figure 1-4 is an

12
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attempt to show how five silicon atoms can come together to share one

of their four valence shells to enable one of them, in this case the center

atom, to think it has a full valence shell of 8 electrons.
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Figure 1-4. Covalent Bonding

The center atom appears to have eight electrons orbiting it. We need

to appreciate that this is happening in a three-dimensional arrangement.

This actually means that all five of the atoms would have the eight

electrons orbiting their respective nucleus. This may not be the best two-

dimensional drawing to show this, but I hope it does help you appreciate

the principle behind what I am trying to show you here. This covalent

bonding is what happens with silicon, and it makes a lattice type structure

for silicon that is very stable. However, we must still appreciate that the

actual individual atoms of silicon still have only four electrons in their

valence shell. It is only when they come together and form this covalent

bonding that the atoms appear to have a full valence shell. This is called

covalent bonding because it is a bonding formed when multiple atoms

cooperate with each other, using electrons in their respective valence shell,

to create a valence shell that has eight electrons in it.

13
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The Extrinsic Semiconductor Introducing
Some Impurities

The covalent bonding we have looked at so far uses just pure silicon atoms
and so is said to be in its intrinsic state, that is, with no impurities. We have
achieved this full valence shell because we were using just silicon atoms
which have four electrons in their valence shell. Now we will see what
happens if we add an element that has atoms that has only three electrons
in its valence shell. These types of elements are called trivalent elements.
If we look at the periodic table, we can see that the element Boron, which
isin group 13, has five electrons, and so it has three electrons in its valence
shell. Therefore, if we used Boron as one of the five atoms shown in

Figure 1-4, we would create the covalent bonding as shown in Figure 1-5.
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Figure 1-5. The Bonding of Four Silicon Atoms and One Boron Atom

This arrangement makes the center atom appear as though it is short
an electron. Indeed, to be able to comply with the octal rule, it is short an
electron. This means this central atom will be trying its best to attract an
electron to it and so fulfill its desire to comply with the octal rule. If we
realize this is done throughout the three-dimensional lattice of the piece

14
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of silicon, we should be able to understand how we have turned this stable
inert piece of silicon into a substance that is doing all it can to attract
electrons to it. As this piece of silicon is now attracting electrons to it, we
can say it works as if it has a positive charge on it, as electrons are attracted
to a positive charge or potential. That is why when we add a trivalent atom
into the mix with silicon atoms, we create what can be termed a P-type

material.

The Pentavalent Impurity

We have seen what happens if we introduce some Boron atoms into

the mix; now, we will see what happens if we introduce some antimony
atoms into the mix. Antimony has 51 electrons, and it has 5 electrons in its
valence shell. Figure 1-6 shows what could happen.
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Figure 1-6. Adding a Pentavalent Atom

In this situation, the central atom now appears to have nine electrons
in its valence shell. Now, to comply with the octal rule, it has too many
electrons, and so it will try to get rid of it. Again, if we apply this to the
three-dimensional lattice bonding, the silicon semiconductor material can

15
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act like it has a negative charge on it, as it has too many electrons. Hence,
using a pentavalent addition to the mix, we have created a material with an
apparent negative charge, that is, an N-type semiconductor.

This act of adding impurities to the covalent bonding of silicon is
termed “doping,” and the intrinsic semiconductor has now become an
extrinsic semiconductor.

The PN Junction

Now that engineers have found that they can create a P-type and an N-type
semiconductor, by doping silicon compounds in this way, they had to find
a way of using the two types of semiconductors. What those engineers were
about to discover actually revolutionized electronic engineering. What we
had to use up to this point was valve technology. Just to give you some idea
of what this was, we should consider the simple diode manufactured using
valve technology. A schematic of one is shown in Figure 1-7.

DT1 5AR4

Figure 1-7. The Schematic of the 54RA Rectifier Valve

These are still manufactured today, as some people use them in

hi-fi equipment; however, I don’t quite understand why. The schematic
does not show you much about them, but they are glass tubes that have
avacuum inside them to help the electrons move from the cathode, the
long connection close to the bottom of the valve, to the anode, the thicker
connection at the top of the valve. The last connection at the bottom of
the valve is actually a heater element. The way in which the diode works
is that a low voltage, around 6V ac, is applied to the heater element. This
heating heats the cathode and gets the electrons excited by giving them

16
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extra energy. This gets them close to moving out from the cathode to the
anode, which will be connected to a large positive voltage. If an ac signal
is then applied to the cathode, this will, when going positive, inject more
electrons into the valve, and these are attracted by the positive potential at
the anode.

This is a very awkward process and expensive, as it requires a heating
voltage to be applied to the heater. Also, valves are expensive to produce
and can easily be broken. That being the case, it was not a very efficient
component. If engineers could come up with a much more efficient
method of rectifying a source, then it would be a great advancement. Well,
that is exactly what they did with the PN junction.

What engineers tried was to bring a P-type semiconductor and an
N-type semiconductor together and watch what happened. Figure 1-8
shows the PN materials brought together.

N Type P Type

EECEE)
+
+
+

Depletion

Layer

Figure 1-8. A PN Junction

Figure 1-8 shows the PN junction in its stable state with no voltage
applied across it. It is called a junction because the important action
happens at the point where the two materials meet, that is, at the junction
of the two materials. We should appreciate that the electrons in the N-type
material are surplus, as there are nine electrons in the valence shell of
the atoms, as we have explained earlier. Also, the P-type material is short
of electrons, as we have explained earlier. This shortage of electrons can
be viewed as there being holes in the P-type material that want electrons,
from anywhere, to move into and fill them. This is what happens as soon as

17
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the two materials are brought together. The surplus electrons in the N-type
material start to combine with the holes in the P-type material. This sets
up a layer of atoms between the N-type and P-type materials that are now
neutral in charge and are quite happy to stay that way as they are in a very
stable state. This creates a layer which is termed the “depletion layer,” as
itis depleted of charge. This depletion layer makes it too difficult for any
more electrons to move across from the N-type material into the P-type
material and so combine with the holes there. This means that any further
movement of electrons in the PN junction stops.

Even in this state, the PN junction has some electrical properties. The
first is that there are two conductive plates, that is, the N-type and P-type
plates, separated by some medium. This is the basic requirement of a
capacitor, that is, two conductive materials separated by some medium.
This is the inherent capacitance of the PN junction. We will see how
this affects performance when we look at the bandwidth of a transistor
amplifier in Chapter 6. Also and slightly more obvious is the fact that the
PN junction has a positive plate and a negative plate.

Biasing the PN Junction

We now need to see what happens when we apply a voltage across the
PN junction; this is called “biasing.” In the first instance, we will apply
the biasing with a negative potential applied to the P-type material with
respect to the N-type material. This is shown in Figure 1-9.

r mn;m

Figure 1-9. Applying a Negative Voltage to the P-Type Material

18
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To appreciate what happens, it is best to consider electron flow.
Current actually flows in a circuit, because the excess electrons, on the
negative plate of the voltage source, are trying to flow around the circuit
and enter the holes in the positive plate of the voltage source, thus
returning the source to its natural neutral state. This is termed electron
flow, as opposed to conventional current flow, which flows from positive
to negative. We use conventional current flow in our analysis of most
electrical circuits. However, in this instance, and some others, we will use
electron flow.

Any positive potential will attract electrons to move toward it, as it
wants the electrons to recombine with those atoms that are short of an
electron, thus creating a neutral charge. This movement of electrons is not
the same electron making the whole trip from negative to positive; it is one
electron knocking into another and making that electron move in the same
direction. Note current flow is defined as electrons moving in a uniform
direction.

With this in mind, we can see that there are electrons that are trying to
enter into the P-type material as shown in Figure 1-9. Also, the electrons
in the N-type material are attracted to the positive potential of the voltage
source and so leave the N-type material. This means we do get movement
of electrons. However, as electrons leave the N-type material, they leave
behind atoms that have a neutral charge. Also, electrons moving into
the P-type material combine with the holes, which also results in atoms
that now have a neutral charge. This results in two more depletion areas
developing within the PN junction. This results in an increase of the
depletion area of the PN junction. This means that the electrons that
are trying to move through the PN junction have to overcome a more
dominant depletion area. This means that the electrons eventually find it
too difficult to move through the PN junction and so current flow stops.

19
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This type of biasing is termed reverse biasing where the N-type
material is connected to a positive voltage supply and the P-type material
is connected to the negative terminal of the voltage source, as shown in
Figure 1-9.

Now let’s see what happens when the voltage is applied in the other
polarity. This is shown in Figure 1-10.
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Figure 1-10. Forward Biasing of the PN Junction
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First of all, it can be seen that more electrons are trying to enter the
N-type material. These electrons will increase the number of excess
electrons in this region. Also, there is now a positive potential on the P-type
material, and this has the effect of increasing the attractive force on the
excess electrons in the N-type material. This encourages these electrons
to try and cross over the depletion layer. When the force is strong enough,
that is, the voltage across the PN junction is high enough, these electrons
will break through the depletion layer and rush through the P-type
material, heading toward the positive potential applied to the P-type
terminal. This rush through the PN junction is assisted by the electrons
entering the N-type material, and so an avalanche effect occurs, and we
have current flow through the PN junction.

The amount of force required to overcome the depletion layer depends
upon the semiconductor material, and for silicon it is around 0.7V, and
for germanium it is around 0.2V. We should appreciate that voltage is
the force that makes electrons move. Indeed, it was termed the “EMF”
(ElectroMotive Force) as it was the force that made electrons move in a
uniform direction. Now, thanks to Alessandro Volta, we call it a voltage.
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This then means that when the voltage is applied as in Figure 1-9, it
is termed reverse biasing, and in Figure 1-10 it is termed forward biasing.
I should point out that this really means current will only flow one way
through the PN junction. This is the action of a diode, and so we can see
that the PN junction actually creates the component that is the diode. The
symbol of the diode is related to the PN junction as shown in Figure 1-11.

———= [N+++4+ 4+
=== R++++++
=== [+ttt
=== +++++ +
=== [N++++++

£

Figure 1-11. The PN Junction Related to the Diode

This means that the P-type material is the anode, and the N-type
material is the cathode. Note the arrow symbol, in the symbol for the
diode, points in the direction of conventional current flow through the
diode, that is, from positive to negative.

This then shows that the semiconductor can be put to good use in that
we have made a diode from the simple PN junction. This was actually a
bigger breakthrough than it might at first seem as engineers have gone on
to create a wide range of semiconductor devices, and we will look at some
of them in this book.

The NPN Sandwich

We will look at the diode and some useful variations of them in the next
chapter. However, for now we will look at what would have been the
natural extension of the PN junction, that is, the NPN sandwich, as shown
in Figure 1-12.
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Figure 1-12. The NPN Sandwich

We have seen from our analysis of the PN junction that we could
view the PN junction as a diode and that we would have a depletion layer
between the P- and N-type materials. Therefore, it should be no surprise
that we will now have two depletion layers, but also, we will have two
diodes. This is because the two diodes would have their anodes sharing the
P-type material. This concept is shown in Figure 1-13.

N-Type P-Type N-Type
----- nm . . 5 3N -----
S sema IR e I w
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Pl L1 0 DI .o eaa [
“““ nav-rsThn -----
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Figure 1-13. The NPN Sandwich Represented As Two Diodes
Back to Back

With the PN junction shown in Figure 1-10, we have shown that we can
forward bias that junction by applying a positive potential to the P-type
material and a negative potential to the N-type. So, this would suggest that

if we apply a positive potential to the “b” terminal and a negative potential
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to the “c” and “e” terminals, the two diodes would conduct. However, we

do not connect the device to the power supply in that way. The correct

manner in which we connect this device is shown in Figure 1-14.

55555
A
ot
s
At ot
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Figure 1-14. The NPN Sandwich Connected to the Power Supplies

The two diodes have been left in the diagram to try and remind us that
the NPN sandwich is two diodes connected as shown, that is, back to back.
This arrangement of connecting the batteries will try to force electrons into
the two N-type materials.

The letters at the connection have the following meanings:

b is for base as we call this the base terminal.

c is for collector as this terminal collects the electrons
that are forced to flow through the NPN sandwich.

e is for emitter as this is the terminal from which the
electrons are emitted.

VBE is the DC voltage between the base “b” and the

u_n

emitter “e.

VCB is the DC voltage between the collector “c” and the
base “b.

23



CHAPTER 1  ELECTRICAL CURRENT

If we compare this figure to Figure 1-9, we should see that the NP
junction on the left-hand side is reverse biased. Indeed, if we look upon it
as a diode, we see that the diode D1 is reverse biased. However, voltage is
a force that is used to make current flow. We will see later that if we apply
enough force, then a diode that is reverse biased can be made to break
down and conduct. Indeed, that is what we do with Zener diodes that are
manufactured so that they work in this breakdown region. We will look at
Zener diodes in Chapter 2.

If we compare Figure 1-14 to Figure 1-10, we will see that the NP
junction on the right-hand side is actually forward biased. Indeed, if we
consider the diode D2 representation of the junction, we can see that the
anode is connected to the positive terminal, and the cathode is connected
to the negative terminal. This will apply enough forward biasing to make
that diode conduct.

In the configuration shown in Figure 1-14, if the voltage between the
base “b” and the emitter “e,” the VBE voltage, is enough to overcome the
depletion layer between the right-hand PN junction, then that diode, D2,
will be conducting. This will allow the emitter terminal to take electrons
into the PN junction. The electrons would normally flow out at the base
terminal. However, as they enter the PN junction, they are attracted by the
positive potential of the VCB + VBE terminal. So, they would attempt to
flow toward that terminal, but that would mean they would have to flow
the wrong way through diode D1. Remember, we are talking about electron
flow which flows in the opposite direction of conventional current flow.
Also, we said that the arrowhead in the symbol of the diode points in the
direction conventional current would flow through the diode. This means
the electrons would have to flow through a diode that has broken down.
Well, surprise, surprise, that is exactly what these electrons do. That is
because diode D1 in the NPN sandwich is a very, very soft diode, and it
soon breaks down. Remember, we said voltage was a force, and diode D1
does not need much of a force to break it down.
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This means that of the electrons that enter the PN junction at the
emitter, some will flow out through the base, but the majority, which would
be a very large number, of electrons flow through the now broken-down
diode D1 and are collected by the collector terminal, being attracted by the
positive voltage VCB + VBE.

This was another breakthrough as engineers have now used the PN
junction, really two PN junctions, to create the transistor. It is called
the BJT, bipolar junction transistor, as it uses two PN junctions. These
semiconductor diodes and transistors are much more efficient than their
valve equivalent, as they don’t need the heater voltage or a vacuum tube
and they are not easily broken. Also, they are much, much smaller than the
valve equivalents. We will look at transistors in detail in Chapter 3.

The PNP Sandwich

Just as engineers created an NPN sandwich, they also created a PNP
sandwich. This is shown in Figure 1-15.
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Figure 1-15. The PNP Sandwich

This semiconductor sandwich works in the same way as the NPN
sandwich except the polarities are reversed.

These two semiconductor sandwiches have given engineers the two
types of BJTs, that is, the more common NPN transistor and the less used PNP
transistors. They both have their uses, and we will look at them in Chapter 3.
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More Common Semiconductor Devices

This revolutionary semiconductor material, as that was what it was at the
time, has been used to create a whole range of semiconductor devices,
some of which are listed here:

e The rectifying diode
o The voltage regulating Zener diode

o The switching device and amplifying device of the BJT
and FET (field effect transistor)

e The SCR (silicon-controlled rectifier) or thyristor
e The DIAC and TRIAC

We will look at these devices in the various chapters in the book.

Current Flow, DC and ac, Voltage, PD,
Amp, etc.

Now that we have studied the atomic structure of conductors, insulators,
and semiconductors, we need to finish this chapter with some of the
common definitions that we will come across in electrical and electronic
engineering.

Current Flow

In electrical and electronic engineering, we use two types of current flow,
and they are

¢ Conventional current flow

o Electron flow
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I tend to think, and I am not saying it is correct, that engineers first
decided that current flows from positive to negative. However, later it has
been shown that electrons flow from the negative plate of a source to the
positive plate. So, in respect to the early scientists, engineers decided to
call the first idea of current flow “conventional current” as it has been the
convention to apply this direction of current flow in circuit analysis. An
example of how this conventional current flow has been adopted is shown
in Figure 1-16.

1" R1 1k B R3 470
>~ — >~  —
— 3
VR1 12 VR3

unzs§£T - ]‘ (| roa - T ] oo

Figure 1-16. A Typical DC Circuit Using Conventional Current Flow

The idea of adding the voltage arrows, in red, and the current arrows,
in blue, to the circuit drawing, is to help in analyzing the circuit. The
voltage arrows follow the convention that the positive end of the volt
drop is at the end with the arrowhead. We can use the voltage arrows to
help us apply Kirchhoff’s Voltage Law (KVL) in that in a closed loop the
voltage arrows pointing in one direction add up to equal the sum of the
voltage arrows pointing in the other direction. With respect to the circuit
in Figure 1-16, the voltage source V, and the resistors, R, and R, are in a
closed loop. Therefore, applying KVL, we can say

VG] = VRI + VRZ

The voltage arrow for V, points one way, while the voltage arrows for
Vi, and Vg, point the other way.
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Using the convention that current flows from positive to negative,
we can place the current arrows in blue, as shown in Figure 1-16. The
convention also states that conventional current will always flow into the
positive end of a volt drop. Note, V, is not a volt drop, it is a voltage source,
and conventional current will always flow out of the positive end of a
voltage source and flow into the negative end.

The current arrows will help us apply Kirchhoff’s Current Law (KCL)
as the law states that the algebraic sum of the currents at a node must
equal zero. A more helpful statement might be that the sum of the currents
flowing into a node must equal the sum of the currents flowing out of a
node. With respect to the circuit shown in Figure 1-16, we can say that
I, flows into the node and both I, and I flow out. Therefore, using KCL,

we can say

I =1L+1I

We will use these conventions later in the book when we analyze some
of the analog circuits.

When scientists realized that electrons actually flow in the opposite
direction, they simply called this “electron flow” and kept using
conventional current flow in their analysis. However, there are some who
do adopt the electron flow in their analysis. This basically has the effect
of changing the use of the hands in applying Fleming’s left-hand and
right-hand rules. In this book, I will use conventional current flow in my
analysis, unless I state otherwise.

DC

This stands for direct current which is a phrase that I don’t really think
explains what it is. A slightly better name might be unidirectional current,
UDC, as DC current flows in one direction only.
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DC sources are normally batteries, although we can use power
supplies which usually convert the mains ac supply to DC using rectifying
circuits that use diodes and other components.

PD and Voltage

Batteries are used as a source in DC applications, and as such they can
create what is termed a “PD,” or a “potential difference,” across the battery
or across the components in the circuit. This potential difference is
measured in volts.

A simple way of defining voltage is to say that

Voltage is the force that makes the electrons move
in the circuit.

It used to be termed EMFE, which stands for ElectroMotive Force. This
describes it as the force that makes electrons move.
A more technical definition of the volt is

1 Volt is the usage of 1 joule of energy per
coulomb of charge

The potential difference “pd” or voltage is different in batteries for
different types of simple or wet cells, that is, zinc/copper in sulfuric
acid = 0.75v, nickel/cadmium = 1.3v, and the lead/acid cells as in car
batteries = 1.8v.

What Is Current Flow

To start with, we must first state “The Law of Conservation of Energy”; this
law states

Energy cannot be destroyed, it can only be
converted into another format.

29



CHAPTER 1  ELECTRICAL CURRENT

Originally, we had, in respect of a battery, a chemical energy in the
chemical solution of the battery. This energy was used to strip electrons
from the positive plate and deposit them on the negative plate. This meant
that the chemical energy in the battery was changed into potential energy
in the electron when it gets to the negative plate as it has the potential to
move around the circuit to the copper plate. The chemical energy of the
solution prevents the electron from moving through the battery back to the
positive plate, unless the battery is flat.

Once the circuit is closed, the potential energy on the electron forces
the electron to move. The electron then gains kinetic energy (KE), as the
electron has a mass and it is moving. Note kinetic energy can be expressed

1 o o
as KE = Emv2 . The electron then moves around the circuit until it reaches

the components in the circuit. Note, it is not the same electron moving
all the way around the circuit, it is one electron bumping into another
and passing the KE onto the next. If the component is a resistor, then the
electron will slow down. This slowing down of the electron means the
kinetic energy is reduced. However, using the Law of Conservation of
Energy, energy cannot be destroyed; it must be converted into another
form. Indeed, the energy is converted into heat energy, which is why
resistors get hot.

Other components store the energy as with inductors which store the
energy as a magnetic field and capacitors which store it as a charge. The
energy can also be used to create movement as with motors or sound as

with speakers.

The Amp or Ampere

An electrical circuit must have a circular path along which electrons

are forced to move by applying a voltage to the circuit. As the electrons
move, they transfer energy from the source to a load. Note, current flow is
defined as
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The movement of electrons in a uniform

direction.

The unit of current is the Ampere or Amp, and the unit 1 Amp is
defined as

1 Amp of current is 1 Coulomb of charge passing a
point in 1 second.

It is the electron that carries the charge, and the charge on an electron
has been measured to be 1.602E'°® Coulombs. Therefore, it takes 6.241E!®
electrons passing a point to constitute a current flow of 1 Amp. That is a lot
of electrons, but they are very, very small.

Alternating Current (ac)

We have discussed DC; now we should consider “ac” I am using the
convention of using capital letters for DC quantities and lowercase letters
for “ac” quantities. The term “ac” stands for alternating current, and the
current does alternate. This actually means the current changes direction
in that at one point in time it is being forced to move around the circuit in
one direction and that at another point in time it is being forced to move
in the opposite direction. However, conventional current can be, and

is, applied to ac circuits. This is because the current still flows from the
positive terminal toward the negative terminal. This happens because the
polarity of the supply simply swaps over to push the current in the different
direction. It’s not as complex as it sounds. We generate an ac type voltage
by rotating a coil inside a magnetic field. This naturally produces a voltage
that is of a sine wave form as shown in Figure 1-17.
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Figure 1-17. A Typical ac Voltage

Figure 1-17 shows what the UK mains voltage would look like if you
displayed it on an oscilloscope. I am assuming the rms voltage of the UK
mains is 240v. This is what it was when I studied engineering, but now it is
more likely to be around 220v. For an rms of 240, the peak voltage would be
339v as shown in Figure 1-17.

In the UK, the turbines that rotate the coil inside the magnetic field
rotate at a speed of 3000 rpm. This would produce the frequency of 50Hz,
that is, 50 cycles per second. We can calculate the periodic time “T” for the
UK mains using

f= ltherefore T= 1 = L =20ms
T f 50

Figure 1-17 shows that the time to complete one cycle is 20ms. We
can see from Figure 1-17 that the voltage starts off at zero and then rises
positively until it reaches the peak of 339. It then reduces to zero volts.
From then on, it starts to go negative until it reaches -339v. Then it starts to
rise until it reaches zero. At that point, it starts to repeat the process. I hope
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you can see how this would come about by rotating a coil through 360° or
2n radians inside that magnetic field. Figure 1-17 shows clearly that the
polarity of the voltage does change as it completes one cycle. That is why
the current will alternate, that is, change direction during each cycle.

The rms or Root Mean Square

One thing I would like to mention is that if you tried to use the average to
give one value that would describe the mains voltage, you would get Ov,
which is nonsense. This is because there are as many positive values as
there are negative, and so when you add the values up, before dividing to
get the average, the sum would equal zero. This is one reason why we use
the rms, which stands for root mean square, to express the voltage for the
mains. With the rms, we square the expression for the voltage, which gets
rid of any negative values. This means we can then determine the mean
or average of that squared expression. This would give us a nonzero value.
Finally, we need to determine the square root of that result to cancel out
the squaring of the expression at the beginning. This method does give us
avalue that we can use to describe the ac voltage or quantity.

This method may seem a cheat at first, but the rms value of the ac
voltage does have a realistic value in that the rms is the same value of the
DC voltage that would be required to get the same power in the load. This
suggests that the 240v mains is like having a 240V DC battery in your home.
Daft as that might seem, there is a simple experiment that might help you
appreciate this concept. If we simulate the circuit shown in Figure 1-18, we
could measure the current flowing through the 1kQ load.
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Figure 1-18. Test Simulation to Measure the Current Through R1

An oscilloscope cannot measure current; it can only measure voltage
and time. However, we can use those measurements to calculate the
frequency of the waveforms measured and, as in this case, the current
flowing through the resistor R1. To calculate the frequency, we must use
the expression

1
’=7

The term “t” is for frequency and “T” is for the periodic time. This is
the time the waveform takes to go through one complete cycle that covers
all the values the waveform has. This waveform is a simple sinusoidal
wave, and from the oscilloscope, we can see it takes four divisions to
complete one cycle. As each division is set to 5ms, then we can see it takes
20ms to complete one cycle. Therefore, the value for “T” is 20ms. Now we
can calculate the frequency as follows:

1
20E7°

f =50Hz
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To calculate the current flowing through R1, we simply need to divide
the peak voltage of the waveform by the value of the resistor. This would
give the peak value of the current as

o = 3318E—312 =338.12m4

Knowing that, the rms of a sine wave can be calculated as

_ Peak

V2

Then the rms current flowing through R1 is

_338.12m4

i
rms \/5

If a DC voltage of 240V was applied across a 1k€2 resistor, then the

rms

=239.07mA

current flowing through the resistor can be calculated using Ohm'’s law as

I= L 2;4(3) =240mA
R 1E

This does confirm that the rms, of the ac voltage, does represent the

DC voltage required to get the same power in the load. Note, the power

can be calculated using
2
P=i2R:12R:V[=%

To be more correct when dealing with ac circuits, the expression for
power becomes

P= viCos(O)

However, when looking at DC and purely resistive loads, we can ignore
the Cos(0) as©=0.
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Summary

In this chapter, we have looked at the atomic structure of the main
elements that are used in electrical engineering. We have studied what
makes a good conductor and what makes a good insulator. We then went
on to study what a semiconductor is and how we make a P-type and an
N-type semiconductor.

Finally, we looked at the principle of what current flow is and how we
make it flow around a circuit. We have looked at some definitions for DC,
ac, voltage, current, etc.

In the next chapter, we will start our investigation of semiconductor
devices. We will look at the diode and the Zener diode and their usage in
power supply designs.

I hope you have found this chapter useful, and it has given you some
background understanding of this exciting and challenging field of
electronic engineering.
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CHAPTER 2

Semiconductor
Devices

In this chapter, we will learn how engineers tried to make use of the

semiconductor materials we looked at in Chapter 1. In this chapter, we will

concentrate on the diode and how we make use of it.

The Diode

This is the first device engineers created with the P- and N-type
semiconductor material. Indeed, it was actually the PN junction that we
looked at in Chapter 1. A brief recap is covered here. Figure 2-1 shows
the PN junction that is created when an N-type material is brought into
contact with a P-type material.

++4+4+++
++4+ 4+ +
+++++ +
+++++ +
+++++ 4

333353

Figure 2-1. The PN Junction Related to the Diode

© Hubert Henry Ward 2024
H. H. Ward, Mastering Analog Electronics, Maker Innovations Series,
https://doi.org/10.1007/979-8-8688-0245-4_2
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The PN junction basically has two conductor materials, one N-type
and one P-type semiconductor material, that are separated by an area
that is free from charge. Whenever we have two conductors separated by a
medium, we have a capacitor, and so there is this capacitance effect within
the PN junction. It has to be said that it is a very small value of capacitance,
but, as we will see when we study the transistor, in Chapter 6, it does have
an effect that we need to be aware of.

However, the basic use of the diode is as an electronic switch. It’s a
switch, which is normally open, that we can close by applying a voltage
across it. This is called biasing the diode, and when we are forward biasing
the diode, we force the switch to close and so allow current to flow through
the diode. When we are reverse biasing the diode, we keep the switch
open and don’t allow current to flow through it. We will go through some
experiments to study this biasing, but before we do, I feel I should remind
you that the arrow shape of the symbol for the diode points in the direction
of conventional current flow through the diode. Also, the diode has two
terminals, one being the anode and the other being the cathode. Figure 2-2
shows these terminals of the diode.

K ’ I A
Figure 2-2. The Symbol for the Diode

We use the letter “A” for anode, pretty obvious, but “K” for cathode, not
so obvious. This is because the letter “C” is used for capacitance. We can
see, from Figure 2-2, that conventional current flows from the anode to the
cathode.
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Forward Biasing the Diode

This is when we apply a positive voltage to the anode of the diode with
respect to the cathode. The test circuit to examine what happens with
forward biasing is shown in Figure 2-3.

D1 1N1183
M~
=

= V10 AM1

Figure 2-3. Experiment for Forward Biasing the Diode

In this simple experiment, we will increase the voltage applied to the
anode in steps of 100mYV starting from 0V and record the current flowing
through the diode. We can then record the results and complete the table
of results as shown in Table 2-1.

Table 2-1. The Results for Forward Biasing the Diode

vi AM1

0 0

100mV 367.42E-9
200mV 4.48E-6
300mV 50.63E-6
400mV 567.67E-6
500mV 6.63E-3

(continued)
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Table 2-1. (continued)

Vi AM1
600mV 71.05E-3
700mV 769.77E-3
800mV 6.53
900mV 27.09

1V 60.47
1.1V 100.06
1.2V 142.71

Reverse Biasing

We will simulate the circuit shown in Figure 2-4 so that we can examine the
reverse biasing characteristics for the diode.

D1 1N1183

™~

|

UL

V145 AM1

Figure 2-4. The Reverse Biasing Experiment

In this experiment, we will increase the voltage applied to the cathode
in steps of 1V starting from 45V and record the current flowing through the
diode. We can then record the results and complete the table of results as
shown in Table 2-2.
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Table 2-2. The Results for Reverse Biasing the Diode

V1 (Volts) AM1

45 36.04E-9
46 36.05E-9
47 36.05E-9
48 36.05E-9
49 36.05E-9
50 4.96E-3
51 231.33
51.5 463.93
52 703.53

We should be able to use the results of these two experiments to draw

up the characteristics of the diode. These are shown in Figure 2-5.
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Figure 2-5. The Diode Characteristics
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The scaling in Figure 2-5 is not the best as with the negative voltages,
to the left of the 0 crossing, the voltages jump from 0 to -45 and then
increase in steps of 1 up to -51. After the graph reaches the -51V;, the
voltages increase in steps of 0.5V. This means that the scaling of the
graphs is not great. Going positive, to the right of the 0 crossing line, the
voltage increases in steps of 100mV. However, the graph does give us the
impression I want to put across.

The graph to the right of the 0 crossing is when we were forward
biasing the diode by applying a positive voltage to the anode. We can see
that there is little or no current flowing through the diode until the voltage
at the anode reaches about 0.7V. This is because we have to apply enough
force, in the form of a voltage, at the anode to overcome the depletion layer
at the PN junction, discussed in Chapter 1. From that point on, the switch
is closed, and current can flow through the diode. We can see that with
little increase in the voltage applied to the anode, the current soon reaches
such high values of 200A. That is only a mathematical value as in real life,
if we had allowed the diode to pass such a high value of current through
it, the diode would soon burn out and destroy itself. That is why we would
need to insert some resistance or impedance to limit the current to a safe
value, usually around the hundred milliamps or so.

The graph to the left of the 0 crossing line shows what happens when
we reverse bias the diode by applying a negative voltage to the anode. We
can see that there is virtually no current flowing through the diode until
we reach a voltage of around -50V. At this voltage, the force being applied
across the diode is too much for the diode to withstand, and it actually
gives up trying to prevent current flow through the diode, even though it
is in the wrong direction as it would be flowing from the cathode through
to the anode. This is indicated by the fact that the current is shown as
being negative, which means it is flowing in the opposite direction. What
is interesting with this area of the reverse bias characteristics is that the
current flowing through the diode can change by a large amount even
though the voltage only changes by a small amount. If we changed the
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current flowing through a resistor in that way, the voltage across the
resistor would have had to change in proportion to the current change.
This large current change for a small voltage change is made use of in
voltage regulator circuits as we will see when we look at the Zener diode
later in this chapter.

The value of -50V is not random. If we examine the datasheet for
the 1N1183 diode, we will see that there is a maximum reverse voltage
rating for the diode, and this is -50V for this diode. This means that the
manufacturer will only guarantee the diode will not conduct while reverse
biased as long as the user does not exceed a reverse voltage or -50V. Each
diode will have a list of ratings that the user must adhere to when using a
diode. We will look at these when we make use of the diode later in this
chapter.

The Forward Diode Voltage Drop

In this next experiment, we are going to see how the voltage dropped
across the diode, measured by VM1, varies as we increase the voltage
applied to the anode of the diode. We will simulate the circuit shown in
Figure 2-6 to see what happens.

Vi
+

(vf

R1 1k

[~ —

= —

D1 1N1183

N +
S ) S
=it Ve s

Figure 2-6. The Forward Diode Voltage Drop Experiment
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The procedure is to increase the voltage applied to the anode in steps
of 5V starting at 1V while recording the voltage dropped across the diode,
using VM1, and the current flowing through the diode, measured using
AM1. We should then be able to complete the table of results as shown in
Table 2-3.

Table 2-3. The Table of Results for the Circuit Shown in Figure 2-6

V1 (Volts) V VM1 V1 -VM1 AM1
Or VM2

1 402.14mV 597.86mV 597.86pA
5 485.81mV 4.51V 4.51mA
10 516.54mV 9.48V 9.48mA
15 534.02mV 14.47V 14.47mA
20 546.29mV 19.45V 19.45mA
25 555.75mV 24.44V 24.44mA
30 563.45mV 29.44V 29.44mA
35 569.95mV 34.43V 34.43mA
40 575.56mV 39.42V 39.42mA

The circuit shown in Figure 2-6 is similar to the forward biasing circuit
shown in Figure 2-3. The main difference is that there is a resistor, R,
placed in series after the diode. This resistor will limit the current flowing
through the diode as we don’t want a level of 10s of amps flowing through
it. When we look at the table of results, in Table 2-3, we see that once the
diode switch has been closed, at some voltage between 1V and 5V, the
current flowing through the diode has been limited by the resistor. That is
the real use of the resistor in that it is used to resist current flow, hence its
name, resistor.
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Table 2-3 shows us that once the diode starts conducting, the voltage
across the diode, measured by VM1, stays pretty constant at around 0.5 to
0.6V. This is an important characteristic of the diode and one that we can
make use of as we will see later in the book.

One thing I think I should point out is that the reverse breakdown
voltage of -50V and the forward voltage drop of around 550mV are values
for the 1N1183 diode that has been used in these simulations. There are a
wide range of diodes manufactured particularly to give a whole range of
different characteristic values, and you need to be aware of them when you
choose a diode for a particular use. We will discuss some of them when we
move on to rectification next in this chapter.

Rectification

This was one of the applications that engineers first used the diode for.
Rectification is the act of converting an ac voltage to a DC voltage. The
term “ac” stands for alternating current, and an ac voltage is one that
changes polarity, in that it goes from positive to negative with a regular
frequency. DC stands for Direct Current, and a DC voltage is one that
never changes polarity; it is always positive or it is always negative.

If we consider a basic ac voltage, as shown in Figure 2-7, then to
convert this to DC we simply need to stop the negative part of the voltage
from being applied to the load, in this case the resistor R1. We could stop
the positive part, but it is easier to stop the negative part of the ac voltage.
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The \ a.c. Voltage Waveform /\

[E—

Periodic Time 'T"

Figure 2-7. A Basic ac Voltage Waveform

With respect to Figure 2-7, it might be useful to explain what some of the
terms in the figure mean. To do that, I will relate the voltage waveform to the
UK mains. The UK mains is just one example as there are a wide variety of ac
voltages, all with their own individual values for the terms discussed here.

The UK mains voltage has the following parameters.

The frequency is 50Hz; this is because it is created by rotating
a coil inside a magnetic field at a speed of 3000rpm, that is,

50 revs/sec. This means that the periodic time, which can be

calculated using T = 1_1_ 20ms or 0.02sec
f 50

1. The V peakis approximately 339v.

2. The RMS, which stands for root mean square, is
approximately 240v. However, nowadays it is said to be
220v. If we use 220v, then the V peak would be 312v.

3. The V peak to peak is simply twice that of the V peak
voltage.

The simplest way to change the ac voltage to a DC voltage, that is,
rectify the voltage, would be to stop the negative half from being passed
onto the load. We could try putting a switch between the voltage source,
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VG1, and the load R, so that we could turn off the source every time the
voltage went negative. However, we would have to physically operate the
switch at precisely the right time and at the required frequency, which, in
the case of the UK mains, would be 50 times a second. I think you should
realize that this would be impossible to do manually. Luckily though, we
have an electronic switch in the form of a diode.

We have shown the diode acts like a switch in that it will automatically
close and allow current to flow through it, when the voltage at the anode
becomes approximately 0.7V greater than the voltage at the cathode. This
will happen during the positive half of the ac voltage input. When the
voltage at the anode falls below this 0.7V greater than the cathode voltage,
then the switch will open and the diode prevents current from flowing
through it. This will happen during the negative half of the input voltage.
In this way, we can see that we could prevent the negative half cycle of
the input voltage being passed onto the load, by using the diode as the
required switch; the diode will open and close automatically without any
action from us. This is shown in Figure 2-8.

OSC1 1u

D1 1N1183

~)
=

© ™ ]

R11k

Figure 2-8. The Simple Diode Used As an Electronic Switch to
Remove the Negative Half Cycle
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Figure 2-8 shows a simple circuit we can use in TINA to test the
operation of a diode in removing the negative half cycle of the ac
voltage source.

Figure 2-9 shows the oscilloscope display showing both the input
voltage source and the voltage after the diode, that is, the voltage across
the load R;.
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Figure 2-9. The Oscilloscope Traces

If you look very closely at the two waveforms, shown in Figure 2-9,
you can just make out that one trace is slightly lower in peak voltage than
the other. This is the voltage across R,, that is, the voltage after the diode.
The slight difference is due to the volt drop across the diode which is
approximately 0.7V. The peak voltage of the ac input has been kept low
at 12v so that we could see the voltage difference between the two traces.
If we had set the peak voltage at 339v, you would not be able to see the
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difference. Also, the 1N1183 diode would have a problem coping with a
voltage level of 339v peak, but we will look at that later in this chapter.

BE BB YAA] TELFE~0 YhkeB@rr 3>
20.00 —
0SC1_Ch1
-20.00 -
20.00—,
L R B
0.00 10.00m 20.00m 30.00m 40.00m 50.00m
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(484m.-11.21) %200 Y225 >

Figure 2-10. The Traces of the Oscilloscope Separated

Figure 2-10 shows more clearly that the diode has prevented the
negative half of the input being passed onto the output. It also shows why
this is called half-wave rectification as only half of the input voltage is
passed onto the output; see trace OSC1_Ch2. This is actually a drawback
of this type of rectification as only half of the input voltage is used, which
is an obvious waste. However, we have created a DC voltage from an ac
source, and this rather lumpy voltage waveform can be used with some
simple DC loads. The equipment would respond to the average voltage of
the waveform. We will look more closely at this later in this chapter.
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Full-Wave Rectification

Now we will look at how we can use both the positive and negative half
of the input voltage. This is termed “full-wave rectification” as we will
use all of the input voltage waveform. One of the early solutions was to
use a split transformer. This is a transformer that had two sets of coils on
the secondary. A simple circuit showing the arrangement is shown in
Figure 2-11.

Figure 2-11. A Transformer with a Center Tap on the Secondary

If, as shown in Figure 2-11, we connect the center tap to be used as the
reference to all voltages by connecting it to ground, then the secondary will
act as two coils on the output of the transformer. This will halve the voltage
of the complete secondary, but it will allow us to use two voltage outputs
from the transformer. Also, there will be a complete 180° phase difference
between the two outputs. This means that when one voltage waveform is
going through its positive half cycle, the other voltage waveform will be
going through its negative half cycle. Figure 2-12 shows the two separate
output waveforms from the split secondary. This does confirm that the two
outputs, Outl and Out2, are in antiphase, that is, 180° out of phase with
each other.
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Figure 2-12. The Two Voltage Outputs from the Center Tapped
Transformer

Figure 2-12 shows that when Outl is at +16.08v, Out2 is at -16.08v. This
shows they are in antiphase with each other.

If we now add two diodes to the circuit, as shown in Figure 2-13, we
should be able to use the output from both halves of the secondaries.

D1 1N4002

I~
P 1o

TRCT1 S5m

L ez H
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H D2 1N4q02!
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| ] .
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1
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Figure 2-13. Full-Wave Rectification Using a Center Tapped
Transformer
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The voltage across the load is displayed in Figure 2-14 as the

Outl trace.
@0 R YAAY THH RS0 KRR 3
20.00— (o
-10.00 -
400.00 -
VG1 /
-400.00 . T y i
0.00 50.00m 100.00m
Time (s)
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Figure 2-14. The Output of the Full-Wave Rectifier Using the Center
Tapped Transformer

We can see that the trace OUT1, which is the voltage across the load,
does not go negative. It is a DC voltage even though it is not a constant
voltage, as it is always positive.

This circuit has two major drawbacks which are

o The maximum voltage is half that what could be
achieved from using the complete secondary output.

e The manufacture of a true center tapped transformer is
very difficult.

An easier and better alternative would be to use the “bridge rectifier”
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Full-Wave Rectification Using
the Bridge Rectifier

The circuit for the bridge rectifier is shown in Figure 2-15.

Figure 2-15. The Typical Bridge Rectifier Circuit

Figure 2-15 shows the more conventional layout of the bridge rectifier.
Indeed, the four diodes can be bought as a single IC. The VSIB440 IC is a
bridge rectifier as shown in Figure 2-16. There is a whole range of such ICs
available to us.

Figure 2-16. The VSIB440 Bridge Rectifier from Multicomp

However, Figure 2-17 might be a better circuit that we can use to
analyze how the bridge rectifier works. I have added some red and blue
voltage arrows to try and help with the analysis of how the circuit works.
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Figure 2-17. The Full-Wave Rectifier Circuit with No Smoothing

It is really the same circuit as that shown in Figure 2-15, but the four

diodes have been separated so that we can see how the circuit works.

To explain how the circuit works, we need to examine the waveforms

shown in Figure 2-18.
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Figure 2-18. The Traces Outl and Out2

Trace Outl shows the voltage at the anode of D, and cathode of Ds.
Trace Out2 shows the voltage at the anode of D, and cathode of D,. VG1
is the ac input voltage. We can see that when the ac input voltage starts
to go positive, the voltage at the anode of D, goes positive and so starts to
forward biases D,. The same positive voltage is at the cathode of D;, and
so that diode is reverse biased. As soon as this positive voltage goes above
0.7v, then the diode D, closes, and this positive going voltage is applied to
the load resistor R;.

At the same time, if we look at trace Out2, we can see that the anode of
diode D, goes negative, and so it is reverse biased. Also, the cathode of D,
starts to go negative, which helps to forward bias that diode. Its anode has
just started to go positive, as D, is now closed. The diode D, will quickly
become forward biased and so close, allowing current to flow through D,,
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then R, and D, back to the bottom of the secondary coil in the transformer.
The red arrows try to show this path that the current follows. This will
continue until the ac input voltage goes below the 1.4V required to forward
bias the diodes D, and D.,.

When the ac input starts to go negative, the trace Outl also goes
negative, which turns D, off, as its anode has gone negative. However,
at the same time, it drives the cathode of D; negative, which will try to
forward bias Ds.

If we consider the trace Out2, we can see that when the ac input starts
to go negative, the trace Out2 voltage starts to go positive. This means the
cathode of D, goes positive, which turns it off, but the anode of D, goes
positive, which starts to forward bias D,. The cathode of D, has just gone
to 0V, and so when the voltage at the anode of D, rises to around 0.7V, D,
becomes forward biased and so allows the positive voltage, applied to the
anode of D4, to be applied to the top of the load resistor R;. This positive
voltage is now applied via R, to the anode of D;, and so D; becomes
forward biased. This then allows current to flow out of the bottom of the
secondary coil through D,, then R, and then D, and back into the top of the
secondary coil of the transformer. The blue arrows try to show this path
that the current follows.

The arrows placed in Figure 2-17 are an attempt to show you how
the current flows around the circuit during both halves of the ac input
voltage. The red arrows show the direction the current flows during the
positive half cycle of the input voltage. The blue arrows show the direction
of current flow during the negative half cycle. We can see that the current
flow through the load resistor R, does not change direction, and so we can
confirm it is a DC current. However, when we look at the secondary of the
transformer, we can see that the red arrow flows in the opposite direction
to the blue arrows. This confirms that the current through the transformer
does change direction, and so it is an ac current.
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We are now using both halves of the ac input voltage, but the voltage
across the load is still lumpy. We can improve this by adding a smoothing
capacitor.

Designing a Power Supply Unit (PSU)

To complete our look at the diode and move it on to another use, we will
look at the design of a power supply unit, or PSU. We will start by designing
a simple power supply that will connect to the UK mains voltage and
produce a lower DC voltage.

The simplest power supply would use a transformer to reduce the peak
of the mains voltage from around 339v to a lower voltage. The circuit for
this basic operation is shown in Figure 2-19. This is the circuit for half-

wave rectification with no smoothing.

Figure 2-19. The Basic Transformer with Half-Wave Rectification

The input and output waveforms are shown in Figure 2-20.
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Figure 2-20. The Waveforms for the Half-Wave Rectifier in
Figure 2-19

The trace OUT1 is the UK mains voltage on the primary of the
transformer. This peaks at 339v. Out2 is the voltage on the secondary of the
transformer, and this peaks at 32.11v. The turns ratio of a transformer can
be calculated using

, vV .
Turns Ratio NT' = 222 — ﬂ

= =10.56:1
32.11

secondary

We will be using the ECAD software TINA, and TINA defines the turns
ratio in the opposite way, which means we would need a turns ratio of
1/10.56 = 0.0947 or 95m. This is what we have used in the simulation for
the circuit shown in Figure 2-19.
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The OUTS3 trace, shown in Figure 2-20, shows the output of the half-
wave rectifier. We can see that, without any smoothing, the waveform is
lumpy. The load would respond to the average of the output waveform. We
can use integration to determine the average of this waveform, and it can
be shown to be

The integration to determine this expression is shown in the appendix.

Using the OUTS3 trace, we can see that the Vy,, is 31.36v. This means
that the average voltage would be 9.98v. This agrees with the average value
shown in Figure 2-20.

Smoothing

The output of the half-wave and full-wave rectifier could be improved

by adding a capacitor across the output. This would act like a temporary
source storing some charge while the diode or diodes are conducting

and supplying the load and feeding the capacitor. Then, when the diode

or diodes are turned off, the capacitor then feeds the load which will
discharge some or all of the charge in the capacitor. Then, when the diodes
turn back on, the capacitor can again charge up while the diode feeds

the load.

It would be useful to be able to determine the output voltage of both
the half-wave and full-wave rectifier circuits that incorporate a smoothing
capacitor to the rectification circuit. The addition of the smoothing
capacitor means that the output voltage across the load would be similar
to that as shown in Figure 2-22. However, to help calculate the average
voltage of that output, it would be easier if we used the approximated
output waveform shown in Figure 2-21, to calculate the expression for the
average.
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Vmax

Vripple

Vmax-Vapple
B
10%

of Period 90% of Period 18ms

2ms

Period 20ms

Figure 2-21. An Approximation of the Ripple Voltage at the Output
of the PSU

The output voltage would be the average, and this can be calculated

using integration as
1 T
Vave = ?.([f(x) dx

Note, the period “T, shown in Figure 2-21, for a half-wave rectifier is
“2x,” and for the full-wave rectifier, it is simply “x” This is because the full-
wave waveform is cyclic over the period “n".

We should appreciate that the rectifier uses the ac voltage from the
secondary of the transformer, which I will call “Vsecpk.” The capacitor will
charge up to the peak of this secondary voltage but only after it has passed
through the diode. This means that the Vmax will actually be related to
the peak voltage at the secondary of the transformer according to the two
relationships.

For half wave Vmax = Vsecpk —0.7
For half wave Vmax = Vsecpk —1.4

This understanding will be used later when calculating the turns ratio
of the transformer.
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The Average Voltage Output
of the Half-Wave Rectifier

We will use the following example to show how the average can be
calculated using the preceding expression.
Using the following values

e Vsecpk =12v, then Vmax=11.3v
e Vripple = 0.5V, the period = 2x

The waveform shown in Figure 2-21 has been split into two parts as the
average can be calculated using

1 10% 2n
Vavez—{ IA dx + JB dx}
2” 0 10%
The first thing to do is develop the expression for the waveforms for
part “A” and part “B” as follows.
The approximation shows that both parts have linear expressions
which must follow the general expression:

y=mx+C

2
Part “A” is over the period of 10% of the 2x. Therefore, this is %

The gradient “m” is the change in y divided by the change in x. Note,

u__n u__n

instead of “y,” we have “v,” and instead of “x,” we have “0” The change in

u__n

v” is simply the ripple voltage, which in this case is 0.5v. The change in “0”

is the 10% of the period 2=, which is % Therefore, we have

m=0.5+2—ﬂ.'.m=0.5><£=&.'.m=2
10 2r  2m T
The term “C” is the value of “v” at the start of the waveform, that is, the
value of “v” when “0” = 0. In this waveform, this is Vmax - Vripple =

11.3-0.5=10.8.
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Therefore, C =10.8.
Therefore, the expression for part “A” is

v=£9+10.8
T

For part B, the change in “v”is 10.8 - 11.3 = -0.5v.

The change in “0” is 2 - 2r 187 .
10 10
Therefore, the gradient “m” is
o205 _ =5
187  18%
10

The value of C is the value of “v” when “0” = 0.

We know that when “0” was %, vwas 11.3.

u__n

Knowing this, the expression for “v” over part B is

v:_—59 +C
187
We can say
11322527,
18z 10
We can say
11.3:_—1+C
18
Therefore
1

C=113+—=11.356
18
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This means that the expression for “v” over part “B” is

v=—i9+11.356

187
11.3v
Ripple 0.5V
10.8v
10%
Part ‘A Part ‘B’
Period = 27

Figure 2-22. The Half-Wave Voltage with Smoothing

Figure 2-22 should give us some idea of the shape of the voltage
that we are integrating to determine the average voltage the load would

respond to.
Therefore, to calculate the average output voltage, we have

[10%

Vo= jAdx+
L 0

[2n

1 190
Ve =5~ I

0

25
T

2
j Bx

10%

2
220+10.840 + j _ 2 9 4+11.35640
2

187
10
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Therefore
zi 2r
10
mzl 29241080 | +|-——0° +11.3560
27| | 27w 0 6 2
10
Therefore
2
UL | IO LT V=i —~(0)
2|\ 27 100 10
2
o2 xan? 11356x 27 || -2« ¥ 1 11356x 2T
67 367 100 10
Therefore
szL T 2167 |+ —20—”+22.712n - An+2.2712n
27|\ 2 36 3600
Therefore
v, =i[(2.56n)+(19.8908n)]
ave 27T
Therefore
Vo = L[_22.45 087 j —11.2254y
2 2

A simpler approximation that can be used to calculate the average of a
waveform like that shown in Figure 2-22 is

Vave = Vmax — Vr+mle

Vave=11.3—%=11.05v
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As both approximations have errors, then for the rest of the text, we will
use the second approximation, that is, for half wave and full wave:

Vave = Vmax — M

The Turns Ratio for the Transformer

This is an important aspect of the power supply design. You need to know
what the turns ratio of the transformer needs to be to get the required DC
output voltage. As stated earlier, the capacitor actually charges up to the
peak voltage of the secondary side of the transformer. However, there will
be a voltage drop across any diodes used. Note this text will assume the
volt drop for a diode is 0.7v.

To calculate the turns ratio of the transformer, we need to know what
the peak secondary voltage needs to be. This can be related to the required
average voltage of the PSU using the following.

For the half wave, we have

Vave = Vmax — M

But

Vmax = Vsecpk — 0.7

~. Vave = (Vsecpk —0.7) - Vripple
~Vave + Vripple = Vsecpk —0.7
.. Vsecpk = Vave + Vripple +0.7
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For the full wave, we have

Vave = Vmax — Vr+mle
But
Vmax = Vsecpk —1.4

ippl
- Vave =(Vsecpk —1.4)— Vripple

ippl

s Vave + % = Vsecpk —1.4
.. Vsecpk = Vave + Vripple +1.4

The turns ratio of the transformer can be set as follows:
NP _ Vpripk

TurnsRatio = =
NS Vsecpk

where Vpripk is the peak voltage on the primary, and Vsecpk is the
peak voltage on the secondary.

We will continue the design exercise using a full-wave rectifier circuit,
as most PSUs will use full-wave rectification, and I want to cover this
aspect here. The specification is that the PSU supplies an average voltage
of 10V with an allowable ripple of 1v at a maximum current of 1A.

To calculate the turns ratio of the transformer, we need to know the
peak voltage of the secondary, that is, the Vsecpk. This can be calculated as

follows:
Using
Vsecpk = Vave + Vr%ple +1.4
Therefore

Vsecpk:10+%+1.4:11.9
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Knowing the primary voltage will be the UK mains, the Vpripk = 339.
Therefore, the turns ratio can be calculated as follows:

Turns Ratio = M = 2 =28.49
Vsecpk 11.9
Using TINA, we have
Turns Ratio = Vse_cpk = Q =35.1m
Vpripk 339

Choosing the Value for the
Smoothing Capacitor

The capacitor is commonly called a “smoothing” capacitor, as it smooths
the output voltage. The capacitor works like a battery in that it can supply
energy that can be delivered to load later. However, it is a battery that soon
discharges and goes flat. The concept is that while the secondary voltage is
switched off from the output, by the action of the diode, and so supplying
no energy to the load, the load can take the energy from the capacitor.

Of course, the capacitor must be charged up at some time to be able to
supply the load. This charging takes place when the diode is switched on
and so conducting, allowing current to be passed into the load and the
capacitor. When the diode is not conducting, the capacitor then takes over
and supplies the current to the load. We should realize that when current
flows into a capacitor, that is, when the diode is conducting, the capacitor
will charge up. When current flows out of a capacitor, that is, when it is
supplying current to the load, the capacitor will discharge. The state of the
current charge on a capacitor can be determined by measuring the voltage
across it. When the capacitor is fully charged up, the voltage will be at a
maximum. When the capacitor discharges, the voltage will reduce. This
discharging of the capacitor will result in a drop in the voltage at the output
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of the rectifier; however, hopefully the voltage will not go down to zero as it

did without the smoothing capacitor. Figure 2-21 shows how the addition

of a smoothing capacitor improves the output voltage of the rectifier circuit.

There has to be some method for choosing the value of this capacitor.

Indeed, there are two relationships we can use to help us in this matter.

They are

c

1. 0=CV 2. Q=|idt

Note, Q is the charge in Coulombs.
Cis the capacitor value.
V. is the voltage across the capacitor.

i” is the current flowing through the capacitor.
The two expressions can be combined as follows:

V. =[idt

If we now differentiate both sides, we get

dv.
dt

i=C

We should remember that differentiation is the opposite of integration.

dv,
The —< is the change in the capacitor voltage over time. This is the

ripple voltage at the output. The dt is the time in which this takes place.

The current is the current being drawn from the capacitor during this time.

To put the preceding relationship into place, the designer of the PSU

should know these three values:
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1. The maximum current that the user will demand
from the PSU, “i”

2. The allowable ripple voltage they can tolerate at the
output of the PSU, “dv”

3. The time the capacitor will be discharging over, “dt”
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If the designer knows these values, then they can determine the value
of the smoothing capacitor.

We will carry on with the design of our full-wave rectifier, and we will
use a dt of 8ms. This can be confirmed from Figure 2-24. To calculate the
value of the smoothing capacitor, we will use the following:

C=i2
dv.,

Therefore

C’=1><8Tm=8mF

This is a large capacitor, but we are taking a lot of current from the
power supply. The capacitor of this size would be an electrolytic type. The
circuit for the full-wave rectifier with the smoothing capacitor is shown in
Figure 2-23.

7 D1 1M1183
O3 11183 K "
TR1 34.3fm
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Figure 2-23. The Full-Wave Rectifier with Smoothing Capacitor
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We are using a transient analysis to measure the output voltage, and
the display is shown in Figure 2-24. The resistor value for R, has been
calculated using Ohm’s Law as follows, knowing the voltage was the 10V
average and the current was the maximum of 1Amp:

el Rdraag TLLE~0NNLRY 2
20.00— G ®
Starting time: 0.00
Ending time: 39.92m
Average Value:9 49
15.00 Absolute Average Value'9 49
RMS Value'9.67
3 10,005 i P
5.00—
0.00 T T T T T T T 1
0.00 10.00m 20.00m 30.00m 40.00m
Time (s)
Selected Corved AN Curves
A B8 B-A Freguency and Sege
x (5,450 yna x 13tm Y547 e | x 80w ¥ -5 08 £ e

Figure 2-24. The Output Voltage of the Rectifier Circuit

The display in Figure 2-24 shows that the dt time is 8.05ms and that the
ripple is 955.09mV. It also shows that the average voltage, as calculated by
the software, is 9.49V. These results are close enough to confirm that the
method of calculations we have used for these parameters is fairly accurate.

The Zener Diode

It is virtually impossible, using the basic smoothing capacitor, to produce
a power supply that does not have any drop in voltage at its output. Also, it
would be difficult to produce one that gives out the same voltage over a wide

70



CHAPTER2  SEMICONDUCTOR DEVICES

range of load currents drawn from the supply. However, some modern-day
electronic equipment rely on the fact that they have a constant unchanging
supply voltage. This has to be provided even if the load demand changes
and the supply to the PSU varies. The simplest way of providing this type of
stabilized power supply is with the use of a Zener diode.
Figure 2-25 shows the characteristics of a typical diode. The right-hand

quadrant shows the normal forward biased conditions, and the left-hand
quadrant shows the normal reverse biased conditions.

I mA

-10

-26

Figure 2-25. The Basic Diode Characteristics

The characteristics show what happens if we apply enough voltage in
the reverse biased region. We should remember voltage is a force that will
try to make current flow. If we apply enough voltage, then the diode will
break down as shown in Figure 2-25.

From the characteristics, it can be seen that once the reverse voltage has
been taken past a point termed the breakdown voltage, or the knee voltage,
there can be a very large change in current for a very small change in
voltage. This aspect of the diode characteristics is termed the Zener region.
Special diodes can be made to work in this region and put it to good use.
These Zener diodes can be made for a whole range of different voltages, and
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the concept is that the voltage across them will remain virtually constant
no matter what current is made to flow through them. Note, this is the ideal
situation, and as can be seen from Figure 2-25, the Zener is not an ideal
component, as the voltage across it does actually change as the current
through it changes from 0 to 26mA. However, the change is very small.
Figure 2-25 is not the characteristics of a real Zener diode. Figure 2-25 is
really only to show the main idea of what a Zener diode can do.

These Zener diodes can be used to provide a constant voltage
under various conditions. It might be useful to state the conditions that
would make the output of the PSU change. There are basically two such
conditions which are

1. The input voltage to the PSU could increase or
decrease.

2. The current taken from the PSU could increase or
decrease.

The Shunt Regulator

Consider the circuit shown in Figure 2-26.

VM3 361V
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RZ 18 Is IL
| —
AM1 2006mA € "
1 - .
(a) == Iz A

+

+

Z1 1N2804 L

|1k
I
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B
>
+
Z
b4

VM2 6.39V

Figure 2-26. The Test Circuit for the Zener Diode
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We will use this circuit to show what a Zener can be used for and how

this simple application of using a Zener diode works.

The arrows in the circuit are voltage arrows which are used to identify

the particular volt drop, as well as which is the positive end of the volt

drop. The arrow head indicates the positive end of the volt drop. The

conventional current flows into the positive end of the volt drop.

The voltages around the circuit are identified as follows:
e Vsis the supply voltage.
e Vrzis the volt drop of the Zener resistor.
e Vrlis the volt drop across the load resistor.
e Vzisthe Zener voltage.
The ammeters are used to measure the following currents:
e AMI1 measures the supply current.
e AM2 measures the Zener current.
e AM3 measures the load current.
The voltmeters are used to measure the following voltages:
e VM1 measures the Zener voltage.
e VM2 measures the load voltage.
e VM3 measures the volt drop across R;.

Kirchhoff’s Voltage Law (KVL) is a useful law which allows us to

analyze electrical circuits. The law simply states that in a closed loop, the

volt drops around the loop must add up to equal the supply to that loop.

We can use the voltage arrows to help apply KVL in that all arrows pointing

in one direction must add up to equal arrows pointing in the opposite

direction.
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The Main Principle of Operation

The main principle of how the shunt regulator works is that we drive

the Zener diode at close to its maximum wattage rating. This means the
current flowing through the Zener would be close to its maximum. This
is so that when the load wants more current, it can take it from the Zener
diode instead of taking it from the source. The Zener has a lot of “spare”
current as it doesn’t need much to make the Zener work.

Obviously, nothing is ideal, and there will be limits on what the circuit
can deliver. When designing any circuit, there will be a specification that
states the limits of what the circuit can do. With a regulated power supply,
we should specify the expected output with a maximum voltage and
current. We should also specify the limits of which the circuit can cope
with a varying input voltage.

To all intents and purposes, the output voltage, which is V,, will be
constant at a value depending upon its manufacture. In this example, let
V;=6.3V.

We will specify the maximum input voltage would be 10V.

We now need to think about the current limits that we can work
with. The customer, in this simple example, wants a nominal current of
10mA. We can simply use Ohm’s Law to calculate the resistance, R;, of our
test circuit for the regulator circuit. Therefore, we have

V2 _ 6_3_3 = 630Q
I, 10E

L

Now we need to determine the maximum current the Zener diode can
run at. The limiting factor as to how much current the Zener diode can
take is the amount of power in watts the diode can safely dissipate. It is
usual to specify Zener diodes in terms of their Zener voltage and the power
they can dissipate. For example, if the Zener diode in the circuit is a 6.3V
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Zener rated at 1.3 watts, we can determine the maximum current, I,
that can flow through the Zener as follows:

z 1.
Ly = Zrme _ 13 506 35,4

v, 63

This means we can now determine the maximum current that the
circuit will use from the source; this is Is. Using the test circuit shown in
Figure 2-25, we can see that

lo.. =1, +1, =20635+10=216.35mA

SMax — * Zmax

The Zener Resistor R,

The purpose of this resistor is to limit the current flowing out of the source
to the Iy, This would be when the source voltage was at its maximum
allowed value. In this example, I, is 216.35mA, and the maximum source
voltage is set at 10V. We can now calculate the value of this resistor using

o Vow =V, _ 10-63

. = . =17.09Q
I,  21635E

The closest standard value of resistance using the E12 series is
18Q. Note, when choosing a standard value of resistor, we must always go
higher, not lower, as going lower would run the risk of allowing the current
to rise above the maximum allowed.

So, we now have the values of the components to simulate the test
circuit as shown in Figure 2-26. Figure 2-26 shows the value of the voltages
and currents in the test circuit, and they agree very closely to the calculated
values. These values can be compared in Table 2-4.
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Table 2-4. The Comparison of the Calculated and Simulated Values

Vs Vm_ VZ V|_ Is IZ IL

Calculated 10 3.7 63 6.3  216.35mA 206.35mA  10mA
Simulated 10 3.61 6.39 639 200.6mA  190.46mA 10.14mA

The Minimum Working Source Voltage

The specification of the regulator would state the minimum source
voltage as if the user tried to use it with a lower source voltage, then they
can be said to be out of specification. We know from Ohm'’s Law that the
current is proportional to the voltage. This means the minimum voltage
would supply the minimum current. Therefore, we need to determine the
minimum current that the circuit would demand from the supply. This
would be the 10mA required by the load and the minimum Zener current.
The minimum Zener current is the current required by the Zener to make
it operate in the Zener region. This would be typically around 3mA. This
means that the minimum current the circuit could demand from the
source would be 13mA. As this minimum current must flow through R,
then some of the source voltage would be dropped across this R;. This volt
drop would be equal to

v,

RZMin

=1

SMin

xR, =13E7 x18=234mV

This means the minimum source voltage can be calculated as follows:

Vortin =Vrasin + V7 = 234E7 +6.3=6.534

We can test this value by simulating the circuit as shown in Figure 2-27,
and the results are displayed on the circuit.
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The Test Circuit with the Source Voltage Set to 6.534V

The meter readings do agree closely to the value we have calculated.

Testing the Regulation of the Circuit

We can test how well the circuit operates, and so regulates the voltage across

the load, by changing the load resistance, while keeping the supply voltage

at 10V, and recording the measured load values to complete Table 2-5.

Table 2-5. The Test Results for the Voltage Regulation

Row R, Vg V; Ve AMT AM2 AM3

1 ik 10-6.39 6.39 6.39 200.51mA 194.12mA  6.39mA

2 500 10-6.37 6.39 6.39 200.67mA 187.89mA  12.78mA
3 100 10-6.36 6.36 6.36 20211mA 138.49mA  63.62mA
4 40 10-6.22 6.29 6.29 206.25mA 49.06mA  157.19mA
5 35 10-6.25 6.25 6.25 208.07mA 29.37mA  178.71mA
6 30 10-6.17 617 6.7 212.79mA  7.13mA 205.66mA
7 20 10-5.26 526 526 263.16mA 15.01nA 263.16mA
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The results shown in Table 2-5 show that the Zener diode does
maintain the output voltage at around 6.37V even when the load current
increases from 6.39mA to 63.62mA, an increase of ten times. The load
voltage only fell to 6.36V, a fall of 30mV from 6.39V. This is virtually no real
change. Even when the load current increased to 178.71mA, an increase
of 2800%, the voltage only fell by 104mV, a change of 1.63%; see row 5 in
Table 2-5.

This does show that a Zener diode can be used as a voltage regulator in
that it can maintain a set voltage across a load even if the current flowing
through the load does change. There will be a limit to the variation of the
load current; see row 7 in Table 2-5.

There is a wide range of Zener voltage that Zener diodes can be
manufactured to regulate at and a range of different power ratings for
them. The basic shunt regulator is quite a simple regulator circuit;
however, it is not very efficient, and it is only usable with small load

currents.

Summary

In this chapter, we have looked at the PN junction and what type of
component it creates. We have looked at the basic diode and one of its
main uses as a rectifier. We then looked at the Zener diode and how it can
be used as a basic voltage regulator. I hope you have found this chapter
interesting and informative.

In the next chapter, we will look at some more semiconductor devices,
such as the diac, the triac, and the SCR.
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More Semiconductor
Devices

In Chapter 2, we studied how the PN junction was used to create the first
semiconductor device, the simple diode. In this chapter, we will look at
some of the other initial semiconductor devices, such as the SCR, the
DIAC, and the Triac.

The SCR or Thyristor

SCR stands for silicon-controlled rectifier. It is also known as a thyristor.
Really, it is a diode, hence the reference to the rectifier, but it has an extra
terminal called the gate terminal. The symbol for the SCR is shown in
Figure 3-1.

U1

Figure 3-1. The Basic Symbol for the SCR

© Hubert Henry Ward 2024
H. H. Ward, Mastering Analog Electronics, Maker Innovations Series,
https://doi.org/10.1007/979-8-8688-0245-4_3
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We can see from the symbol why it can be viewed as a controlled
diode, that is, a controlled rectifier.

Anode

Gate

Cathode

Figure 3-2. The Makeup of an SCR

I am not going into a deep atomic analysis of the SCR as really there is
no need to look that deep into the workings of the SCR. We really only need
to know how to use them. In showing this diagram in Figure 3-2, I just want
to show you that the SCR is still a semiconductor device. It is made up of
segments of silicon that has been doped to create “P-type” and “N-type”
materials. It is an amazing process by which they create the various levels
of doping to create these different devices. It is a whole world of chemical
engineering that is best left to the specialist. If we look at the PNPN
arrangement as shown in Figure 3-2, we could see that the SCR could be
viewed as two transistors connected in series. This would be a PNP in
series with an NPN. However, we will leave that analysis for another book.
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The One-Pulse Converter

This is one of the simplest uses of the SCR. The circuit for this one-pulse
converter is shown in Figure 3-3. We will use it to study how we can make
the SCR work.

There is an anode, a cathode, and the extra terminal called the gate
terminal. To make the SCR conduct, we must do the following:

o Itneeds the voltage at the anode terminal to go more
positive than the voltage at the cathode terminal.

o Italsoneeds a positive going pulse voltage, known as
the Vg, gate triggering voltage, to force current into the
gate terminal.

However, turning the SCR off is not as simple as with the normal diode.
To turn the SCR off, we must ensure the following happens:

o Itneeds the voltage at the anode terminal to go lower
than the voltage at the cathode terminal.

e Butmore importantly the current flowing through
the SCR must fall below a certain value known as the
“holding current.”

Different thyristors will have different values of the holding current,
Iy, and the gate triggering voltage Vr. Also, as the voltage we apply across
the SCR is a force which could cause the SCR to break down, then different
SCRs will have different values of the voltage across them that they can
withstand before they break down. This is known as the “peak reverse
blocking voltage.” Therefore, before we use an SCR, we should check with
the datasheet to ensure it will be fit for our purpose. The 2n159* is a range
of SCRs, and the 2n1595 can block up to 50v, and the 2n1599 will block up
to 400v. This means if we want to use the SCR to control rectifying the UK
mains, then we should use the 2n1599 SCR. The holding current for the
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full range of the 2n159* SCRs is stated as 5mA. Of course, you should also
make sure the maximum forward current, the IT, for the SCR is sufficient

for your requirements. So, there is a lot to consider before you choose the
correct SCR, but that is true for all your devices you want to use. In all our
test circuits, we will use the 2n1599 SCR.

[ R1 1k}

({) VGt D1 1N4004 ;Z L1 2MN1508

Figure 3-3. The One-Pulse Converter

The circuit shown in Figure 3-3 is the basic one-pulse converter. It
is using a CR circuit to control when the SCR turns on and delivers the
supply voltage to the load. The CR circuit shown in Figure 3-3 is there to
introduce some phase shift, or time difference, between the input voltage
and the voltage across the capacitor, v,,. This will ultimately delay when
the SCR turns on. At a frequency of 50Hz, the waveform will take 20ms to
move through 360°. That means in 1ms the waveform would have moved
through 18°. We can use this relationship to calculate the phase shift when
we examine the waveforms in this chapter.

We can use the voltage divider rule to derive the expression for the
transfer function. The expression for v, is

s

vout :vin wclv
R—j—

Ja)C
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Therefore, we can show that the transfer function for this CR circuit is

1
"1+ joCR

It can be shown that the magnitude of the transfer function is
[TF| = - ——
I+ (a)CR)
It can also be shown that the phase for the voltage across the
capacitor will be

Phase = —<Tan’1 (a)CR)>

The proof of these expressions will be gone through in Chapter 11, as
we will do a lot more work with complex numbers in that chapter.

We can use this transfer function to derive an expression for the voltage
across the capacitor. We need to know what this expression is because this
voltage will be used to trigger the SCR. The transfer function shows how
the circuit will take the input and transfer it to become the output. The
relation between the input and output voltages and the transfer function is

TF — vout
vin
Using this, we can say
vout = vin x T F

With respect to the CR phase circuit shown in Figure 3-3, the input
voltage is simply the UK mains voltage, and the output voltage would be the
voltage across the capacitor. This means we can use the transfer function to
develop an expression for the voltage across the capacitor as follows:

=3398in(2n ft ) x| ———
vout ln( ﬂf) (1+JQ)CRJ

83



CHAPTER 3  MORE SEMICONDUCTOR DEVICES

It would be easier to multiply the two terms together if they were
expressed in their magnitude and phase. We will use the peak value of the
mains, vi,, so that we will derive the peak value of the output voltage.

The vin is

339Sin(27 ft) =339(0)

This assumes the rms of the UK mains is 240v, but nowadays it has

been reduced to 230v; however, I will use a 240v rms value as I am old-

fashioned. We are using an angle of 0° as the voltage is the reference.
The transfer function in magnitude and phase is

1

o —(Tan™ (oCR))

If we multiply the two expressions together, we get

1

a1

1., =(339(0))

To carry this multiplication out, we simply multiply the two
magnitudes and add the two angles. The result is

Vou = L(o —Tan™ (oCR))

I +(wCR)’
Therefore, the expression for Vout is
339

Vou = m —(Tan™ (oCR))

We can use this expression for different values of frequency and

component values. With respect to the circuit shown in Figure 3-3,
the frequency is 50Hz, the UK mains, the capacitor value is 1uF, and
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we will start with a resistor value of 1kQ. Putting these values into the
expression, we get

wCR =21 x50x1E*x1E* =0.31416

We can calculate the expression for the peak voltage at the output as

T 339 —(Tan™(0.31416
(Tan™( )

"2 +(031416)

Therefore

v, =323.416(-0.3044)

This means that the expression for Vout with respect to time is

v, =323.4168in (10071 —0.3044)

Note the phase shift and so the angle are expressed in radians. We can
test this expression out with the simple test circuit as shown in Figure 3-4.

[] R2 1kQ
N
C) VG1
7 VF1

—— C11uF

Figure 3-4. The Test Circuit for the CR Phase Shift Circuit
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If we simulate this circuit, the waveform for the voltage across the
capacitor, the output voltage, can be displayed as shown in Figure 3-5.

20 RERNAAY  TH¥AF E~N0NMNRYN O
400.00— §

vl ks
Out1 _/

-400.00-

400.00—
VG1 /‘ \
-400.00 4 i | i | i |
120.00m 130.00m 140.00m 150.00m 160.00m
Time (s)
Selected Curves | All Curves
A = 8-A Frequency
x[i2s57m | yf:25 | | |x[pom plore |ae| | x 40m y-228.1 f: 247.92

Figure 3-5. The Output Voltage Across the Capacitor

Figure 3-5 shows the output voltage when C = 1uF and R = 1kQ2. We can
see from cursor “a” that the peak voltage is 322.59v, and with cursor “b,”
when time was 130ms, the voltage was 97.14v. If we use the expression for
Vout, we can calculate the output voltage when t = 130ms as

v, =323.4168in(1007 x130E —0.3044) = 96.934v

The simulated results compare very closely to the calculated results.
We will calculate the expression for Vout when the resistance value was
increased to 10kQ. This would give

oCR =21 x50x1E° x10E> =3.1416
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Therefore, we have

2P (7w (3.1416))

17 +(3.1416)°

which gives

v, =102.824(-1.2627)

With respect to time, the expression for Vout would be

Vo = 102.824Sin(100m -1 .2627)

We can use this to determine the voltage across the capacitor when
t=130ms as

v, =102.824Sin(1007 x 130~ —1.2627) = 97.98

Simulating the circuit with R, set to 10k produced the output voltage
as shown in Figure 3-6.
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Figure 3-6. The Output Voltage with R1 = 10k

w_n

Cursor “a” shows that the peak voltage is 102.32v, and cursor “b” shows
that at 130ms the voltage was 97.44v. These two readings do again agree
closely to the calculated values. This means that we can use the expression
for the voltage across the capacitor with some confidence:

v o= 39 <—T0m_1 (a)CR)>

1 +(wCR)’
This is for the peak voltage; if we wanted to calculate the rms voltage,

we would simply replace the 339 with 240. Of course, this assumes that the
input voltage was the UK mains.
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The Loading Effect of the SCR

We will now connect the SCR to the phase shift circuit and see what
happens. The circuit to test this is shown in Figure 3-7.

[| retox

; ~Hout
G:j\ VG1 O1 1N4004 ;f L1 2N1599

LT Putd

Figure 3-7. The Test Circuit for the Loading Effect of the SCR

The SCR is the 2n1599 which can accommodate a forward voltage of
400V. We are also using a diode, D1, which is a 1n4004, which has a peak
reverse voltage rating of 400V. This is because both components must
be able to cope with the peak of the mains voltage which is set to 339v.
When we simulate the circuit, we can display the waveforms as shown in
Figure 3-8.

89



CHAPTER 3  MORE SEMICONDUCTOR DEVICES

0 RGN AAY TFFRENO Yok~ (3
100.00 —

Out1

' | ' | L | J |
120.00m 130.00m 140.00m 150.00m 160.00m
Time (s)

Figure 3-8. The Waveforms of the Test Circuit Shown in Figure 3-7

The waveform outl is the voltage across the capacitor. The positive
half of the waveform is clamped to around 2.5v due to the action of D1
and the SCRitself. The diode, D1, is there to disconnect the SCR from the
phase shift CR circuit when the voltage across the capacitor goes negative.
However, when we measured the negative peak, it was around -141v. This
does suggest that the SCR is still loading the CR circuit.

The waveform out2 is the voltage at the anode of the SCR. We can use
this to study when the SCR turns on. When the SCR turns on, it will drive
the voltage at the anode down toward 0V as it will connect the load to the
ground, giving the load current a path to flow through. Therefore, when the
out2 voltage waveform goes to 0V, the SCR has turned on. However, this
does not easily show us the voltage across the load. We can do that with the
waveforms shown in Figure 3-9.
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Figure 3-9. The Voltage Across the Load in Figure 3-7, R1 = 10k

The voltage across the load is shaded in red. We can see we have
allowed only a small amount of the positive half cycle of the input voltage
to be passed onto the load. This will reduce the average voltage across the
load, which is what we want to do with this type of circuit. So, the circuit
seems to work. We can test this concept more by reducing the value of the
resistor, R, in the CR phase shift circuit and see what happens.

After reducing the value of R, to 5kQ, the circuit was simulated, and the
display of the waveforms was as shown in Figure 3-10.
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Figure 3-10. The Output Voltage When R1 = 5k

We can see that the voltage across the load has been increased. This
means there must be a relationship between the CR values of the phase
shift circuit and the voltage across the load. However, the loading effect
of the SCR has distorted the waveform of the voltage across the capacitor,
which makes it difficult to determine this relationship. However, we can
see that if we vary the value of the resistor R;, we can vary the voltage
across the load. There is nothing really wrong with just using a variable
resistor for R, and just say that by varying the value of this resistor we can
change the average voltage across the load, that is, dim a light if the load
is a lamp or vary the speed of a motor if the load was a motor. However,

I believe that a good engineer can design circuits with which they can
predict what will happen.
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Buffering the Phase Shift Circuit

One way to reduce or even remove the effect of interstage loading,
something we will look at in Chapter 9, is to place a buffer between the
two stages. In this dimmer circuit, as that is what we are trying to create
with the SCR, the first stage is the CR phase shift circuit, and the second
stage is the SCR itself. So, what we will try to do is put a buffer between the
two circuits. The buffer circuit we will use is the unity gain Opamp; we will
study this buffer circuit later in Chapter 9. The test circuit using this buffer
is shown in Figure 3-11.

H R1 e
[ R2 100 '
l—‘fﬁ
A VF2 7 vl 2nses
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=V215¢

Figure 3-11. The Dimmer Circuit with a Buffer Circuit

We are using voltage pins instead of the out pins to allow us to monitor
the voltage at points around the circuit. We will look more closely at how to
use these when we look at using the TINA software in Chapter 12.

The circuit is a bit more complex as we will need a DC power supply to
supply the Opamp with. We will use a dual supply with +15V and
-15V. When we simulate the circuit, the output waveforms we get are

shown in Figure 3-12.
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Figure 3-12. The Output Voltage R1 = 10k but with the Buffer

The output voltage is now slightly less than when the buffer circuit was
not added. See Figure 3-9. However, if we look at the waveform shown in
Figure 3-13, we might see the advantage of adding this buffer circuit.
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[ x[p24.04m | ¥82073m |

Figure 3-13. The Waveforms with the Buffer Circuit Added
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The trace VF2 is the voltage across the capacitor of the CR phase
shift circuit. We can see that it is the same as when the SCR had not been
included; see Figure 3-6. This means the buffer circuit has done its job.
This means we may be able to predict when the SCR turns on. The ECAD
software TINA states that the gate triggering voltage for the 2n1599 SCR is
700mv. We have shown that when R, was set to 10kQ, the expression for the
voltage across the capacitor, that is, Vout, of the phase shift circuit is

v, =102.824Sin(1007t —1.2627)

We can transpose this for an expression for time “t” as follows.
Divide both sides by 102.824, which gives

“or_ — Sin(1007t —1.2627)
102.824

Now take the inverse sin of both sides, which gives

Sin™! | —Yeu | 210071 —1.2627
102.824

Now add 1.2627 to both sides:
Sin™ | —e__141.2627 =1007¢
102.824

Finally, divide both sides by 100x:

Sin™!| —You | 112627
102.824

1007

We can use this expression to determine the time when the Vout would
be around 700mv:

. [ 700E"

in +1.2627
102.824
t= =4.041ms
1007
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This would be 4.041ms after the start of any new cycle. The waveforms
shown in Figure 3-13 start at the beginning of the sixth cycle, that is, time
is 120ms. Therefore, if we examine the VF2 trace at a time of 124.041ms,
we should see a voltage close to 700mv. Cursor “a” is showing that when
time is 124.041ms, the voltage across the capacitor, that is, VF2 trace, is
820.73mv. This is pretty close to what we expect. Also, we can see that
it coincides with the time that the SCR turns on and the VF1 trace, the
voltage at the anode of the SCR, falls to Ov. This time delay of 4.041ms
relates to a phase delay of

Phase delay =4.041x18 =72.738%r1.27 Rads

If we reduce the value of R, to 5k, the expression for the voltage across
the capacitor changes to

v, =182.053Sin(10071 —1.004)

Therefore, the expression for time “t” becomes

Sin™ | Yo | 41,004
182.053

1007

Using this expression, we can calculate the time the voltage got to
700mv and so the time the SCR turned on as

-3
Sin‘l( 700 J+1.004

182.053
t= =3.208ms
1007

Changing the resistor value to 5k and simulating the circuit gives the
display as shown in Figure 3-14.
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Figure 3-14. The Waveforms When R1 = 5k
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Cursor “a” shows that when t = 123.21ms, the voltage across the
capacitor is 777.6mv, which is close to the expected 700mv. Also, it is
the time when the SCR turns on. I hope this work does show you that by
adding the buffer circuit and doing some maths work, we can predict when
the SCR will turn on. I believe this is something that engineers should be
able to do. However, I am not saying that the circuit shown in Figure 3-11
is the actual circuit of a dimmer. I am only trying to show you how we can
apply some concepts and maths to analyze analog circuits.

We can generalize the expression for time “t” to

Gt | Yo 1 +(100zCR)’
" 339

+Tan™ (lOOT[CR)

=

1007
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We can also generalize the expression for Vout as

Vou = 559 Sin(1007t — Tan™ (1007 CR))

1 +(100zCR)’

This assumes we are dealing with the UK mains with an rms of 240v,
and the angle is described in radians.

Exercise 3.1

1. Using the expression for the voltage across the
capacitor in the CR phase shift circuit, determine
the time when the SCR would turn on if the resistor
R, was changed to 15kQ. Determine the delay in
degrees and radians as well as time. Calculate the
peak of the voltage across the capacitor. This is with
the Opamp bulffer included in the circuit.

2. Repeat the calculation but now with R,
changed to 22k.

Controlling an Inductive Load with an SCR

It is an unusual load that is purely resistive; even a bulb will have some
inductance, and a motor will definitely have some inductance. Therefore,
we need to investigate what happens if we have an RL load as shown in the
test circuit in Figure 3-15.
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Figure 3-15. The Test Circuit for the RL Load

We have kept the value of R, at 5k, and we are still using the buffer
circuit. After simulating the circuit, the waveforms as shown in Figure 3-16
were obtained.

PEH RGHYAAY TEHE>~0PMNNIRY™ |
= 300.00 —
\J l\_/
-500.00 -
200.00—
VF2 /’-\ \/\’
ot
-400.00 1 1 ] 1
120.00m 130.00m 140.00m 150.00m 160.00m
Time (s)
]s_.'i'.aﬁ'éu_u;wcunu
|| == = = ____ _B-A
|x:[123.23m ]yi?suz ] x;_isao_szm J.r-.[aas_qam |.a¢- | x: 7.89m y:-288.51 ’

Figure 3-16. The Output Waveforms for the Test Circuit with
the RL load
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The SCR turns on, as expected when time is 123.23ms. However, I hope
we can see that the SCR turns off later than it did with just the resistive
load. It actually turns off when the time is 130.92ms. This is actually
10.92ms after the time when the input voltage started to go negative. If we
increase the inductance value to 100mH, the delay in the turn-off time is
greater as shown in Figure 3-17.
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Figure 3-17. The Waveforms When L Was Increased to 100mH

The turn-on time is unchanged, but the turn-off time is now around
134.15ms, which is 14.15ms after the input voltage has gone negative. The
issue that this creates is that some of the negative half of the input voltage
has been allowed to be passed onto the load. This would actually reduce
the average voltage across the load. The reason this happens is because
the current in an inductor lags behind the voltage across it. This means the
current in the inductor does not fall to zero, or below the holding current
of the SCR, till sometime after the voltage has gone to zero. To try and
show you how the current lags the voltage, we can add a very small value
resistance as shown in Figure 3-18.
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Figure 3-18. Adding the Resistor R3 to Measure the Current

Adding this small resistor allows us to display the voltage across it as
shown in Figure 3-19. If we divide the value of the voltage by the value of
the resistor, we can convert that waveform to a current waveform.
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Figure 3-19. The Display of the Current Through the SCR and
the RL Load

The trace VF3 shows that the current is still positive after the input
voltage has gone negative. This means it is above the holding current
value, and the SCR stays closed, allowing some of the negative half of the
input to be passed onto the load.

Adding a Flywheel Diode

The fact that due to the inductive load, the SCR turns off later than
expected reduces the average voltage and also makes it difficult to
determine the average voltage across the load. It would be better if we
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could make the SCR turn off when the input goes negative even with an RL
load. The act of turning the SCR off is termed “commutation.” One solution
we can use is shown in the circuit in Figure 3-20.

R1100
VF1

M- 3 L1 100mH
i
3

I ] e 7 Ut 1500
* a i E— Xy, D1 184004 /
J—;\u 15V \~--> ¢ " ;"
- [ T41

- 1 WwF

Figure 3-20. The Circuit with the Added Flywheel Diode

When we simulate the circuit, the waveforms produced are as shown
in Figure 3-21.
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Figure 3-21. The Waveforms for the Circuit with the Flywheel Diode

The SCR turns on as expected, but now it also turns off when the input
voltage starts to go negative. This means none of the negative half cycle
of the input is passed onto the load. The reason this works is that when
the input voltage starts to go negative, the cathode of the flywheel diode
goes negative, and the inductor will drive the anode more positive as it
tries to keep the current flowing through the SCR. However, this situation
means that the flywheel diode becomes forward biased and so closes. This
provides an alternative path for the current that would have been forced
to flow through the SCR, to flow through and so not through the SCR. This
means that no current flows through the SCR, and so it can turn off when
the input voltage goes negative. This means the RL circuit can operate just
as if it was resistive.
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The Average Voltage Across the Load

Now that we can control when the SCR turns on and off, we can determine
the average voltage across the load. If we consider the voltage across the
load as shown in Figure 3-22, we should be able to calculate the average

voltage across the load.
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Figure 3-22. The Voltage Across the Load with a Flywheel Diode

As average is a summing action with the result divided by the
number in the sum, then, as integration is a summing action, we can use

integration to calculate the average as

17 _
ave = EJ‘VPE“I‘ Sin(0)do

oc

Therefore, taking the constant of vy, out of the integral, we have

Vpea f .
avezg—nk;[Sm(O)dG
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Using the standard integrals, sin integrates to -cos. This then gives

ave = % = [—Cos (9)]2

Putting the limits in, we get

ave = %[(—Cos(ﬂ)) — (—Cos(oc))]

T
Knowing Cos (n) = -1, we get

ave = V‘Dﬂ(l + Cos(oc))

T

This is the general expression we can use to calculate the average
voltage when the SCR turns off when the ac input starts to go negative.

This means that if we can calculate the value of “o” in radians, we can
calculate the average voltage across the load. If we are using the circuit
shown in Figure 3-20, we know that the value of “a” can be calculated
using the expression from the phase shift circuit shown in Figure 3-4 as the
Opamp in Figure 3-20 prevents the phase circuit from being loaded by the
SCR. The expression we will use is
Vv, = S L (oCR)

1 +(wCR)’

where the phase partis

Phase=—-Tan™" (a)CR)

Therefore, the value of “«” depends upon the value of @CR. This can be
calculated using

oCR =2rn fCR
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As we are using the UK mains, then the frequency fis 50Hz. This
means that

®oCR =1007CR

If we keep the capacitor value set at 1uF, then we can say

wCR =100 x1E*R=3.1416E*R

This means that

o =Tan™ (3.1416E‘4R)

We can transpose this expression for R to show that

R :3183.1Tan(a)

This is for the phase circuit being supplied from the UK mains and
using a 1uF capacitor. We can test this by using it to determine the resistor

value to produce a value of 1.2 radians:

R=3183.1Tan(a) =3183.1xTan(1.2) = 8.187kQ

We can relate 1.2 Rads to degrees as 1 Rad = 57.296°; therefore, 1.2
Rads = 68.755°. We can then relate this angle to a time delay knowing that
at 50Hz 1ms = 18°. Therefore, 68.755° will equate to a delay of 3.82ms.

If we change the value of R, to 8.187k and simulate the circuit, then the
waveforms produced would be as shown in Figure 3-23.
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Figure 3-23. The Waveforms When R1 = 8.187k
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Cursor “a” shows that at a time of 123.85m, the SCR has just turned on.
This is 3.85ms after the input voltage has started to go positive. We will try
one more angle to test the relationship. This time, let a = 1.5 Rads.

Therefore

R=3183.1Tan(o) =3183.1x Tan(1.5) = 44.886kQ2

We can calculate the time delay using

Radsvaluex10 1.5x10
T T

time delay = =4.775ms

This can again be confirmed by changing the resistor value and
simulating the circuit.
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We can now use the expression for the average voltage to determine
the average voltage when the resistor R, in the phase shift circuit was set to
5kQ. This would produce the voltage waveform across the load as shown
in Figure 3-22.

We can use the expression

Voo
ave = g;ﬂk(l + Cos(oc))

The vpeak is the peak of the UK mains at 339v, assuming an rms of
240v. The value of “o” can be calculated using

o =Tan™ (3.1416E’4R)

Therefore

o=Tan™ (3.1416E*1 ><5E3)= 1.507 Rads

We can now calculate the average voltage across the load as

ave = ﬁ@ +Cos(1.507))=57.393v
2r

Note, your calculator must be placed into rads as we are using radians
to describe the angle.

Exercise 3.2

Determine the average voltage across the load if the resistor R, in the
phase shift circuit was changed to 10k and then 20k, if the capacitor was
set at 1pFE
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The Average Voltage with RL Load and No
Flywheel Diode

For the sake of completeness, we should look at how we can calculate the
average voltage if the SCR stays turned on and allows some of the negative
voltage to be passed onto the load. This would happen if we did not place
a flywheel diode across the load. This means that the SCR stays closed past
the half cycle which is when the angle is 180° or x radians. The amount

by which the SCR stays open pass n radians is expressed as “B” radians

or degrees. We will use radians in our calculations. This means that the
expression for calculating the average voltage applied across the load of an
SCR when the SCR stays closed passed = radians is

T+p

1 .
ave = p ;[ Vi Sin(0)d6
ave = vpﬂ”jﬁSin(@)dQ
2z

. n

where “a” is the delay before the SCR turns on and “p” is the delay from
“n” when the SCR turns off. If we are using the test circuit shown in
Figure 3-15, we can see the load is made up with a resistor in series with
an inductor. With this inductive load, the current flowing through the load
will lag behind the voltage across the load by some angle “p.” If we had an
expression for the current flowing through the RL load, then we could work
out the angle “p” that the inductor has introduced.

We can, as always, use Ohm’s Law to derive the expression for any
current. This would give
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The term z; is simply the series sum of R plus X, but this is a phasor
sum. The term X; is the impedance of the inductor, and it can be
calculated as

X, =2rfL=owL

As a phasor, this impedance goes on the +j axis, so we can say

X, =0+ joL

The “0” is there because this is a pure inductance with no internal
resistance.

The resistance has no imaginary or j term, so we can say that as a
phasor the resistance is

R+ jO
If we now add the resistor which is in series with the inductor,

we can say

z; =(R+j0)+(0+ joL)=R+ joL

When adding phasor numbers, we add all real parts together and
then add all j terms together. There is a complete analysis of how we use
complex numbers to represent impedances in Chapter 11.

This means we can calculate the current flowing through the load as

iV
R+ joL

Expressing this expression in polar format, we have

v(0)

R +(,) <Tan' (“;D

=
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= {5 )

This can be split into two parts, which are as follows.

This results in

The magnitude is

v
2

R +(o,)

()

In the calculation for the average voltage across the load, we are only

The angle is

interested in the angle as this is what sets the delay angle “p.” Therefore,

L o,
B =-Tan (?J

If we put in the values from the test circuit shown in Figure 3-15, we get

we can say

27 x50x10E™

=—Tan™
p=~Tan ( 10

] =0.3044 Rads

«“ ”

We need to calculate the delay angle “a.” This delay angle is created
using the CR phase shift circuit, and so it can be calculated using

oc=Tan™' (a)CR)

Putting the values in from the test circuit shown in Figure 3-15, we get

oc=Tan™" (27r x50x1E7 ><5E3)=1Rad
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Putting these values into the expression for the average voltage, we get

n+p 7+0.3044
_ Yreak [ ¢ _339 ;
ave = o J. Szn(@)d@ = Szn(@)d@

oc 1
Integrating, we get

A% 7+0.3044
ave = L""[—Cos (0)}
T 1

This gives
v ea
ave = ;—;[(—COS(?T + 0.3044)) - (—Cos(l))]
This gives
ave = 323_9 (——0.954) —(~0.5403)]
T

ave = ﬁ[1 .4943] =128.87v
2

If we calculate the average voltage when the flywheel is in place, we
should be able to compare the two values. The average voltage with the
flywheel diode in place can be calculated using the expression

ave = vg;;"(l + Cos(oc))

Putting the values in, we get

339
ave = E(l +Cos(1)) =166.21v

This shows that with the inductive load without the flywheel diode, the
average voltage across the load has been reduced.

113



CHAPTER 3  MORE SEMICONDUCTOR DEVICES

Exercise 3.3

1. Ifthe inductance value in the test circuit shown in
Figure 3-15 was increased to 50mH, calculate the
new angle “f” and the average voltage across the
RL load.

2. Repeat the calculations if the resistor in the CR
phase shift circuit was increased to 20k and the
inductance value in the load was reduced to 40mH.

The Triac

So far, we have just used half of the input waveform. This is probably OK
if we were just interested in using DC devices. However, if we wanted to
control an ac motor, then the simple SCR would not do. We will now look
at the Triac, and as its name does suggest, as it has the “ac” in it again,
the Triac has something to do with ac currents. Also, the term “Tri” does
suggest that it has three terminals. The symbol for the Triac is shown in
Figure 3-24.

Figure 3-24. The Symbol for the Triac

The symbol looks like two SCRs connected in parallel but in
opposite directions. That is because that is basically what they are. Their
semiconductor makeup is shown in Figure 3-25.
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Figure 3-25. The Makeup of a Triac

Figure 3-25 shows how the semiconductor structure of the Triac
relates to two SCRs and finally the Triac. The Triac is an attempt to give
the engineer the ability to chop the mains input in both ways. The voltage
across the Triac will be forward biased when the ac input goes both
negative as well as positive, whereas with the SCR it was only forward
biased when the ac input went positive. Just as with the SCR, we need to
provide a triggering pulse to turn the Triac on. Due to the work we have
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done with the SCR, it is hoped that we will be able to trigger the Triac
with the CR phase shift. However, we need to investigate what is the
requirement for triggering the Triac. The test circuit we are going to use to

investigate the Triac is shown in Figure 3-26.

Figure 3-26. The Test Circuit for the Triac

We can examine the datasheet and the TINA model we will be using
in our investigations. The parameters for the TINA model are shown in
Figure 3-27.

Model Parameters
Usage: 2N5568 |
Fwd. breakover volt. [V] 400
Peak blocking current [A] |10u
Holding current  [A] 130m
Crit. val. for dvdt [V/s] |100MEG
Gate trigger current [A] 140m
Gate trigger voltage [V] 2.5
On-state voltage  [V] L3
On-state current  [A] 114.2
Turn-on time [s] u
Wk | X cacd [P heb

Figure 3-27. The Model Parameters for the 2N5568 Triac
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The main parameters are

e The forward breakdown voltage, 400v, enough for the
UK mains

e The holding current, 30mA.

o The gate triggering voltage, 2.5v. This is the minimum
voltage.

o The gate triggering current, 30mA. This is the minimum
current.

We are using a voltage source to produce the triggering pulses as this is

the easiest to alter and so determine the requirements of the triggering circuit.

After quite a lot of trials and changing the parameters, the test circuit

was simulated, and the waveforms as shown in Figure 3-28 were displayed.
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Figure 3-28. The Waveforms from the Test Circuit
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The circuit uses two voltage sources to produce the triggering as we
need to trigger the Triac during both the positive and negative half cycles
of the input voltage. VG2 triggers the Triac during the positive half cycle
of the input, and VGS3 triggers the Triac during the negative half cycle. The
idea is to delay the triggering of the Triac during both half cycles the same.
VG2 is a 2ms pulse rising to 32v that is delayed from rising by 2ms. Note, at
50Hz the periodic time for one cycle is 20ms. Therefore, VG2 goes high for
2ms and then stays low for the remaining 18ms. VG3 controls the triggering
of the negative half cycle. The negative half cycle starts when time is 10ms
into the full cycle. Therefore, VG3 stays low for the first 12ms and then
goes high for the remaining 8ms. This ensures that the Triac triggers the
negative half cycle with the same 2ms delay. I have set the pulses to rise to
32V because I am thinking of using a Diac to assist the triggering circuit,
and they do not conduct until the forward biasing is around this 30V level.
However, this is later in the chapter.

The trace Outl is the voltage at the anode of the Triac. When this
voltage goes down to 0V, we know the Triac has been turned on. Using
the cursors “a” and “b,” we can see that this happens at the same time the
respective triggering pulses go high. I have tried a variety of changes for the
triggering waveforms, and I have determined that this arrangement when
the two pulses are not both high at the same time is the better approach.

Figure 3-29 shows the actual voltage across the load.
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Figure 3-29. The Voltage Across the Load Is Shown in Red

Just to show that we can reduce the voltage across the load to a very
low value, we can re-simulate the circuit with a delay of 8ms. The result is

shown in Figure 3-30.
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Figure 3-30. The Voltage Across the Load Is Shown in Red

I hope it is quite obvious that the voltage across the load has been
reduced.

Using the test circuit has shown us that we should try and create two
pulses to drive the Triac. This could be achieved to some extent if we
fed the output of the CR phase shift circuit via a Diac to trigger the Triac.
Therefore, it would be good to look at what a Diac is.

The Diac

We have described the diode as an electronic switch for a DC circuit, as

it closes when the anode voltage is around 0.7v greater than the cathode.
The switch can then be opened when the anode is less than 0.7v more than
the cathode. In this way, the diode is used to control when current passes
through it in just one direction, that is, conventional current flows from the
anode to the cathode.
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The Diac, as the “ac” seems to suggest, is an electronic switch which
controls when it will pass current in both directions. Well, it is easy to see
how the diode can be used in rectifying an ac input, but why would we
want to control the switching of current in both directions? Really, the
main use of the Diac is in controlling the triggering of a Triac.

The Operation of the Diac

Just as the diode has to be forward biased, that is, its anode voltage has

to be approximately 0.7v greater than the cathode, then to make the Diac
conduct in either direction, the voltage at the anode of the Diac must
become greater than the specified breakdown voltage, for it to conduct in
either direction. We can look at that concept with the test circuit shown in
Figure 3-31.

—_— *
AN U1 D20 Uz 0so
L D, s Y e
.Y K] K] B
() )
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= +

V125
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Figure 3-31. Test Circuit for Biasing the Diac

TINA states that the forward breakover voltage for this D30 diac is
32V. Therefore, we will apply the biasing voltage from 25 to 37 in steps of
1v to see how the diac conducts. Simulating this test circuit allows us to
complete a table of results as shown in Table 3-1.
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Table 3-1. The Results of the Test Circuit Shown in Figure 3-31

Biasing Voltage AM1 VM1 AM2 VM2

V1 (Volts)

25 76.72u 76.72m 76.72u 76.72m
26 79.83u 79.83m 79.83m 79.83u
27 82.94u 82.94m 82.94m 82.94u
28 86.05u 86.05m 86.05m 86.05u
29 89.16u 89.16m 89.16m 89.16u
30 92.28u 92.28m 92.28m 92.28u
31 95.39u 95.39m 95.39m 95.39u
32 98.5u 98.5m 98.5m 98.5u
33 101.62u 101.62m 101.62m 101.62u
34 177.63u 177.63m 177.63m 177.63u
35 9.5m 9.5 9.5 9.5m

36 9.78m 9.78 9.78 9.78m
37 10.06m 10.06 10.06 10.06m

The results from the table show quite clearly that the Diac is passing

only a small current until the biasing voltage reaches a value of 34V. This

does confirm that the Diac acts as an electronic switch, but unlike the

diode, it works in both directions. Also, the voltage at which the switch

turns on is a higher voltage than the basic diode, and it is different for

different Diacs.
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Using the Diac

One of the main uses of the Diac is to assist in the switching on and off of
a Triac. Indeed, we are hoping that this will produce the triggering pulses
like the ones we used in Figure 3-28. A typical Diac-Triac circuit is shown
in Figure 3-32.

Figure 3-32. A Typical Diac-Triac Triggering Circuit

This is one method of triggering the Triac. It is using the CR phase shift
as we did with the simple SCR circuit. With this simulation, we are using
an impedance “Z,” to represent the load. This is a useful facility that TINA
provides us with. This is because all ac loads are impedances, even the
simple resistor, which is what is being used here. We can change the load
to make it an RL load by modifying the impedance. The process is shown
in Figure 3-33.
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Figure 3-33. Editing the Impedance

The real part is simply the resistance value you want for the load. The
imaginary part is the actual impedance of the inductor we want for the
load. If the inductor we want to use is a 10mH coil, then the impedance
can be calculated as

X, =2nfL=27x50x10E" =3.1416Q2

If we change the load to just a simple resistance of 5Q and simulate the
circuit, the waveforms we get are as shown in Figure 3-34.
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Figure 3-34. The Voltage Across the Load

The voltage across the load is shown in red.

The CR phase circuit is one way of triggering the Triac. However, the
loading effect of the Triac will make it difficult to produce a relationship
between the phase shift across the capacitor and the output voltage.

To go any further would take up too much analysis, and really power
electronics is a book on its own. I will leave the analysis for that book if I
ever write one.

Before I leave the work on Triac, etc., we will look at the test circuit

shown in Figure 3-35.
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Figure 3-35. The Test Circuit for the Final Look at a Triggering Circuit

This does look a bit like the triggering circuit shown in Figure 3-26,
except that there is only one source for the triggering pulse, VG2. This is
because the idea of the circuit in Figure 3-26 was to supply two pulses
in the 20ms period of the 50Hz ac input. This used two sources, each
producing one of the two pulses in their own 20ms period. In this final
circuit, the trigger source produced one pulse but at a frequency of 100Hz,
not 50Hz. This would mean that there would be two pulses in the 20ms
period of the 50Hz ac input. The Triac used in the test circuit is the 2N5568,
which has a breakdown voltage of 400v, so it is suitable for use with the UK
mains voltage. The waveforms obtained when the circuit was simulated
are shown in Figure 3-36.
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Figure 3-36. The Waveforms from the Test Circuit Shown in
Figure 3-35

The VG2 trace is the 100Hz square wave used to trigger the Triac to
conduct during both the positive and negative halves of the ac input. As
the triggering source is a simple square wave, then all we need to do is
lengthen the space time of the square wave to reduce the voltage across
the load or shorten the space time to increase the voltage. This would not
be too difficult, and the relationship between the triggering and the output
voltage would be quite simple as, for example, a 50/50 duty cycle triggering
square wave would produce half of the output voltage. If the space time
was set at 25%, then the output voltage would be at 75%. Sounds good, well
do not get carried away. In the test circuit shown in Figure 3-35, the load
was purely resistive at 5€, that is, the load was 5 +j0. The space time was
set to 4ms which is simply 40%, and the output voltage was also 60%. The
output voltage is shown in Figure 3-37.
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Figure 3-37. The Output Voltage with 40% Triggering

Figure 3-37 shows that the output voltage is at 60%. When we changed
the triggering to 60% space time, the average voltage reduced to 40%. This
does suggest that this form of triggering could work and give you better
control over the amount of voltage that could be developed across the
load. It would not be too difficult to produce this type of triggering source;
we might find we could use the 555 timer that we will look at in Chapter 10.
If we were to add some inductance to the load, then we would probably
use a flywheel diode across the load to make it work as though it was a
purely resistive load.

Please note I am not saying this is the best triggering circuit. The
design of all these types of power electronic circuits will require a lot more
work. However, I hope I have given you some insight into what we can do

with these analog circuits.
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Summary

I feel I must say that I am not trying to design actual circuits that you could
use, as there are many variations of the circuits we could use for all types
of electronics we will come across. I am really only trying to introduce you
to the major concepts of the different analog circuits and devices we could
come across.

In this chapter, we have introduced some of the main semiconductor
devices used in power electronics. We have looked at how the SCR, or
thyristor as it is sometimes known as, can be used to chop up the ac supply
to provide a variable DC voltage for use as a dimmer circuit. We then went
on to look at how the Triac could be used to produce a similar variation
with an ac voltage. Finally, we looked at how we could use the Diac.

I hope you have found this chapter useful. The way I set some of it out
was an attempt to show how you could investigate some concepts and then
produce a solution to an idea you have behind the design of a circuit.

In the next chapter, we will move on from the PN junction to the NPN
and start our investigation into the bipolar junction transistor, the BJT.

129



CHAPTER 4

The NPN and PNP
Junctions

In this chapter, we will learn how engineers tried to make use of the PN
junction we have looked at in Chapter 2. We will study the NPN and PNP
construction and discover how engineers make use of them.

The NPN Junction

The makeup of the diode, studied in Chapter 2, led engineers to create a
semiconductor device that was made up of a P-type material sandwiched
between two N-type materials as shown in Figure 4-1.

RN

depletion depletion
layer layer

Figure 4-1. The NPN Sandwich

Figure 4-1 is a very much simplified representation of the NPN
sandwich; however, it does give us the idea behind the analysis in
this chapter. The manufacturing process that is used in making these
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sandwiches is quite remarkable, and it is way beyond me. However, they
succeed in making the emitter region a heavily doped region, which, in
the case of the NPN sandwich, means there are a lot of atoms that have

an excess of electrons in it. The base, which is quite thin, is lightly doped,
which, in the case of the NPN sandwich, means there are not a lot of atoms
that are short of electrons. Finally, the collector is moderately doped,
which means there are atoms that have an excess of electrons but not as
many as with the emitter.

The PNP transistor will be doped in the same manner, but the emitter
and collector have atoms that are short of electrons, while the base has
atoms that have an excess of electrons.

As with the PN junction, when a P-type and an N-type semiconductor
material are brought together, there is a depletion layer, where some of
the electrons that are surplus to the atoms in the N-type material combine
with the atoms that are short an electron in the P-type material. This
then creates a layer that has no charge, that is, it is depleted of charge,
between the two types of semiconductor material. Now, because we have
a sandwich-type arrangement, there will be two such depletion layers
created as shown in Figure 4-1.

From our work in Chapter 2, we know that just one PN junction will
create a basic diode, with the P-type material acting as the anode and the
N-type acting as the cathode; see Figure 2-1 in Chapter 2. Therefore, it
shouldn’t be too difficult to see that the NPN sandwich shown in Figure 4-1
can be viewed as two diodes back to back as shown in Figure 4-2.
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Figure 4-2. The Two Diodes Back to Back

Figure 4-2 shows three terminals connected to the NPN sandwich
arrangement, and they are

The base “b” terminal
The collector “c” terminal
The emitter “e” terminal

We will learn what they are used for later in this chapter.

We know, from our work in Chapter 2, that if you made the anode of a
diode more positive, by about 0.7V, than the cathode, we would be forward
biasing the diode. However, if you made the anode more negative than
the cathode, you would be reverse biasing it. This would suggest that we
could do something similar with this NPN sandwich. A typical biasing
arrangement for the NPN sandwich is shown in Figure 4-3.
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Figure 4-3. Typical Biasing Arrangement for the NPN Sandwich

The two diagrams in Figure 4-3 are trying to show how the doping
arrangement creates the N-type and P-type regions of the NPN transistor
and how it relates to the typical symbol for an NPN transistor. The symbol
for the transistor has an arrow between the base and the emitter. The arrow
head is used to indicate the direction of conventional current flow through
the transistor. With the NPN transistor, the conventional current flows into
the collector and out of the emitter as shown in Figure 4-3. However, with a
PNP transistor, which we will look at later in this chapter, the conventional
current flows into the emitter and out of the collector. Also, we should
remember that conventional current flow goes from positive to negative,
whereas electron flow goes from negative to positive. In the analysis of the
biasing of the transistor, we will use electron flow.
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If we look at the NPN sandwich shown in the lower diagram in
Figure 4-3, we can see that the voltage source V, in Figure 4-3 is applying a
positive potential to the cathode of the internal diode D,. This would mean
that the internal diode, D,, between the base and collector region is reverse
biased. Also, the positive terminal of the voltage source V; is applied to the
anode of the internal diode, D,, between the base and emitter region, then
that diode, D,, will be forward biased. With the ground, which is normally
considered as 0V, attached to the base connection, then the only way
the base can be more positive than the emitter is with the emitter being
a negative voltage, which this arrangement with the sources V3 and V4
gives us.

This biasing arrangement means the base emitter diode, D,, is closed
and allows the surplus electrons in the N-type material, at the emitter,
to flow into the depletion region around the base area. However, as the
emitter is heavily doped compared to the base region, more electrons
flow out of the emitter toward the base than can be absorbed into the
base depletion layer. This means there is an excess of electrons that need
somewhere to go, but the diode, D,, is reverse biased. Indeed, it is placed
in the wrong direction for conventional current to flow through it.

However, we should not forget there is a positive voltage at the
collector, provided by V4. Also, this voltage is greater than the voltage at the
base, provided by V3. These excess electrons that do not flow into the base
region would be highly attracted to this positive voltage at the collector,
and so they are trying very hard to flow through D,. But D, is reverse
biased! That is true, but with some clever doping of the NPN sandwich, the
diode D, is a very, very soft diode, and it soon breaks down. This soft diode,
D,, soon gives up any resistance to the electrons trying to flow through it
and out to the positive potential at the collector. This means this diode,
D,, allows this excess of electrons that have been sent out from the emitter
region to flow out to the collector region. Indeed, this positive potential at
the collector creates an avalanche effect, whereby many more electrons are
forced to leave the emitter and flow through the collector. Of course, the
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biasing voltage, V3, is happy to push more electrons into the NPN sandwich
via the emitter terminal. This then sets up the NPN sandwich to allow
current to flow through the NPN transistor. If we consider conventional
current, we can say it flows down from the collector to the emitter and
around the complete biasing circuit to reenter at the collector.

This analysis tries to show you how, by forward biasing the base
emitter junction, we have allowed current to flow through the NPN
transistor even though the base collector junction was reverse biased. We
will see later that this arrangement is a typical one when using the NPN
transistor.

The Symbols and Acronyms of a Transistor

Before we go too far down the line of analyzing these transistors, it may be
useful to discuss the various symbols we use for transistors. There are two
main ways of symbolizing transistors which are shown in Figure 4-4.

Q @

NPN PNP
J ]
NPN PNP

Figure 4-4. The Symbols for Transistors

The top two transistors are shown enclosed within a circle. We should
always use these symbols when we are discussing circuits that have
individual transistors or sections of circuits with just individual transistors
in them. The symbols without the circle are used when discussing
integrated circuits that use many transistors in them. However, because
most ECAD software, and TINA is one of them, don’t put circles around
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their transistors in their schematics, we will only use the lower symbols

in our circuits, even though we are discussing individual transistors. So, I
apologize in advance for this small error in my representation of circuits
with just one transistor in them. However, I do hope you will forgive me for
this little discrepancy.

Also, I would like to point out the difference between the NPN and the
PNP symbol. The NPN has the arrow pointing “Noutwards,” a phrase I was
introduced to when I was a student, or outwards, if we are using English,
as with the NPN the arrow head is pointing outward from the base to come
out at the emitter end of the transistor, whereas the PNP has the arrow
head pointing inward; see Figure 4-4.

We can also use the acronym FEN and FEP to explain how we forward
bias the base emitter diode inside the transistors. The term FEN stands for
Forward Emitter Negative, and it is used with the NPN transistor, meaning
to turn the NPN transistor on we must make the emitter around 0.7V more
negative than the base.

The term FEP stands for Forward Emitter Positive, and it is used with
the PNP transistor, meaning to turn the PNP transistor on we must make
the emitter around 0.7V more positive than the base. I hope this helps in
analyzing how we use these transistors.

The Characteristics of a Transistor

To be able to use any device, we need to appreciate the main
characteristics of the device. With respect to a transistor, the most

important characteristics are
e The input characteristic
e The output characteristic

¢ The transfer characteristic
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We can carry out a series of experiments to determine these
characteristics. However, before we do that, we need to appreciate there
are three main configurations we can use the basic transistor in, and
these are

¢ Common base
¢ Common collector

¢ Common emitter

The Common Base Configuration

We will look at the common base configuration first. The test circuit we will
use to look at the characteristics is shown in Figure 4-5.

AN AND

T1 BC108

V2 644m =
+

Figure 4-5. The Common Base Configuration

This is called the common base configuration because the base
terminal is common to both the input, which will be V,, the base-to-base
emitter Vy; measured by VM1, and the output side, V,, the collector-to-
base voltage V¢ measured by VM2.
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Note, when symbolizing a voltage such as Vg, we use the V for voltage,

then follow it with the notation for the positive end of the voltage followed

by the notation for the negative end. In this way, the term Vg; is the voltage

between the base and emitter of a transistor with the base being the

positive end of the voltage. Also, we use capital letters when referring to

DC quantities and lowercase letters when referring to ac quantities.

We can produce a graph of the input characteristics by performing the

following experiment:

1.

Set the V3 voltage, that is, V;, to 1V and maintain it
at that throughout the procedure.

Set the Vy;; voltage, V,, to -250mV.

Turn the circuit on and record the emitter current I
using AM1, the collector current I using AM2, and
the base current Iy measured using AM3.

Then increase the Vg voltage by 50mV and take the
same measurements again so that we can complete
the table of results shown in Table 4-1.

Repeat the procedure until you have used a Vg
of 950mV.

Now change the V3 voltage to 20V and repeat
steps 2 to 5.

Therefore, simulating the circuit to carry out the experiment, we can

complete the table of results shown in Table 4-1.
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Table 4-1. Results for Common Base Experiment

Ves =1v Ve = 20V
VeemVV2 | Iy I I I I
-250 747.62f  -250.02f 997.65f  27.5p —-4.05p  31.55p
—-200 797.58f  —249.92f 1.05p 2753p  —4.05p 31.58p
-150 847.43f  -249.83f 1.1p 27.56p  —-4.05p 31.61p
-100 899.11f  -247.95f 1.15p 2759p  —4.05p  31.64p
-50 954.79f  -243.16f 1.2p 27.63p —4.04p 31.68p
0 1.03p -226.02f 1.26p 2769p  -4.03p 31.72p
50 1.22p -164.02f 1.38p 2789  -3.96p 31.86p
100 2.04p 61.2f 1.98p 28.89p  -3.74p 32.62p
150 6.72p 881.57f  5.84p 3492p  -292p 37.84p
200 36.52p  3.88p 32.64p  7435p  82.13f  74.27p
250 235.45p 1494p  220.51p 341.13p 11.14p  329.99p
300 1.6n 56.26p 1.54n 2.18n 52.46p 2.13n
350 11.01n  214.6p 10.8n 14.95n  210.8p  14.74n
400 76.63n  848,39p 7579n  104.19n  844.59p 103.35n
450 535.6n  3.56n 532.04n  729.27n  3.56n 725.71n
500 3.75u 16.35n 3.73u 5.11u 16.35n  5.1u
550 26.29u  83.36n 26.21u  3587u  83.35n  35.78u
600 184.04u  470.65n  183.57u  251.03u  470.3n  250.56u
650 1.27m 2.86u 1.27m 1.73m 2.84u 1.72m
700 8.04m 17.11u 8.03m 10.67m  16.6u 10.65m
750 36.63m  80.48u 36.55m  4553m  72.74u  45.46m

(continued)
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Table 4-1. (continued)

Veg = 1v Ve = 20V
VeemVV2 | Iy I I Iy I
800 99.53m  246.69u 99.29m  116.48m 205.4u  116.27m
850 186.97m 541.64u 186.42m 211.59m 4241u  211.16m
900 287.16m 972.46u  286.19m 319.46m 729.69u 318.73m
950 393.59m  1.54m 392.05m 434.07m 1.12m  432.94m
1000 502.82m  2.24m 500.58m  552.26m 1.6m 550.66m

Using the table of results shown in Table 4-1, a graph of the input
characteristics can be drawn as shown in Figure 4-6.

Input Characteristics
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Figure 4-6. The Input Characteristics for the Common Base
Configuration

The gradient of the graph shown in Figure 4-6 can be determined using

Gradient = Change inl,
Change inVy,

141



CHAPTER 4  THE NPN AND PNP JUNCTIONS

This has two problems in that the gradient is not constant, and it
would calculate a value for the input conductance or admittance, not the
input resistance or impedance. This is because, transposing Ohm'’s law for

resistance, we have

1
R

<~

The term 1/R is the inverse of resistance, which is conductance or
admittance.

This means that to calculate the input resistance, we must use
the inverse of the gradient. Therefore, we can calculate the input
resistance using

change inV,
Input Resistance = M
change in 1,

If we use an area where the gradient is very steep, we would get a very
low value of resistance as follows:

change inVEB 0.9-0.8 B
change inIE  0.27884—0.09779

Input Resistance =

This is the value of the input resistance at that particular tangent on
the characteristics. It should be clear that the input resistance does depend
upon where we are on this curve and also other parameters such as the
VCB and internal characteristics of the transistor. It does show that the
input impedance of a transistor in common base configuration is low;

a more realistic typical value is in the order of Ohms, say, 10 to 20Q. We
will look at this again in Chapter 6 when we use the Ebers-Moll model to
determine this resistance more carefully.
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The Current Characteristics and the Current
Gain “Alpha o”

The input resistance or impedance is the important characteristic we can
determine from the input characteristics; however, another important
consideration we can get from the results of the simulation is the
relationship between the three currents measured during the simulation.
If we consider the emitter current and collector current in Table 4-1, we
can see that once the Vg voltage starts to go positive, then I and I are
very close to each other in value. We can see that I; is slightly greater
than I.. The following expression can be used to express the relationship
between the two currents:

I.=al,

where the term “alpha o” is the current gain between the collector and
emitter currents. It is the ratio of the two currents. The expression for alpha is

1

a:_c

1

E

As the collector current, which is the output current, is always going
to be less than the emitter current, which is the input current with the
common base configuration, then alpha will always be less than one.
Typical values for alpha in the common base configuration are 0.95 to 0.99.
If we consider all three currents that are recorded in Table 4-1, we
should be able to confirm the following expression:

I, =1,+1,

If we take the reading when Vi was 750mV, we can add the three

currents as follows:

0.03663 =0.00008046 + 0.03655

This does confirm the expression for the emitter current I.
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Analyzing the Test Results from the Circuit
in Figure 4-5

The first thing we can see is that even when the base emitter junction is
reverse biased, there is a leakage current flowing through the transistor.
This internal diode is reverse biased when V, is negative, which takes a bit

of thinking about, but if you simulate the circuit shown in Figure 4-7, you
get the same results.

AM1 747.62A AN 997 65A

+

T1 BC108

UL

V2 250m =

=V11

Figure 4-7. Reverse Biasing D2, the Base Emitter

We can see that the three currents have the same reading as that shown
in Table 4-1 when the VBE voltage was set at -250mV.

Using Table 4-1 again, we should appreciate when V1 is O0v and above;
the base emitter diode is now becoming forward biased. The currents in
the transistor become more measurable when V, reaches 400mV. If we
now plot the change in the emitter current as we continue to increase the
V, voltage, we will be able to plot the input characteristics for the common
base configuration. This is shown in Figure 4-6.

The input to the common base configuration is simply the voltage
across the base to emitter and is labeled Vg:. The other parameter of the
input characteristics is the emitter current, I, that flows out of the emitter.
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The graph, shown in Figure 4-6, shows that the current starts to increase
when the Vg; starts to go above 0.7V. The graph is very similar to the diode
characteristics we looked at in Chapter 2. This confirms that the base
emitter junction does have a real diode within it as expected.

The Output Characteristics

The next important characteristic of the transistor is the output
characteristic. To create a graph of the output characteristics, we need to
carry out the following experiment. We will simulate the circuit shown in
Figure 4-5 to gain three series of results so that we can fill in Table 4-2. To
get the circuit ready for the three series of simulations, we should set up
the circuit as follows:

e  With Vs setto 1V, set Vi to 644mV to achieve a value of
approximately 1mA for Iz. Then, while keeping VBE at
644mV, adjust V¢ accordingly so that you can complete
Table 4-2.

e NowresetV, to 1V and set V, to 673mV to produce an
emitter current of 3.03mA. Then, while keeping VBE at
673mV, adjust V¢ accordingly so that you can complete
Table 4-2.

e« Nowreset V1 to 1V and set V2 to 707mV to produce
an emitter current of 10.02mA. Then, while keeping
VBE at 706.5mV, adjust Vg accordingly so that you can
complete Table 4-2.
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Table 4-2. The Table of Results for the Output Characteristics

Ie = 1.02mA Ic = 3.03mA Ic = 10.02mA
Ves le(mA) IgmA) Ie Ie Ie Ie
05  0.982 0.97 294 291 9.75 9.64
0 0.995 0.985 297 294 984 9.74
0.5 1 0.994 3 297 993 9.82
1.0 1.01 1 303 3 1002 991
15 1.02 1.01 305 302  10. 10
2.0 1.03 1.02 308 305 1019  10.08
2.5 1.04 1.03 3.1 308 1027 1017
3.0 1.05 1.04 314 311 1036 10.26
35 1.06 1.05 317 314 1044  10.34
4.0 1.07 1.06 319 316 1053 1043
45 1.08 1.07 322 319 1062 1051
5.0 1.09 1.08 325 322 107 10.6
5.5 1.1 1.09 328 325 1079  10.68
6.0 1.1 1.1 3.31 327 1087  10.77
6.5 112 1.1 333 33 1095  10.85
7.0 113 1.12 336 333  11.04 1094
7.5 114 113 339 336 1112 11.02
8.0 1.15 1.14 342 339 11.21 11.1
8.5 1.16 115 344 341 129 1119
9.0 117 1.16 347 344 1138 1127
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Using the results as shown in Table 4-2, we can complete the graph
of the output characteristics for the common base configuration. This is
shown in Figure 4-8.

Active Region

v

- o

Saturation

Region Common Base Output Characteristcs

12

I
P

Ilc mA

|

2
D_A: Cut Off Region
450 05 1 15 2 25 3 35 4 45 5 55 6 65 7 75 8 85
VCB Volts

—— 0 05] e—Coes] es—Spries3

i

Figure 4-8. The Output Characteristics for the Common Base
Configuration

When we examine the characteristics, we see that there are three
regions the transistors can work in, and they are
e Active region
o Cutoffregion
e Saturation region

The active region on the graph is the area between the two dashed
lines. In this active region, the collector current does not change much,
and it is almost the same as the emitter current.
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The cutoff region is the point where the collector current is zero or very
close to zero. It is called the cutoff region as the transistor has switched off
as no current is flowing through it.

The saturation region is where the collector current has reached a
maximum, and so the transistor is said to be saturated in current flow.

Current Characteristics

The current characteristics allow us to look at the relationships between
the currents flowing through the BJT amplifiers. The BJT, in all its
configurations, is a current device which normally amplifies its input
current; however, that depends upon the type of configuration the BJT

is used in. In this section of the text, we are looking at the common base
configuration. In this configuration, the input current is the emitter
current, I, while the output current is the collector current, I.. We can state
the relationship between the collector current and the emitter current as

I.=al,

With the output characteristics, we have seen that the collector current
is very close to the value of the emitter current, but it is slightly less;
examine the results shown in Table 4-2. This would suggest that the term
“alpha” a is just less than 1, typically between 0.95 and 0.99.

We can rearrange the expression for I to make “o” the subject as
follows:

1

o=-"-X

E
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The Common Base Amplifier

The most common use of a transistor is to use it as an amplifier. We

have shown that the common base configuration does not act as a

current amplifier, as the output current, I, is less than the input current,

Iz. Therefore, we must investigate whether or not it can be used as a
voltage amplifier. To test this concept, we can simulate the circuit shown in
Figure 4-9.

R2100 R1 5k

—
I

_f+ VG1 T1 BC108
-
=v120
:|—

Figure 4-9. The Common Base Amplifier Circuit

The input voltage to the circuit is VG1. This is set to give a 5mv peak
ac voltage with a frequency of 1kHz; this is just an example; it could be
any small voltage at any frequency. This is applied between the emitter
and base as this is the input to the amplifier. I am using channel 1 of the
oscilloscope to measure the voltage across R,, the emitter resistor. This
is because if we divide the voltage waveform by the 100Q2 value of R,, we
can interpret the trace of channel 1 as the current flowing through the
amplifier. In the same way, by using channel 2 to measure the voltage
across R,, the collector or load resistor, we can divide that trace voltage by
the 5kQ value and interpret that trace as the output current. The two traces
of the oscilloscope are shown in Figure 4-10.
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Figure 4-10. The Two Traces of the Oscilloscope

The OSC1_Chl1 is the output voltage, and if we divide the peak of
200mV by the 5k value of R,, we get a peak current of 40pA. The trace
OSC1_Chz2 is the input voltage, and if we divide the peak of 4mV by the
1002 value of R, we get a peak value of 40pA. This confirms what we
expect: that the output current, I, is the same as the input current, I. It
also confirms that in the common base configuration the value of alpha is
very close to one.

If we now divide the peak to peak of the output voltage by the peak to
peak of the input voltage, we can calculate the voltage gain of the common
base amplifier:

-3
Voltage gain = peak to peak Output Voltage _ 396.48E 4993

peak to peak Input Voltage 79E7

Note, gain does not have any units as, with this expression, we have
volts divided by volts, and therefore, the units cancel out.

We can change the value of R, to 1k. We can simulate the circuit again
to see how the output changes.
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The resultant traces from the oscilloscope are shown in Figure 4-11.
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Figure 4-11. The Traces from the Second Test Simulation

The peak input voltage is shown as the peak of the OSCI_Ch2 as
4.31mV. This means that the input current would be

4.04E°
I = —40.4uAd
T H

The peak of the output voltage is 40.24mV as shown as the peak of the
Ch1 trace. We can use this to calculate the peak of the output current as
follows:

40.24E
lo=—"F—

=40.24uA4

This agrees with the concept that I; = I.. We can use these two current
values to calculate the current gain, alpha a, of the circuit as follows:
1o _ 40.24E°°¢
I, 404E°

=0.996
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This is a typical value for alpha.
We can calculate the voltage gain as follows:

_mmﬂ%—Pk_&MWE4_998
VinPk— Pk~ 8.06E°

VGain

We will try one more simulation this time with the emitter resistor R,
set to 5k and the load or collector resistor set to 100k. The traces of the

output are shown in Figure 4-12.
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Figure 4-12. The Oscilloscope Traces of the Third Simulation

The peak voltage at the input is 4.39v, and with R, set to 5k, the input

current is

-3
;- 4.39F

£ 5g”

=878n4
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The peak voltage at the output is 87.54mV, and with R, set to 100k, the
output current is

S4E7
I.= 875—3 =874nA
100E
The current gain « is
I 4E”
1 8T - =0.994
I, 8718E

The voltage gain can be calculated as follows:

. Vout 87.54E7°

VGain = —=19.9
Vin  439E

These simulations do confirm the theory in that the emitter current
Iz is very nearly the same as the collector current I, and the current
gain a is typically between 0.95 and 0.99. The voltage gain can be good;
the examples put it between 5 and 40, but higher voltage gains can be
achieved. If we look at the resistor values and the calculated gain, we could
say that

The Load Resistor
The Emitter Resistor

Vgain ®

There are always some limitations, and one that I have determined is
that due to the low input resistance, the value of the emitter resistor should
not be too low.

The Common Base Leakage Current (ICBO)

This stands for the current that flows through the collector when the

emitter is open circuited, where “I” stands for the DC current and the CB
indicates it flows through the collector to base junction in that direction.
This means it is the reverse leakage current flowing through D,. If we are
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to fully understand the total current flow through the transistor, although
itis not essential that you do, then we need to consider the I¢po. This can
be tested using TINA with the circuit shown in Figure 4-13. This, with
respect to the output characteristics, is when we are working in the cutoff
region with the emitter set to zero. This is when the input is open circuited
as shown in Figure 4-13. In this arrangement, we would not expect any
collector current to flow through the transistor. This is because the base
collector diode, D1 in Figure 4-3, is reverse biased. However, as the
simulation shows, there is a very small current that flows in at the collector
and out of the base. The base current, measured by AM3 in Figure 4-13,
has the same value as the collector current and, as it is shown as -251.39fA,
then it is flowing out of the base terminal. The “f” in 251.39fA stands for
femto, which stands for 105, a very, very small value.

AM1 0A AM2 251.58fA

T1 BC108

l AM3 -251.39fA

Figure 4-13. The Test Circuit for ICBO

With V; set to 1V, the leakage current, measured by AM2, was 251.58fA.
This current flows into the cathode of D, and out of the anode, then out of the
base terminal. If V; was reduced to 0.1V, the values of the currents were all
reduced by a factor of 10. If V, was increased to 10V, then all the currents were
increased by a factor of 10, showing that this reverse leakage current, ICBO,
has a linear relationship. This current is the reverse leakage current of D1, the
internal base collector diode. It is this diode starting to break down due to the
voltage at the collector terminal of the transistor.
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If we now consider this leakage current, then a more complete
expression for the total collector current, which we will label I.r, will be

Iop=1c+1p,

However, because this current is very small, we can ignore it in our
normal analysis of the BJT. I really just wanted to make you aware that it
does exist.

The Gain Terms “Alpha o” and “Beta p”

We should now consider these two gain terms so that we can show how
the terms are related to each other. The term alpha « is the ratio of the
collector current I and the emitter current I as we have already stated.
The term f is the ratio of the collector current I and the base current
Is. This means that
p=tc

IB

We have stated earlier that the emitter current I is the sum of the base
current and the collector current:

I, =1.+1,
We have also stated that
I.=al,

We can use these two expressions to develop a relationship between

. n

o” and “p” as follows:
If we substitute I + I; for Iy, we get

1. =a(IC+IB)=aIC+aIB
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Therefore, we can say

From which we can say

I.(1-a)=al,
Therefore
Ic:LIB
l-a
Therefore
I_C_ o
I, l-a

However, from before we know

Therefore, we can say

We can use three results from Table 4-1 to get an average value for 3 as
follows:
First result when Vg = 700mv

700 le = 8.04m ls=17.11u lc = 8.03m
8.03E7°
== —469.32
p 17.11E°¢

156



CHAPTER 4  THE NPN AND PNP JUNCTIONS

Second result when Vg = 750mv

750 I = 36.63m l; = 80.48u l; = 36.55m
-3
B= Miﬁ = 454.09
80.48E

Third result when Vg = 800mv

800 le =99.53m ls = 246.69u lc =99.29m

-3
B = —99'29E —= 402.489
246.69F

Using these three values gives the average value of § as being

average B = 469.32 +454.09 +402.489 _ 44197

3

If we now look at the results when Vy; = 850 mv

850 le =186.97m ls = 541.64u lc =186.42m
-3
polORE
541.64F

These results show that the value of f§ is not constant, and it does fall off
as the collector current rises. If we look at the datasheet for the BC108, we
will see that this is what the datasheet shows as there is a graph that shows
how f varies when IC varies.

However, if we use the average value for f§ at 442, then we can try and
calculate a value for o using

u_ . n

This can be rearranged for “a” as

B 442

o=——-= =0.
1+ 1+442
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This agrees closely to our previous calculations for a.
This work confirms that in the common base configuration we can
show that

a
P12
a:i

1+

Now we can look at the other configurations for the BJT.

The Common Emitter Configuration

This configuration is the most commonly used configuration that
transistors are used in. With this configuration, the emitter is common
to both the input and the output. The input is applied to the base of the
transistor, and the output is taken from the collector.

We will use the circuit shown in Figure 4-14 to look at the input and
output characteristics.

o
“A)

ANZ

>
Fat
it

e |

Figure 4-14. The Common Emitter Configuration

This is called the common emitter because the emitter is common to
the input, which is Vg, V1, applied across the base to emitter junction, and
the output V¢, V2, which is taken from across the collector and emitter
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terminals. If we consider the two internal diodes that make up the NPN
transistor, we can see, from Figure 4-14, that the base emitter junction
diode is forward biased and the base collector diode is reverse biased. This
is similar to the common base configuration we have just looked at.

Knowing that, the arrow pointing out of the emitter indicates the
direction of conventional current flow through the transistor from the
collector down through the transistor and out at the emitter. We normally
use the collector current I as the output current, even though this is in
the reverse direction with respect to the internal diode between the base
and collector. Also, as the base emitter diode is forward biased, the base
current Iy will be the input current. This means that the input parameters
are Vi and I, while the output parameters are V¢ and 1.

The Input Characteristics of the Common
Emitter Configuration

To plot these, we will measure the input current Iy while varying the input
voltage Vy; for a constant output voltage V. We will run three separate
simulations, the first when V; was set to 1V, the second when V; was
set to 10V, and the third when V; was set to 20V. This is so that we can
see what effect the V¢ voltage has on the current flowing through the
transistor.

This is done by simulating the circuit shown in Figure 4-14 and
completing the table of results shown in Table 4-3.
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We can use these results to plot the input characteristics of the
common emitter configuration. This is shown in Figure 4-15.

Input Characteristics

2.50E-03
2.00E-03
1.50E-03
(%]
£
g= 1.00E-03
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0.08E=+06:
w 1 1 H 1 N N M 0 < 0O N LW VW NN K W0 O 1 o
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e \/CE= 1V  emmm\/CE = 10V VCE =20V

Figure 4-15. The Input Characteristics for the Common Emitter
Configuration

These characteristics are similar to that of the common base
configuration. We can determine the input resistance or impedance
by calculating the inverse of the gradient of the curve. Just as with the
common base configuration, we can see that the gradient is not constant.
We can also see that it will be quite low in value, as the gradient is steep
and getting steeper as the voltage Vy; rises.

The characteristics show that as the V¢ voltage rises, the base current
reduces, which is the opposite to what the emitter and collector currents
do. There is a lot of discussion as to why this happens, some of which talk
about minority and majority carriers and holes moving. I try to think of it
in a more practical way. I am not an atomic scientist, and I don’t live in the
tiny world of electrons, so I can’t say which theory is right or wrong; you
must decide for yourself.
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My explanation of why the base current reduces when the V¢ voltage
rises relies on the concept that a voltage is a force; indeed, it used to be
called an EMF, which stands for ElectroMotive Force. Voltage is the force
that makes electrons move through conductors and changes their random
movement into what constitutes current flow, that is, electrons moving
in a uniform direction. Also, if enough force is applied, then most things
will break down. So, it is with the diode between the base and collector.

I have stated that it is a weak diode, as the doping is very light. We have
seen that there is already a breakdown current, ICBO, even when the
emitter base is open circuited as shown in Figure 4-13. Also, we have seen
in Chapter 2 that any diode can be forced to work in the reverse region.
When this happens, the current flowing through the diode can vary a great
deal, without a lot of change in the voltage across the diode. Therefore, I
think that is what is happening now as when V; is increased, we increase
the breakdown force on the base collector diode. This then enables this
diode to allow more current to flow through it. This means that some of
the electrons that are pushing to flow out through the base find an easier
path to leave this congested area via the collector. The area around the
base area has a congestion of electrons because the emitter region is very
highly doped, and so when the base emitter diode is forward biased, the
emitter can flood this area with an excess of electrons more than the lightly
doped area of the base can cope with. This leaves electrons around the
base region struggling to find a path out. When we raise the VCE voltage,
these electrons find they can leave the area easier through the base to the
collector diode that has just been broken down.

I like to think that this explanation makes sense, but I am not saying
itis the most correct. You should and will consider different explanations
and decide which one you think fits it best. It is not essential for you to
know exactly what is happening as you need to know how to use these
transistors. We will look at how to use these transistors later in this chapter.
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The Output Characteristics of the Common
Emitter Configuration

To plot the output characteristics, we will carry out a similar experiment as

we did with the common base configuration.

164

Firstly, set V¢ to 1V and set Vg to 684.7mV to achieve a
base current of 10.02pA. Then vary the output voltage
V¢ while keeping Vi set to 6484.7mV and record the
measurements so that you can complete Table 4-4.

Now reset Vi to 1V and set Vi to 704.6mV to set
the base current to 20.04uA. Then while keeping Vg
at 704.6mV, vary the V¢ voltage and so complete
the table.

Now reset V; to 1V and set Vi to 726.78mV to set
the base current to 40.04uA. Then while keeping Vg
at 726.78mV, vary the V; voltage and so complete
the table.
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Table 4-4. The Common Emitter Output Characteristics

I; Set to 10pA

I; Set to 20pA

I; Set to 40uA

Vee

s

le

le

e

le

0
0.5
]
1.5
2
2.5
3
3.5
4
4.5
5
5.5
6
6.5
7
7.5
8
8.4
9
9.5

743.23u 93.1u

10.02u
10.01u
10.01u
10u
10u
9.99u
9.99u
9.98u
9.98u
9.97u
9.97u
9.96u
9.96u
9.95u
9.95u
9.94u
9.94u
9.93u
9.93u

4.56m
4.65m
4.69m
4.73m
4.78m
4.82m
4.86m
4.9m

4.95m
4.99m
5.03m
5.07m
5.12m
5.16m
5.2m

5.24m
5.28m
5.33m
5.37m

—-650.13u 1.29m 242.21u

4.55m
4.64m
4.68m
4.72m
4.77m
4.81m
4.85m
4.89m
4.94m
4.98m
5.02m
5.06m
511m
5.15m
5.19m
5.23m
5.27m
5.32m
5.36m

20.06u
20.03

20.01u
19.99u
19.97u
19.95u
19.93u
19.91u
19.89u
19.88u
19.86u
19.84u
19.82u
19.8u

19.78u
19.77u
19.75u
19.73u
19.71u

9.23m
9.39m
9.47m
9.55m
9.64m
9.72m
9.8m
9.88m
9.96m
10.04m
10.12m
10.2m
10.29m
10.37m
10.45m
10.53m
10.61m
10.69m
10.77m

-1.04m 2.14m 566.85u

9.21m
9.37m
9.45m
9.53m
9.62m
9.7m
9.78m
9.86m
9.94m
10.02m
10.1m
10.18m
10.27m
10.35m
10.43m
10.51Tm
10.59m
10.67m
10.75m

41.35u
41.28u
41.21u
41.13u
41.06u
40.99u
40.92u
40.85u
40.78u
40.71u
40.64u
40.57u
40.5u

40.43u
40.36u
40.29u
40.23u
40.17u
40.09u

18.89m
19.05m
19.2m
19.35m
19.5m
19.66m
19.81m
19.96m
20.11m
20.26m
20.41m
20.56m
20.71m
20.86m
21m
21.15m
21.3m
21.45m
21.59m

—-1.58m
18.85m
19m

19.16m
19.31m
19.46m
19.62m
19.77m
19.92m
20.07m
20.22m
20.37m
20.53m
20.67m
20.82m
20.96m
21.11m
21.26m
21.41m
21.55m
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Using the results shown in Table 4-4, we can plot a graph of the output
characteristics as shown in Figure 4-16.

Output Characteristics

2.50E-02
2.00E-02
1.50E-02

1.00E-02

lc Amps

5.00E-03

0.00E+00
05 1 15 2 25 3 35 4 45 5 55 6 65 7 75 8 85 9 95

-5.00E-03
V¢ Volts

e |B = 10UA e |B = 20uA IB = 40uA

Figure 4-16. The Output Characteristics for the Common Emitter

The main regions of this graph are the active and saturation regions.
The active region is when the collector current has just passed the knee
point with V¢ around 0.6V and out to where V¢ has reached 9.5V and
beyond. Over this region, we can see that the collector current does
increase slightly, which means the gradient is slightly more than that with
the common base configuration. This means that the output impedance
is less than that of the common base, but it is still very high. We can
use the same type of expressions for the relationship between the three

currents, that is

Therefore
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Also
lo=ply
Therefore, we can say
o
P=ia
Also

Taking some values from Table 4-4, we have the following:
When V¢ = 4.5V and IB = 10pA, we have

4.5 9.98u 4.95m 4.94m

49E

= o ogp = 19098

B

When V¢ = 4.5V and IB = 20pA, we have

19.89u 9.96m 9.94m

_ 9.94E7

B

When V¢ = 4.5V and IB = 40pA, we have

40.78u 20.11m 20.07m

20.07E7

“aomsee AP

B
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The average of these three values gives an average value for § of

Average fp = 490.98 +4993.75 +492.15 49499

Using this value, “b,” the value for a can be calculated using

494.29

o= =0.
1+494.29

We can confirm this result using

4.5 9.98u 4.95m 4.94m

4.94E7
o=
495E7

=0.998

The Common Emitter Amplifier

The most common use for a transistor is as an amplifier, and so it is with
the common emitter configuration; it can be used as an amplifier. We will
look at a basic circuit to use the common emitter configuration in this way.
This is shown in Figure 4-17.

A\j;‘c\mz 9.58mA Gnd  ch1  cnz
R2 606
.
=112 [] R1 565k
1 100n AN 19.99uA
[ | '@' K T1 BC108
- vet
. + 1
VM1 6.19V
ANG 2.6mA

Figure 4-17. The Basic Common Emitter Amplifier
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When designing this circuit, there are basically two aspects we need to
consider. The first aspect is designing the DC quiescent operating point.
To design this, we need to appreciate that there are three main DC voltages
we need to consider, and they are as follows.

VCC is the common collector voltage.

This is basically the supply voltage applied to the transistor. It is from
this power supply that the transistor must get the power to amplify the
signal applied to its input.

VCE is the voltage between the collector and the emitter.

In this basic arrangement, this V; is the voltage at the collector
with respect to the ground. If we want the output to be a true amplified
reflection of the input, then ideally this V¢ voltage should be half that
of V¢c. This is to allow the output voltage to swing as far positive until
itreaches V¢ as far as it can swing negative until it reaches the ground
voltage. This can be achieved by biasing the transistor correctly.

VBE is the voltage at the base terminal.

When the transistor is biased to operate the transistor in the active
region, this voltage will be clamped to the forward diode volt drop of
approximately 0.7V due to the internal base emitter diode inside the
transistor. This assumes that the emitter is grounded as it is in the circuit
shown in Figure 4-17.

We will use Ohm’s law to calculate the values of R; and R, in
Figure 4-17, assuming we want a base current of 20pA, and the transistor
has an average 3 of 494.29 that we have obtained from the results in
Table 4-4.

If we set V¢ to 12v, then we can calculate the value of R, as follows.

We know the base voltage will be clamped to around 0.7V; this is the
Vi in our calculations. We can use the following expression to determine
the value of R;:

Vee =V 12-0.7
I,  20E°

Rl= =565k
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R, is there to set this base current, and we know this should now
produce a base current of around 20pA. We also know that the collector
current will be p times greater than this base current I. Therefore, using

[C :ﬁlg

Then
I.=49429x20E"° =9.886mA

Knowing that we want a Vg of around 6V, that is, half of V¢, we can
calculate the value of R, using
Vee =Vep 126

R2= - .
I, 9.886E"

=606.92Q

The circuit shown in Figure 4-17 was simulated, and the DC currents
and voltages were recorded. The capacitor C,, which is placed in series
with the signal source, is used to block any DC shift from the signal source,
affecting the DC quiescent biasing voltage at the base of the transistor.

The base and collector currents were measured to be close to those
calculated, and the V¢ voltage was close to half V¢ at 6.19V. This confirms
that our calculations work well.

In the next part of the simulation, the signal was connected to the base
to give the transistor a signal to amplify. The input and output waveforms
were measured using the oscilloscope. The two waveforms obtained are
shown in Figure 4-18.
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Figure 4-18. The Input and Output Traces for the Common Emitter
Amplifier

The input voltage is measured by the Ch1 trace. It has a peak-to-peak
voltage of 10mV as expected. The output voltage is measured by the Ch2
trace. It has a peak-to-peak voltage of 1.85V. We can use these two values to
calculate the voltage gain as follows:

Vout Peak to Peak  1.85

= =185
Vin PeakPeak to Peak 10E

Vgain =

This is a good voltage gain. We can also see from the two traces that
there is a phase difference between the input and the output in that when
the input goes high the output voltage goes low and vice versa. This can be
explained as follows:

When the base voltage at the input rises, then the input current Iy must
rise. As the output current I is proportional to the base current, then I will
increase. This means that the current flowing through R,, the load resistor,
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will increase, and so the volt drop across that resistor will increase. This, in
turn, means the voltage V; will decrease as

Vg =Vee —1.R2

Then, when the voltage at the base reduces, the base current Iy will
reduce. This means that the collector current I will reduce. This means
that the volt drop across R, will decrease, and so V¢ will increase. This
inversion across the transistor is one reason that amplifiers may use two
stage amplifiers in their circuitry. However, the phase shift does have a
frequency dependency, and we need to take this into account when we
design our amplifiers.

The circuit shown in Figure 4-17 is a basic amplifier circuit, but it has
the problem that its voltage gain depends upon the f of the transistor.
The problem is that if the transistor has to be changed, then the gain
of the circuit could change as the p of a transistor can vary from 50 to
500, especially if we use a different transistor to the BC108 shown in
Figure 4-17. The problem could still be a problem if we stayed with the
BC108 as these transistors are manufactured in runs of hundreds if not
more at a time. This means that the next BC108 could have a f that is 100,
not the 494.29 we have used in our calculations. This would throw all our
calculations out, and the amplifier would not work as we expected. For
example, using this value of p at 100, we would get the following:

I.=B1,=100x20E° =2mA

This means that the V¢ voltage would be

Vep =Vee —1.R2=12=2E" x 606.92 =10.786V
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This would now push the output voltage too close to V¢, which is the
upper limit the output voltage could rise to. This may produce clipping
if the input voltage rises to a higher level. To show what would happen
if the beta for the BC108, which defaults to a figure of 529 with the TINA
software, was changed to 100 we can simulate the circuit again with beta

changed to 100, as shown in Figure 4-19. The DC voltage that this would
produce is shown in Figure 4-19.

0SC1 1u
.
)
AM2 2.26mA
LChi_ . ch2_
” R1 565K H R2 606
+
=Viig (Y " 180108
=& .Y ha
- AM1 20.07uA
o
.
VG1 i
A R
AM3 2.28mA ,@j‘
VM1 10.63V

Figure 4-19. The Changed DC Quiescent Operating Point When b
Was Changed to 100

We can see that the V;; voltage has risen to 10.63V, and the collector

current has dropped to 2.26mA. If we change the input signal to 20mV, the
clipping of the output voltage can become clear if we look at Figure 4-20.
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Figure 4-20. The Output Voltage with b Set to 100

From Figure 4-20, we can see that the output does not go as far positive
above 0V as it does go negative. This will produce a distortion of the signal
at the output. When we look at designing amplifiers in more detail in
Chapter 5, we will see how we can overcome this problem.

The Current Characteristics of the Common
Emitter Configuration

Using the circuit shown in Figure 4-19, we can see that the transistor
creates a node into which the collector current I and base current I; flow.
The only current that flows out of it is the emitter current Iz. This means

that we can see the expression for the emitter current is

I, =1.+1,
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From this, we can say

1

c=1

E

-1

B

However, we know that this is a current amplifier and that “beta” is the
current gain for this type of amplifier. Therefore, as the input current is the
base current Iy and the output current is the collector current I, we can say

[c = ﬂIB
From this, we can say
1
p=--
IB

Looking at the expression for I, we can say
I, =Bl +1,=1,(B+1)

From this, we can say

e =1+p
IB
Therefore, we can say
IE
=—=-1
P 1

B

If we consider the relationship between the collector current and the
emitter current, we can say

I.=al,

From before, we can say

1

=1 -1

E B

We can substitute aly for I as follows:

I, —-1,=al,
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Therefore, we have

I,=1,—al,
Therefore
I,=1,(1-a)
This means
1
[ . =—2%
S
Therefore, we have
L1
I, l-a
From before, we have stated
1
<L =1+p
IB
This then means that
1
1+ =——
P l-a
From this
1-(1-« —
5= L ( ) _1-l+a_ «
l-a l-a l-a l-a
This gives
a
b= l-a
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We can use this to create an expression for “a” in terms of “f” as

follows:

B(l-a)=a
Therefore

p-Pa=a
Therefore

B=o+pa=a(l+p)
Therefore
B _,
1+

This means we now have the expressions for “o” and “f” for the
common emitter configuration, and they are

o= b andﬂzi
1+ -«

u_n

These are the same as the expressions for “a” and “p” for the common
base configuration.

The Common Collector Configuration

This is the third and last configuration that we will look at. It is sometimes,
and more correctly, called the emitter follower. The normal circuit for this
arrangement is shown in Figure 4-21.
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0SC1 1u
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B ]
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Figure 4-21. The Emitter Follower or Common Collector
Configuration

This circuit does look very much like the common emitter. The
only difference is that the load resistor R, is now in the emitter leg of
the transistor. To be called the common collector, the collector must be
common to both the input and the output. However, we can see that
the input is between the base and ground, while the output is between
the emitter and ground. So how does the collector become common to
them? Well, we are really considering the ac input and the ac output. If
we do that, then, due to the capacitor that is across the power supply that
provides the Vi voltage, the V¢ rail and the ground rail are connected
together. This may seem difficult to accept, but it is correct and it is used

when we carry out an ac analysis of the amplifier.
The main use of the common collector configuration is with the
emitter follower amplifier. With this circuit, the output current is I;.
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However, just as with the common emitter amplifier, the emitter current

can be expressed as

I, =1.+1,

Also, as with the common emitter, the relationship between the base
current I; and the collector current I is

1. :ﬂIB

Therefore, substituting for I, we get

IE ::BIB +IB

Taking I out as a common factor gives
I, =1,(1+p)

From this, we can say

I—E:1+ﬁ
IB

Knowing that, the current gain can be expressed as

. Output Current
Current Gain = Luput “urrent

Input Current

With the common collector configuration, the output current is I and
the input current is Iy. This means the current gain can be expressed as

Current gain =%

B

This then means that in the common collector configuration, the
current gain can be calculated using

Current Gain=1+ 8

179



CHAPTER 4  THE NPN AND PNP JUNCTIONS

This means that the current gain in the common collector circuit is
slightly more than in the common emitter configuration. This is because
the output current in this configuration is the emitter current Iz, whereas
in the common emitter configuration the output current was the collector
current I.

We can use the oscilloscope, as shown in Figure 4-21, to compare the
output voltage with the input voltage and determine what the voltage gain
would be. The display of the two waveforms is shown in Figure 4-22.

BH QB A TFFE~0NKR2RBIN 2
5.00m— ] o

0sC1_Ch1

-5.00m -

5.00m /

- T - T T -
0.00 50.00u 100.00u 150.00u 20
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7.4 ¥id $oe x B2y ¥4 e A+ | x 83N ya9m 1 1500 Vanll sl

Figure 4-22. The Input and Output Voltage of the Emitter
Follower Circuit

However, if we look at the traces of the output voltage, that of Ch2 in
Figure 4-22, and the input voltage, that of Ch1 in Figure 4-22, we can see
that the voltage gain is less than one. If we take the peak-to-peak values of
the two voltage traces, we get

Vout Peak to Peak 9.91E -

= =0.991
Vin Peak to Peak 10E7

Voltage Gain =
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Also, we can see that the output voltage is in phase with input voltage.

So we can sum up our short investigation of the common collector
configuration of the BJT in that.

The current gain is

Current Gain=1+ 8

The voltage gain is slightly less than 1.

Summary

In this chapter, we have looked at the input and output characteristics of
the three configurations of the BJT transistor. We have derived expressions
for the current and voltage gain of all three configurations.

In the next chapter, we will concentrate on the common emitter
amplifier, as this is the main configuration used with BJTs. We will look at
what a load line is and how it can be used in the design of an amplifier. We
will look at how the stabilized amplifier overcomes the drawbacks of the
basic amplifier we have looked at in this chapter.
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CHAPTER 5

The Common Emitter
Amplifier

In Chapter 4, we learned about the input and output characteristics of the
BJT transistor. We also studied the basic transistor amplifier. With respect
to that circuit, we mentioned there was a drawback with it.

In this chapter, we will learn about the load line and how it relates to
the output characteristics of the BJT transistor. We will learn about the
drawback with the basic amplifier and how we can correct it.

Finally, we will learn how we can use a load line to design a better
basic amplifier and move on to designing the class “A” stabilized amplifier.

The Basic Amplifier or Fixed Bias Amplifier

The circuit for the basic amplifier is shown in Figure 5-1.
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RL 3.33k
N
A
RB 644,83k AM2 3mA
. AM1 29 97uA
=V120 ("\{" I/
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Y O
VM1 672.64mV VM 10.01V

Figure 5-1. The Basic Amplifier Circuit

This amplifier is sometimes referred to as the fixed bias amplifier,
because once you have chosen the value of V¢ and the R; resistor, the base
current, I, is fixed and will not change.

When designing an amplifier circuit, there are three main operational
considerations to take into account. They are as follows:

e The DC quiescent conditions which are the DC

voltages and currents around the circuit when no ac
signal is applied.

e The mid-frequency operating conditions: This is how
the circuit is set up to work with an ac signal applied. As
the response of the circuit will alter as the frequency of
the signal changes, then it is normal to set up the circuit
to operate, as you want, around the mid-frequency of
your operating range of frequencies.

e The final part is what class of amplifier you are going to

design. There are typically three classes of amplifiers,
and they are
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o Class A: This is the simplest one of the most
common classes of amplifier. This is when the
output is a true replica of the input but with some

increase in voltage.

o Class B: This is when only one half, the positive or
negative half, of the ac signal is amplified. This is an
attempt to get more of a voltage swing at the output.
However, the two halves have to be brought back
together so as to reproduce the actual signal. When
this is done with two class B amplifiers, known
as push-pull amps, there is a risk of crossover
distortion.

o Class AB: This is similar to class B, but some small
part of the other half, be it negative or positive, is
included in the amplification. This is an attempt
to remove the crossover distortion when the two
signals are brought back together.

In our first look at amplifiers, we will concern ourselves with just the
class A amplifier. That being the case then, to get a true even reproduction
of the input, at the output, we must set the DC quiescent voltage at the
collector to half of V. For example, if V¢ was 20V as shown in Figure 5-1,
then the DC voltage at V¢, the collector, should be 10V. This is to allow
the output voltage to swing up to 20V, a 10v swing, when the transistor
turns fully off. Then swing down to 0V, that is, another 10v swing, when
the transistor turns fully on. That is when the emitter of the transistor is
connected to ground, as it is with the basic amplifier shown in Figure 5-1.
Also, we should note that only an ideal transistor could turn on so much
that the collector voltage would fall to 0V. In real life, there is always some
voltage, known as the saturation voltage, across the transistor, even when it
is fully turned on. This is typically small, usually in the millivolt range.
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Before we can determine any values for the resistors in the circuit,
we must decide on the DC quiescent base current, I, flowing into the
transistor. Once we have chosen that base current, we can calculate the
value of the base resistor Rg. The sole purpose of the resistor Ry is to set this
base current to the level we want. This is because the expression for I; is
Vee Ve
R

I =

B
B

Using this expression, the value of Ri can be calculated as follows:
Vee =V
1

B

R =

B
Using the values of V¢ = 20V; Vi = 0.655V, which is the typical diode
drop that the ECAD software TINA uses; and Iy = 30pA, our chosen value of

the base current, the value of Ry is

20-0.655

= 22 — 644.83kQ
30E

Knowing that, the collector current I is

I.=B1,=100x30E° =3mA

This is using the typical value for Beta of 100.

The Value of the Load Resistor R,

Knowing that, the V¢ voltage, when the transistor is correctly biased,
should be half V.. That is the value of V¢ at point VQ; see the output
characteristics in Figure 5-5. If this point is projected up to the point where
the load line crosses the graph of the chosen base current, we get the
point “Q” on the graph. This point can then be projected to the vertical
axis where we have the point IQ. This would be the value of the collector
current when Vg is at half of V¢, and it would be simply half the value
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of the current at point “A” These are the correct quiescent operating
conditions for the amplifier circuit. We can use the values we know to
determine the value of the resistors for the basic amplifier.

Firstly, knowing V¢ is 20V, then the VQ voltage would be 10V. Knowing
the chosen base current is 30pA, then the quiescent collector current I,
can be calculated to be 3mA; this is indeed half of the maximum collector
current, as expected. Using these values, we can calculate the gradient of

the load line as follows:
-3

i 3 _
Gradient = =300E~°
As the gradient is the ratio of current divided by voltage, then the
gradient is the inverse of the resistance, and it can be shown that

1 1

= — = —=3.33kQ
Gradient 300E

This agrees with the resistor value for R, in the circuit shown in
Figure 5-1. This shows that the expression for the load line is

VCC = ICRL + VCE

Vee ZVer

Il. =
C RL

The expression for I is the expression for the load line. However, this
was calculated with a Beta of 100. The maximum collector current, Iqyax,
is set at

Ve 20
Mo TR 3333E

1

This means we now have the DC quiescent values and settings for the
basic amplifier. The circuit shown in Figure 5-1 shows the base current is
29.92pA, the collector current is 3mA, the base voltage is 0.675V, and the
collector voltage is 10.1V. These are all very close to the quiescent values

we wanted.
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Applying an “ac” Signal

Now we need to apply an ac signal. We will use a mid-frequency of 8kHz
and a peak voltage of 10mV. I am setting the mid-frequency at 8kHz
because I want to design an audio amplifier. The typical audio range of
frequencies is 30Hz to 18kHz, so I might be a bit low at 8kHz, but then I am
older now, and I have a rather limited range of frequencies that I can hear.

The oscilloscope is used to measure the input and output voltages, and
Figure 5-2 shows the display of the two traces.
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Figure 5-2. The Traces of the Input and Output Voltages

Channel 1 is the input voltage with a peak of 9.98mv; really it is 10mV.
Channel 2 is the output voltage with a peak of 3.59v. Using these two
values, the voltage gain can be calculated using

PeakV, .
Gain = ed our = 3 5?3 = 359
PeakV,, 10E

188



CHAPTER5 THE COMMON EMITTER AMPLIFIER

Changing the Value of Beta

However, if we now increase the Beta value of the transistor and simulate
the circuit again with the same ac signal at the input, we get the traces on
the oscilloscope as shown in Figure 5-3.

el G aag TLYR~OMNKIRYr (T

10.00m W

10.00m -

500

P s S -
000 100 00w 200 00w 300 00u 400 00u 500 00u

Figure 5-3. The Input and Output Voltages with a Beta of 300

We can see that the peak voltage has only risen by a small amount, but
the output voltage waveform is clipped as it goes negative, and so it is not a
true representation of the input. If we look at the DC quiescent conditions,
now that the Beta has been increased, we can see, from Figure 5-4, that the
quiescent conditions are not now what we wanted.
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AM1 29.94uA
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\ VM2 130.91mV

Figure 5-4. The Basic Amplifier with a Beta of 300

The base current is still at 29.84pA, and the collector current has
increased as we expected. However, the increase in the collector current is
less than what was expected as

I. =PI, =300x29.94E™° =8.952mA

We expect the collector current to rise to 8.952mA but has only risen to
5.96mA. If we look at the output characteristics and the load line, we might
be able to see why this has happened. The output characteristics with the
load line are shown in Figure 5-5. The load line is shown as the straight line
starting at point “A” when V¢ = 0 and ending at point “B” when I = 0. Point
“A” is the collector current when Vg = 0. Using the following expression for
the collector current

Therefore, when V¢ = 0, the expression for I becomes

v
7. =lcc
CMAX RL
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Using the values of the circuit, we can calculate the maximum value
the collector current can rise to as follows:

e 20

1 - 3
R, 3.3

CMAX —

This is the value of the collector current at point “A”” This is assuming
the transistor is ideal, and when it turns fully on, it would connect the
collector to 0V that is, the ground potential. This is not possible, and the
maximum collector current is lower. However, we have shown that when
the Beta value changes to 300, then the collector current should go up
to 8.952mA. This is not possible as it is higher than the 6mA that is the
maximum the collector current can rise to.

If we now consider the point “B” on the characteristics, then using the
following expression for Vg

Ver =Vee = 1R,

When I = 0 which is the current at point “B,” then the expression for
Ve becomes

VCE = Vcc

This is the value of V; at point “B.”

191



CHAPTER5 THE COMMON EMITTER AMPLIFIER

Output Characteristics

lc Amps

VQ

Vg Volts

Figure 5-5. The Output Characteristics with the Load Line

This means it can’t reach the 8.952mA when Beta was increased to 300,

and therefore the V¢ voltage cannot reduce as much as is needed and it
would be clipped.

Also, using the expression for V¢, we have

Vep =Vee —1cR,
Knowing I = I, then we get
Ver =Vee = BIsR,
When Beta was 100, then

V., =20—100x30E° x3.333E° =10.001

This is the correct value for VQ.

However, when Beta was increased to 300, then VCE becomes

V.. =20-300x30E° x3.333E° =-9.9999/
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This would move the Q point too far up the load line and off the graph,
and so it is an unusable quiescent operating point. Indeed, the further
up the load line toward the vertical axis the Q point moves, the less the
negative swing the output voltage could go and clipping would occur. The
maximum value of Beta would be when V; = 0, which means

0= Vee = ﬁIBRL
ﬂ]BRL = Vcc

Therefore, the maximum value of Beta would be

Vee 20

- =200.02
I,R, 30E°x3.333E°

:BMAX =

This would push the Q point up the load line to coincide with the “A”
point on the graph. Moving the Q point up the line toward the maximum
current value will reduce how higher the collector current can rise. This
has the effect of reducing how low the output voltage can go, and so we get
negative clipping of the output voltage.

If the Beta value was reduced, the opposite would happen, and the Q
point would move down the line toward the horizontal axis. This would
then limit how much lower the collector current could fall and so result in
positive clipping of the output waveform.

This shows that a good amplifier is one that does not rely on the value
of Beta. This is because changing the value of Beta could force the output
voltage into clipping, either the positive peak, when Beta was reduced, or
negative peak, when Beta was increased. We need to appreciate that the
Beta could change with temperature, but that is probably small. However,
more importantly, if we had to replace the transistor with another one,
even if it was the same type, then the Beta value could change. This is
because a typical transistor could have a Beta that was from 50 to 600. This
means that just by replacing a broken transistor, even with one of the same
type, could result in the amplifier no longer producing an exact replica
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of the input. It is something we cannot allow, and that is why this basic
amplifier is not a common amplifier circuit that engineers use. A better
circuit is that of the stabilized amplifier we will look at next in this chapter.

One final problem with the basic amplifier is the size of the base
resistor Rg. This has to be a high value to ensure the base current is not too
high. Large values of resistors can have some large percentage changes due
to the tolerance of them.

Designing a Class “A” Stabilized Amplifier

The stabilized amplifier is one that overcomes the problems with the basic
amplifier we have just looked at. This analysis will look at how it does this.
The Class A amplifier reproduces an amplified version of the input

without any distortion. To do this, the voltage at the collector of the
transistor should be set at around half that of V.. This is to enable the
output voltage to swing as low, in voltage, as it swings high.

To design any circuit, indeed anything, we need a specification, and
we will start with the simple specification that gives the desired base
current, I, and the V¢ voltage. Then, we will use the standard output
characteristics with a load line to determine the value of the load resistor,
R;, and the emitter resistor Rg. The process is as follows; the specification is
that the base current, Iy, is 15pA, and the V¢ voltage is 15V.
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Output Characteristics

g 10 / Q
|
J B
b
Vee Volts

Figure 5-6. The Output Characteristics of the Common Emitter

Transistor
We do not need to use the particular output characteristics, as it is only

the principle of the load line that we need to use.
Figure 5-6 shows the load line drawn on the output characteristics of

the common emitter transistor.
Figure 5-7 shows the basic circuit of the transistor amplifier we will use

as the class “A” stabilized amplifier.
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Figure 5-7. The Class A Stabilized Amplifier Basic Circuit

I am including the voltage arrows, in red, and current arrows, in blue,
on the circuit to try and help with the analysis. The convention of using the
voltage arrows is that the arrow head indicates the more positive end of
the volt drop. We can also use the voltage arrows to help apply Kirchhoft’s
Voltage Law (KVL) in that in a closed loop, the voltage arrows in one
direction add up to equal voltage arrows in the opposite direction.

If we use Kirchhoft’s Voltage Law on the output side of the circuit,

we can say

Vee =V, ¥ Vep V5

Using Ohm’s law, we can say Vi, = IcR;, which means we can say

Vee =1R, + Ve +V,
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We can see that Vy is the same as the volt drop Vg and as Vi, = IRy,
we can say
Ve=1;R;
We know from Chapter 4 that I = I; we can say Vi = IR;.
Therefore, we can say

Ve =1-R, +V . +1.R,
Therefore, with a little bit of transposition, we can say

VCC _VCE =IC(RL +RE)

Rearranging this for I, we get

VCC — VCE
R, + R,

C

This is actually the expression for the load line, shown in Figure 5-6.
We can determine the value of the point “A” on the graph in Figure 5-6,
as this will be when V¢ is 0. This is when the transistor is fully turned on,
and the voltage at the collector is the same as the voltage at the emitter.
This is the ideal situation, as in real life there has to be a minimum voltage,
Vi, across the transistor. This is termed the saturation voltage, and it is
typically in the millivolts. However, for the purpose of our design, we can
assume this V¢ can go to zero volts, and this will give us the expression
for the maximum current, sometimes called the saturation current of the
transistor. Using this assumption, we have

VCC
R, +R,

Saturation I . =

This is point “A” on the graph.
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If we now consider point “B,” this will be the voltage when the current
I = 0. Knowing this, we can say
Vee =Ver
R, + R,

Therefore, multiply both sides by R; + Ri; we have
0= Vee =Veg

This means

VCE = Vcc

This is the point “B” on the graph, that is, when I = 0, Vi will
equal V.

The Gradient of the Load Line

This is the last aspect of the load line we need to consider. It is a useful
parameter, and we need to determine the expression for the gradient. The
expression for the load line describes how the collector current I changes
as the voltage V¢ changes. We know that when Vg = 0, the current I is at
VCC

R, +R;
these points to determine the gradient of the load line using

a maximum of . Also, when I; = 0, we know V; = V.. We can use

inl
Gradient = Change inl.
Change inV,

To determine the gradient, we take the last values, moving out along
the horizontal from the origin, and subtract them from the initial values.
The last values are those at point “B” on the graph, and the initial values
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are those at point “A.” At point “B,” the collector current I = 0, and at point
V. . .
—<¢_ . Using these two values, we can determine
L + E
Vee _ Ve

R, +R, R, +R,
Similarly, the value of V¢ at point “B” is V¢, and at point “A” it is 0.

“A” the current I was

that the change in I is 0 —

Therefore, the change in Vg is Ve — 0 = Vi
This means that the gradient can be expressed as
. Vcc - _ VCC
R, +R,

cc

1
_ =
R, +R, V. R, + R,
This means that the expression for the load line, which is the same as
the expression for the collector current as V¢ changes, is

1
I :_RL TR, X(Vcc _VCE)

The current I is the dependent variable, and V is the independent
variable. The other terms are all constants. This fits the general expression
for the straight-line graph of

y=mx+C

What we know, from the specification, is that Vo = 15V and I = 15pA.
Knowing the collector current I is related to the base current

Ic :ﬂ]B

Then, assuming p is the typical value of 100, we can say

I.=100x15E"° =1.5m4

It should be said that the value of f may be different from the 100
we have assumed here. Indeed,  can vary from 50 to 600 and maybe
more. This would normally cause a problem, but with this circuit we
are designing, the problem is very much reduced as we will show later.
Therefore, choosing a value of 100 for §§ will be OK.
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If we assume this is the collector current flowing at the “Q” point on
the load line and that the V¢ voltage would be at half V., thatis, at 7.5V in
this case, then we can determine the value of the gradient as follows:

0-15E7° -15E°

Gradient = = =-200E"°
15-7.5 7.5
Knowing that the gradient is — , then we can say
R, +R,
200E ¢ =—— !
R, +R,
Therefore
-1

RL +RE ZWZSOOO

We can let R; = 500Q2 and R; = 4.5k. It is fairly arbitrary as to how you
split them up, but by creating the larger difference, you will be creating the
greater voltage gain, as we will see later.

Now that we have a value for Rg, we can determine a value for Vg,
knowing the current flowing through the emitter resistor would be

I,=1.+1,=15E" +15E° =1.515m4

This means we can determine a value for Vj; as
V,=1,R, =1.515E7 x500=0.7575V
We can now carry on and calculate the voltage drops and voltage

around the circuit. The volt drop across the resistor Ry, Vi, can be
calculated using

Ve, =1.R, =1.5E7 x45E> =6.75V

The voltage at the cathode, VC, can be calculated using
Ve =Vee =V =15-6.75=8.25V
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Now we can calculate the voltage across the transistor which is V.
This can be calculated as follows:

Vep =V, =V, =8.25-0.7575="7.4925V

Now we need to determine the value for the biasing resistors R, and
R,. The sole purpose of these two resistors is to provide a voltage divider
network that will supply the voltage at the base with the correct voltage for
V. We need to appreciate that, between the base and emitter, there is a
real diode, and because the diode is conducting, the volt drop across this
diode will be approximately 0.655V, which is the common volt drop shown
using TINA; see Chapter 2. This means the base voltage will be 0.655V
greater than the emitter voltage V. In this way, we can say

Vy =V +V, =0.655+0.7575=1.4125V

Knowing the base current, Iy, is 15pA, then, if we assume this is 10% of
the current flowing through R,, known as the “bleed current,” we know the
current flowing through R, will be ten times bigger at 150pA. As 15pA of
this 150pA flows into the base of the transistor, the current flowing through
R, will be 135pA. We know the volt drop across R, will be 1.4125V, that is,
Vg, = V; (see Figure 5-7), and so we can calculate the value of R, as follows:

Vi, 14125

: —=10.463k
I,, 135E
Also, we know the volt drop across R, can be expressed as
Ve =Vee =V, =15-1.4125=13.5875V

Therefore, the value of R, can be calculated using

Ve 135875
" IBleed 150E°°

=90.583k

This means the values of the resistors are

R,=90.583k, R, = 10.463k, R; = 4.5k, R = 0.5k
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Putting these values into the circuit and simulating it in TINA gives
the results shown in Figure 5-7. Table 5-1 shows the comparison of the
calculated and simulated values.

Table 5-1. The Calculated and Simulated Results

ltem Calculated Simulated
R1 90.583k Yes

R2 10.463k Yes

RL (R3) 4.5k Yes

RE (R4) 500Q Yes

VC 8.25V 8.24V

VE 0.7575V 0.758V
VCE 7.4925V 7.49V

VB 1.4125V 1.41V
VR1 13.5875V 13.59V

IC 1.5mA 1.5mA

IE 1.515mA 1.52mA
IBleed 150pA 150pA
IR2 135pA 134.99uA

These results compare very well and so suggest the calculations
are valid.

This means that to design a stabilized class A amplifier, we can use the
following important expressions:

y
VCEQ = %

Iy =PI, =1001,
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Ro+R =Lt Ve
" Gradient 1., 2,
VE=ICQ><RE
V,=0.7+V,

I
I — Bleed
P10

[Bleed :10X[B

Vie =Vee =Vs
Rl — VR]
] Bleed
R, = Vs
1 1

Bleed ~ B

Therefore, using all these expressions and just the specification of the
V¢ and I for the circuit, you should be able to design a class A stabilized
amplifier.

Exercise 5.1

As an exercise, using the following specification of a V¢ of 22V and a base
current Iy of 10pA, assuming the “f” was 100, design a class A stabilized
amplifier using the preceding expressions. My circuit to meet this
specification is shown in the appendix.
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The ac Gain of the Stabilized Class
“A” Amplifier

The test circuit we will use to measure the ac voltage gain is shown in
Figure 5-8.

QSC1 1u

H R3 4.5k
Gnd Ch1 Chz|

H R190.58k

¢1100n
+ | |
L 1T

V115

T1 NPN

F

(‘é Vel

] R4 500
[] R2 1048k

Figure 5-8. The ac Signal Applied to the Amplifier

It is the same circuit as shown in Figure 5-7, but the arrows and meters
have been removed. The oscilloscope is used to measure the input voltage
with channel 1 and the output voltage with channel 2. The traces of the two
signals are shown in Figure 5-9.
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Figure 5-9. The Input and Output Voltage of the Amplifier

We will use the peak-to-peak voltages to calculate the voltage gain as
follows:

Vout Peak to Peak 86.04m

VGain = =
Vin Peak to Peak 10m

=8.604

We can also see that there is the 180° phase difference between the
input voltage and the output voltage. This is because when the input
voltage rises, the base current I rises. This in turn means the collector
current I must also rise. This rise in the collector current means that the
volt drop across R; must also rise. Knowing that, the voltage at the collector
can be calculated as

Vc = Vcc - ICRL

Therefore, this rise in the volt drop across R; must mean that the
voltage at collector must reduce.
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When the voltage at the base reduces, the opposite occurs as the Iy
must reduce, which means I must reduce. Therefore, the volt drop across
R, must reduce, which explains why V. must increase. I hope this does
explain why there is this 180° phase difference between the input and
output or across the transistor.

The Emitter Resistor R

This resistor has been added to the circuit of the basic amplifier to combat
the effect of thermal runaway. We have learned how it is the movement of
electrons in a uniform direction that constitutes current flow. The doping
of the semiconductor material gives the excess electrons the potential
energy to move toward the positive potential of the V. supply, even
overcoming the reverse biased diode between the base and collector. Well
heat is another way of giving electrons some form of energy. We have all
seen how water starts to bubble when it reaches boiling point. The heat
has given the water molecules the energy to start bubbling. In the same
way, heat can give electrons more energy. Indeed, when the current starts
to flow through the transistor, it starts to generate its own heat. This heat
then passes on some energy to the electrons in the transistor which allows
the current to increase. This increase in current in turn increases the heat
produced in the transistor, which in turn allows more current to flow. This
could possibly cause a snowball effect which is called thermal runaway.
The resistor Rg is used to prevent this.

The way it works is that the two resistors, R, and R,, fix the voltage at
the base at its DC quiescent voltage, which in the test circuit in Figure 5-7
is 1.4125V. This voltage cannot change as the DC current through R, and R,
is not affected by any increase in heat.

However, the voltage at the emitter, Vi, depends on the current flowing
through the transistor as Vi = I.R;. As the current flowing through Ry
increases, due to the heat created inside the transistor, then this voltage
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Vi will increase. However, the voltage Vg must start to reduce when Vi
increases because the base voltage, Vi, cannot change. This can be shown
as follows:

This reduction in Vi has the effect of turning the base emitter diode
off, which has the effect of reducing the flow of electrons across the base
emitter junction. This then means that the current flowing through the
transistor reduces, meaning I must reduce. This reduction in the I
means the voltage V; must reduce, which then returns the Vy; voltage
back to what it needs to be, that is, between 0.655 and 0.7. Therefore, this
counteracts the effect of the thermal runaway within the transistor.

This is an example of what is called negative feedback because as the
heat causes the current to rise, the rise in the voltage Vy causes the current
to fall. In this way, the status quo is achieved.

The Input Capacitor C,

With this voltage divider network of R, and R,, we have gone to a lot of
effort to ensure the DC quiescent voltage at the base is around 0.655V to
0.7V higher than that of the DC voltage at the emitter. This is to ensure the
transistor is biased such that the collector voltage sits at the mid-range
of V¢ to Vi. This would be at half V. if the emitter was connected to
ground. However, in this stabilized amplifier, we have inserted a resistor
R; to prevent thermal runaway; the emitter voltage cannot go down to
0V. Indeed, it must sit at some voltage, due to IzRg, above 0V. In this case,
with Ry at 500Q and I at 1.5mA, then V; must be at 0.75V.

We now need to explain the purpose of the capacitor C,. Capacitors
have the ability to stop any DC voltage passing through them. This is
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because the impedance of a capacitor, XC, which is the ac equivalent to
resistance, can be calculated as follows:

1

XC=
2 fC

The frequency of DC is zero, which means to DC the impedance XC is

1

XC=——=
2 x0xC

o0

This is regardless of the value of the capacitor. In this way, the
capacitor can be used to block any DC component that is attached to the
input signal being passed onto the base of the transistor and upsetting the
DC quiescent operating conditions of the transistor.

Well, that explains why we have the capacitor but not how we choose
its value. The value of the expression for XC, the impedance of the
capacitor, changes as the frequency changes. It will change from infinity
when the frequency is zero, as with DC, and reduce in impedance as the
frequency increases to a value that allows the ac signal to be passed onto
the base. In this way, the capacitor can be used to select what frequencies
are allowed to pass onto the next stage of the circuit. In this application,
the next stage is the base of the transistor.

This is the situation whereby we are trying to create a high pass filter.
That is a filter that will pass onto the next stage, in this case the base of
the transistor, any signal that has a higher frequency above a chosen
value. This means we need to specify what this low frequency value must
be. We could say 0Hz, but that is almost impossible to achieve. Also, as
the transistor is being used as an amplifier, then it would most likely be
an audio amplifier. That being the case, it is unnecessary to set the low
frequency to 0Hz, as the normal audio range for humans is between 50Hz
to 18kHz. Some young people may go outside that range, but that is the
normal audio range. As you get older, you lose the ability to hear the higher
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frequencies, which is why your granddad or grandma has difficulty in
hearing a lot of words that end with “s” or “t” These are high-frequency
letters. Therefore, we could set a low frequency of 30Hz, and in this
example we will.

To explain how we choose the value of C;, we must look at the transfer
function, TF, of the high pass filter. The CR high pass filter, so called
because it is made with a capacitor “C” in series with a resistor “R,” is

shown in Figure 5-10.

C1670.79n
| |
17

Ca VG1 B
[T R17.91k

.||_...

Figure 5-10. The Circuit of the Capacitive High Pass Filter

The transfer function is the ratio of the input to the output. It can be
used to show how the input is transferred, by the circuit, to become the
output, hence the term transfer function (TF). The transfer function for the
CR high pass filter is

_Vout 1
Vin - 1
_Ji
oCR

TF

I say CR filter as we can create high and low pass filters using an
inductor and resistor circuit. The proof for the expression for the transfer
function is shown in the appendix. We will also look at these transfer
functions in more detail in Chapter 11.
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There will be a point, called the cutoff point, when the magnitude of the

transfer function will be equal to Lz which is termed the half power point
or the -3db point. This will be when the term wCR = 1. The half power point

is the benchmark engineers use to say when the output of the filter, or many
electronic circuits, will be good enough to do what is required of it. Any
frequency that produces an output that is less than this half power point will
not produce a usable output from the filter. This half power point is a common
benchmark by which engineers measure many aspects of electronics. We will
use it to measure the bandwidth of an amplifier in Chapter 6.
Using the expression wCR =1 at the half power point or the -3db point,

we can transpose the expression for “R” or for “C”:

11

CoC 2rfC

This means the cutoff point, or -3db point will be when the capacitor
has a value that can be calculated using.
1

C:
27 fR

We have decided that the cutoff frequency would be 30Hz as we are
not interested in any frequencies lower than that. What we need now is
the value of “R”” This will be the actual input resistance of the base of the
transistor to the ac signal. To determine that, we must appreciate that this
will be different from the DC input resistance, as we are dealing with an ac
signal. We need to remember that any capacitance can appear as a short
circuit to an ac signal. Also, we need to realize that all power supplies, and
there will be a power supply that delivers the V¢ supply to the circuit, will
have a high value capacitance across its output, used to smooth the output.
This means that to ac, there is a short circuit between the V¢ rail and the
ground rail. This means that, with respect to the circuit shown in Figure 5-7,
the top of the resistor R, is connected to the ground rail and so to the
bottom of the resistor R,. This means that to ac, R, and R, are in parallel.
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There is one more resistance we need to consider and that is the
emitter resistor Rz. We can see, from Figure 5-6, that the bottom of Ry is
connected to the ground rail as is the bottom of R, and now the top of
R,. However, what is slightly more difficult to see is that the top of Ry is
connected to the top of R, via the internal base to emitter diode inside
the transistor. This diode is switched on and so closed. This is how the
top of R is connected to the top of R,. However, due to the action of the
transistor, the effective resistance of Rg is multiplied by p+1. This means
that the actual circuit of the capacitive high pass filter, at the input of the
transistor, is as shown in Figure 5-11.

C1
||
I

]R‘I |:| R2 [] (Beta +1)RE VOUT

Figure 5-11. The High Pass Filter at the Base Input of the Stabilized
Amplifier

We can say R =R,, R,, and (Beta+1)R; in parallel. Putting in the value
from the circuit, we calculate it as follows:

R Rl R2 (ﬁ +1)RE 90.58E° 10.46E° 101x500
%: 1.104E7° +9.56E +1.98E° =1.2644E™*
Therefore
1
=——=7.908k
1.2644E
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We can now calculate the value of the capacitance C, as follows:

1

l=—=670.79nF
21 x30x 7908

Therefore, we now have a new value for C,, but one which will stop
any frequency below 30Hz from being passed onto the transistor. If we
simulate the circuit again with the new value of C,, we should be able to
confirm our calculations are correct. The type of analysis we will simulate
is called a Bode plot, after Hendrik Wade Bode, an American engineer who
created a graph that shows how the gain of a system, measured in dBs,
varies with frequency. The gain can be voltage or current gain and is the
ratio of the output over input. That makes the Bode plot an ideal graph
for displaying the output of this high pass filter and also the gain of the
transistor as a whole.

The circuit we will use for the simulation is shown in Figure 5-12.

Figure 5-12. The Test Circuit for the Bode Plot

We need to insert an output connection, and I have placed it at the
base of the transistor. This will be the output of the high pass filter as
shown in Figure 5-11.
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To create the Bode plot, we must select the AC Transfer Characteristic
option from the flyout menu that appears when you select AC Analysis
from the drop-down menu that appears when you choose the Analysis
option from the main menu bar, as shown in Figure 5-13.

+ [ ac ammpliver | - Schematic tdtor
Fie Edt lenert View Anslysis intersctve TAM Tooh Help

Feda L S L SR G
s | ode.. coeaiem |, F
+IGIEY =, ~olofstfmlal [ [ [ [ [ [
B P b oes | Fip-tops | toge icosacn | a0cu-sss | _er | J spea
Erabie MCU Code debogge |
Enable HOL Debugger i
Sebect Qptiemization Target man
Select Control Object nin
St Anabyuet Parsmaters... Curle AP
Batch Simulation... CuleaneB | ¥
Aadd spece commands.
Pun last saulatsn Cesle =L
€ Anatysis .
A€ Anabysin P Calouute nodelveliages
Tyanient. Ctrl= AT Tashe of AC resuits
Shasdy Shate Sobger A€ Transfer Chasacteristic... [
Fegrer Arabyns » Bhasee Duagram
Diptal Step-bey-0p hrm
M"WM"—— Crrde AR+1 et nipe o
Symbobc Aralyss .
Hoise Anatysis._ Cule Alts M
‘Optenizataon *
ACTELT | porame | B Opticmi [T
N ki e

Figure 5-13. Selecting the AC Transfer Characteristic Option

When you select the AC transfer function, you will be presented with
the window as shown in Figure 5-14.

|| Ampl & Phase (Bode)

Figure 5-14. The AC Transfer Characteristic Setup Window
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With this simulation, there is no need to change any of the parameters
from their default settings. The start frequency at 10Hz is low enough,
and the end frequency at IMHz is high enough. The default diagram
will display the amplitude and phase which is OK. We could just use the
Amplitude only option as we are not concerned with the phase, but it is
useful to see that the phase shift is a function of frequency as well. We
should keep the sweep type set to logarithmic because if you choose linear,
we would not have a page long enough to plot the frequency range of 10Hz
to 1MHz. If you choose just 1mm to represent 1Hz, then you would need a
sheet of paper nearly 1m wide to display the whole frequency range. The
logarithmic scale reduces this to a workable length. You could change the
number of points from 100 to 1000, if you so wish. This would produce a
more accurate and finer graph.

Once you click OK, the software will run the analysis and the display of
the results as shown in Figure 5-15.
File Edit View Process Help

PH RGHYAAY TLHF R0 NkRBY N I
0.004

-2.50

-5.00

Gain (dB)

-7.504

-10.00

72,00,
a7 m-\

Phase [deg]
N
3

100 100.0 1.0k 10.0k 100.0 1.0M
Frequency (Hz)

Figure 5-15. The Bode Plot Display
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We can use the cursors to measure the gain at high frequencies, where
it will be a maximum; this is shown as 0dbs. This is a gain of 1, which in
dBs is 0dbs. Cursor A is used to display the gain at a frequency of 30Hz.
We can see that it shows the value of -3dbs which is a gain of — in dbs.
This is what we expected the response to be. This indicates that2 our
calculations are correct and that the circuit of the high pass filter, as shown
in Figure 5-11, is also correct. This in turn confirms our thoughts that the
emitter resistor can be imposed on the input at the base by multiplying
it by f+1.

We can use the Bode plot to display how the gain of the transistor
varies over frequency. To do this, we must move the output trace to
connect it to the collector of the transistor, shown in Figure 5-16.

Figure 5-16. The Circuit with the Output Connection Moved to
Display the Output of the Transistor

When we run the simulation, the Bode plot is shown as that in
Figure 5-17.
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File Edit View Process Help

2 B A TFFE~0 KRB~ 2y
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Figure 5-17. The Bode Plot to Show How the Gain of the Transistor
Varies with Frequency

The maximum gain, using cursor B, is shown as 18.7dbs. Cursor A is
showing that at 29.94Hz the gain is 15.7dbs which is 3dbs down from the
maximum. This is what is meant by the -3db point, that is, 3dbs down from
the maximum. This Bode plot shows that at 30Hz the gain is at the half
power point, and so it has met the required benchmark for when it will be
deemed enough to be useful.

Exercise 5.2

We can calculate the input resistance Ry and the filter capacitance value
C, for the high pass filter, using the following expressions:

1
Ry =

1 1
——
R, R, 101xR,
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1
_2><7r><fc><R,N

1

Use the preceding expression to calculate the high pass filter capacitor
“C,” for the amplifier in the first exercise if the cutoff frequency was 30Hz.
The answer is in the appendix.

The simulations have shown that using the calculations so far, we have
designed an amplifier that does not suffer from thermal runaway. It does
seem to have the frequency response we want. We now need to see if it has
overcome the reliance of the gain of the circuit on the current gain Beta of
the transistor. To show that this has been achieved, we need to look at the
expression for the gain of the transistor. This will be the voltage gain, and
this can be calculated using

VGain = Your
Viy

We can calculate the output voltage V1 as
Vour =1cR;
We can calculate the input voltage V;y using

Vi =1,Ry

We know that the emitter resistor Ry is reflected into the base by
multiplying it by p+1. This means that R can be expressed as

R, =(ﬁ +1)RE

Using this, we can say that

V]N :IB(ﬁ+1)RE

We also know that the collector current I is related to Iy using

I ZﬂIB
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This means that we can express Vyyras
Vour = BIR,

We know the expression for the voltage gain becomes

= ﬁIBRL
Gain [B (ﬁ + I)RE

We know that p is very much higher than 1, as  can vary from 50 to
500. This means the 1 can be ignored. Therefore, the expression for the
voltage gain becomes

V _ ﬂ]BRL _ &
Gain — -
ﬁIBRE RE

This expression suggests that the voltage gain is not dependent upon
the Beta of the transistor. Indeed, it is simply the ratio of the resistors R,
divided by R;. Using the values in the circuit shown in Figure 5-7, that
would give the following:

yo_R_ 45E° 9
“m R, 500

Using the values obtained in Figure 5-9, the V,, was calculated
at 8.604. This is pretty close. Also, we can calculate the voltage gain in
dbs using

Vg = 2010g% =201og9 =19.08 dbs

E

This is again close to the measured value of 18.7dbs. However, it is still
slightly out. However, if we added a small 252 value to the emitter resistor,
the calculated gain would change to

3
_ 4-512 =8.57=201log8.57 =18.66dbs

Gain ~— 52
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In reality, we do need to add this 25Q as this is the internal resistance
of the transistor termed “r..” It is dependent upon the heat around the
transistor, and at a nominal room temperature, the value of r, is 25Q.

Just to show that the voltage gain is independent of Beta, we will
simulate the class A amplifier again, but this time we will change the value
of Beta for the NPN transistor to 300, which is three times what it was. The
result is shown in Figure 5-18.

DH BEH*AA TFF R0 KRy (2
5.00m— o
0SC1_Ch1
-5.00m -
50.00m —
h2
50.00m v T r T T T T 1
0.00 50.00u 100.00u 150.00u 200.C
Selecied Curves AN Corves
A = L) B.A Erequency a~d Siope
X (50 ¥ Y41 40m x |195.08 743 3 a+ x 02 ym £ 101k /-l *

Figure 5-18. The Input and Output Voltages When Beta Was
Set to 300

If we take the peak-to-peak measurements from the two traces, we can
see that the voltage gain is now

_ Vout Peak to Peak 86.82m

VGain = =
Vin Peak to Peak 10m

=8.682

The voltage gain has hardly increased, yet the Beta of the transistor has
increased by a factor of 3.

219



CHAPTER5 THE COMMON EMITTER AMPLIFIER

Therefore, we have now achieved what we set out to achieve, an
amplifier that does not suffer from thermal runaway and an amplifier
whose gain is set purely by the ratio of R; divided by Ri and is independent
from the Beta of the transistor.

Summary

In this chapter, we have studied the use of the load line and the output
characteristics. We have learned about the drawbacks of the fixed bias
amplifier and how the stabilized amplifier overcomes those drawbacks.
In the next chapter, we will study the ac analysis of a BJT amplifier. We
will look at what bandwidth is and what affects it.
I hope you have found this chapter exciting and informative.
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CHAPTER 6

Further Analysis
of the BJT Amplifier

In Chapter 5, we learned about using the load line to design a class A
stabilized amplifier. We also studied the DC quiescent conditions of the
amplifier. In this chapter, we are going to further our understanding of how
the BJT amplifier works as an amplifier of ac signals. We will look at the
ac model of an amplifier and compare its use as a method for designing
amplifiers with the other methods we will use.

We will study how the amplifier responds to a range of frequencies
and so define what is the bandwidth of the amplifier. We will look at the
relationship between the voltage gain and the bandwidth of the amplifier.

Finally, we will look more closely into the class B amplifier and then
finish off with a look at the push-pull amplifier.

An Alternative Approach to Designing
a Class A Amplifier

In the last chapter, we looked at using the load line to design amplifiers. In
this chapter, we will restrict our designs to that of the stabilized amplifier,
as we have shown in the previous chapter that this overcomes a lot of the
drawbacks of the fixed bias amplifier. The circuit we are going to analyze is
shown in Figure 6-1.
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Figure 6-1. The DC Quiescent Setting for the Class A Amplifier

We will use this example to describe an alternative approach to
designing the amplifier. As before, there has to be a specification, and, in
this case, it is as follows:

The DC quiescent collector current is 1mA.

The supply voltage is 20V.

We will set the DC quiescent emitter voltage, Vg, to 1V and assume the
Beta value of the transistor is 100.

We can now start off by calculating the base and emitter currents
flowing through the transistor as follows.

I. 1E

p=—== =10uA
B 100

I,=1.+1,=1E7 +10E° =1.01mA
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We can now calculate the resistor values around the circuit. First is the

collector resistor R¢. We can calculate this using
R = Vee = Ve
L ]C

This is simply the volt drop across the collector resistor divided by
the current flowing through it. Before we can calculate the value for R,
we need to calculate the voltage V. To ensure the output can swing as
far positive as it swings negative at the output, we need the DC quiescent
voltage to be half the available voltage, and this can be calculated using

Ve Ve +VE=202_1+1=10.5V

We need to appreciate that the lowest voltage the collector can go
down to, when the transistor turns fully on, is the V; voltage, as the emitter
is not connected to ground. The resistor Ry is between the emitter and
ground; see Figure 6-1. This means that as long as current is flowing
through the R; resistor, the emitter must be at a higher voltage than
ground. The specification has stated that the DC quiescent voltage Vi
should be 1V.

The volt drop across R is the V¢ voltage minus the voltage at the
collector, V.. Using this concept, the value of R¢ can be calculated as
follows:

Vee =Ve 20-10.5

R.= =9.5k
< I 1E7
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To calculate the emitter resistor Rg value, we can use the volt
drop across Rg, Vi, divided by the current flowing through it,
ig. Therefore, we have

Ve 1
1.01E>

=991Q

E — [E

The next resistor to consider is R,. Note R, and R2 create a voltage
divider network that sets the voltage at the base; see Figure 6-1. To
calculate the value for R,, we can use the volt drop across R, divided by the
current flowing through it. Therefore, we have

-
IRZ
The voltage Vy is the voltage at the base of the transistor. The
term Vy;; represents the voltage across the base emitter diode, and
it is approximately 0.7V. However, empirical analysis with the TINA
software shows that TINA sets this more closely to 0.655V. As the diode is
conducting, then this volt drop would be in series with the emitter voltage
as shown in Figure 6-1. This means the voltage at the base, V;, can be
calculated as follows:

Vo=V +V, = 0.655+1=1.655V

The current that will flow through R, will be the current that flows
through R, minus the base current, I3, that flows into the transistor. The
current that flows through R, is termed the “bleed current.” It is normal
to set the base current to be approximately 10% of this bleed current.
Therefore, the current through the R, resistor is the remaining 90% of this
bleed current. Therefore, we have the following relationships:
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I, =9%1, =9x10E~° =90ud

I, =10x1, =10x10E™° =100u4

Using this value for Iz,, we can calculate the value for R, as follows:

R=Lr - 1O 550

I, 90E°

Similarly, we can determine the value for R, knowing it is the volt drop
across R, divided by the current flowing through it. This can be done as
follows:

Vee =V, 20-1.655

=183.45k
Ly 100E"°

R =

1

We have used the DC quiescent values to calculate the resistor values
around the circuit. We have set the resistor values in the circuit shown
in Figure 6-1 to those calculated here. The measurements of the DC
quiescent voltages and currents around the circuit in Figure 6-1 do agree
very closely with the calculations here.

I hope you can see that this method can be used to design a class A
amplifier.

Exercise 6.1

As an exercise, try using this method to design a class A amplifier to the
following specification:

e The VCC should be 15V.

e The DC quiescent collector current should be 1.5mA.
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o The DC quiescent emitter voltage should be 1V.
o The typical beta value of 100 should be assumed.

e My circuit design will be shown in the appendix.

The Mid-Frequency ac Model of an Amplifier

We will take a look at the ac model of the amplifier circuit shown in
Figure 6-1. We will look at how we can move from the actual circuit, shown
in Figure 6-1, to the actual model as shown in Figure 6-2.

Figure 6-2. The Mid-Frequency ac Model of the Class A Amplifier

The first step is to replace all DC sources with a short circuit. This is
because they will have a large smoothing capacitor across the output, and
so, to ac, this would be a short circuit. Then replace all capacitors in the
circuit with a short circuit, as to ac the capacitance has such a large value
that their impedance would be zero. Doing this would give us the interim
circuit shown on Figure 6-3.

|

Figure 6-3. The First Interim Circuit
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From this circuit, we can see that the top rail that was at VCC is
connected to the ground rail. This means that the biasing resistor, R,, is
in parallel with the other biasing resistor, R,. Also, the collector resistor R¢
would be in parallel with the series combination of the transistor, in series
with the emitter resistor, Rg. This would produce the second interim circuit
shown in Figure 6-4.

—

" rimes

[l R -e‘.‘.l-_-.\D RZ 1838 o 981 || Roosx

L

Figure 6-4. The Second Interim Circuit

Now all that is left to do is replace the transistor with the ac model of a
transistor, which is shown in Figure 6-5.

.

Figure 6-5. The ac Model of a Transistor

C=gmp

Putting all this together does produce the circuit as shown in
Figure 6-2.

We will use this model, as shown in Figure 6-2, to complete an ac
analysis of the amplifier circuit shown in Figure 6-1. We would be making a
generic model if we didn’t use the resistor values that we have taken from
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the amplifier circuit shown in Figure 6-1. Before we go too far into looking
at the model, we will decide what the main parameters are of the amplifier
that are of interest. These are listed here:

1. The inputresistance or impedance of the transistor

2. The inputresistance or impedance of the
amplifier circuit

3. The output resistance or impedance of the
amplifier circuit

4. The current gain of the circuit

5. The voltage gain of the circuit

The Input Resistance of the Transistor

We will look at item 1 now. One method to determine the input resistance
is to use the measurements from the circuit shown in Figure 6-1. This is
because we are modeling that particular amplifier circuit. The easiest way
to determine this input resistance is to measure both the voltage at the
input and the current flowing into the input. The input of the amplifier is
the voltage at the base of the transistor, that is, V. From Figure 6-1, this
voltage was 1.68V; therefore, Vi = 1.68V. We are using the DC quiescent
values with the ac input set to zero. This is not an issue as the parameters
of the transistor are not reactive, they are resistive, and so the DC
resistance would be the same as the ac resistance or impedance.

Again, reading from Figure 6-1, we can see that the input current
is simply the base current Iy which is 10.09pA. Using the following
relationship

r=L
1
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We can say

Transistor Input R = Input Voltage = Vs Lx =163.528kQ

Input Currvent 1, " 10.09E"

Determine the Input Resistance of the Transistor
R, Using the ac Model

We can use Thevenin’s theory to determine the input impedance. To do
this, we remove the VG1 voltage source, as we are looking back into the
circuit at those two terminals. We must also replace all sources with their
ideal internal impedance. For a voltage source, this would be a short
circuit, and for a current source, this would be an open circuit. There is
only one source in the ac model, and that is the current source associated
with the transistor model. We must replace that current source with an
open circuit. This would give us the circuit as shown in Figure 6-6.

Figure 6-6. The Input Section of the Class A Amplifier

Using the circuit shown in Figure 6-6, it should be clear that, due to the
open circuit where the current source has been, we don’t need to include
Rcin this calculation. Indeed, we can see that the input resistance, Ry, is
simply the parallel combination of R; and R, that are also in parallel with

a. n

the series combination of r, and r.. Note, in the schematics, I am using “r,,
instead of “r,” as TINA has limited characters we can easily use.
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We need to determine the series combination of r, and r,, which we

will call Ry, but this is not as simple as just adding them together. This is

because the emitter resistor, r., appears in the output side of the amplifier.

Indeed, we can see that the current that flows through r, is just the base

current ip, whereas the current flowing through the emitter resistor is i.. We

can use KVL to help us with this, as the two volt drops, v, and v,, are in the

closed loop in which the voltage applied to that loop is the base voltage v,

Using KVL, we can say

230

vy =Vn+Ve

We can express the two voltage drops as

vﬂ = lb rﬂ

v, =1L R

e e e

We can express the emitter current as
i=i +i
We know
i, = Pi,
This means
i, =Bi,+i, =i, (B+1)
This means we can say

v, =i, +i,(B+1)R,
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If we take the term i, out as a common factor, we get
Vv, =1, [rﬂ +(B +1)Re]
From this, we can say

iz[rﬂ +(B+1)R, ]

This means that the input resistance at the base, which we will

call R, is
R, =[r,, +(B +1)Re]

This would be in parallel with the parallel combination of R, and R..
This means that the total expression for Ryy is R,//R,//R,,.

We can’t evaluate this expression yet as we don’t have a value for r,. To
help us with this, we can look at the expression for the collector current i..
We have two expressions for this current, which are

lC = gmvn
lc = ﬂlb
This means
ﬂlb = gmvﬂ
We know
%
L T
i, ==
B
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This means

Bv
P —
- gmvn
rﬂ
From this, we can say
Bv
Y/ —
= }"ﬂ
EnVr
Therefore, we have
r,=——
&

If we could get a value for g;,,, we could then get a value for r,. The term
g, is the transconductance for the amplifier, and it can be calculated using
the following expression:

g =l

where I is the DC quiescent collector current, and V is the thermal
voltage associated with the conductance of a diode. It has been found
that at an ambient temperature of 25°C, V; has a value of 26mS. Using
the values of the DC circuit shown in Figure 6-1, we can see that I =
1.01mA. Using this value for I, we can calculate the value for g, as
follows:

_1.01E7

= =0.0388
Em 26E
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Knowing 3 = 100, we can calculate the value for r, as follows:

=£ 100 =2.577k

vV =
" g 0.0388

We can now calculate the value for R, as follows:

R, =[r, +(B+1)R, |=[2.577E" +(100+1)991]=102.668k

We can now calculate the total input resistance using

1 1
RIN—I = T ] : =14.374k

—+—+i T+ T+ ;
R R, R, 18345E° 1839E’ 102.668E

The Output Resistance

We can again use Thevenin’s theory to determine the output resistance,
Rour, of the ac model. The circuit to determine ROUT is shown in
Figure 6-7.

Figure 6-7. The Circuit to Determine Royr Using Thevenin's Theory
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We have replaced the voltage source with a short circuit and the
current source by an open circuit, their ideal internal impedance. The
open circuit between the top of R¢ and the emitter resistor R, means
that the only resistor that we would measure at the output would be the
collector resistor Rc. This means that

R

our —

R

C

In this case, with the circuit as shown in Figure 6-1, we have

R, =9.45kQ

our

The Voltage Gain A,

We should be able to determine an expression for the voltage gain Ay from
the ac model. We start with the expression

We should derive the expression for the V,,, and V.
With respect to Vout, we can say

ws »
1

The current “i.” is shown as being negative as, when we look at

usn
1

the ac model, the current “i.” is shown as flowing down through the
current source and the emitter resistor. This is correct, as we know the
conventional current will flow through the NPN transistor in this direction.
We can also see that the arrowhead of the volt drop across the collector
resistor is shown as pointing to the ground line. This is also correct as

we know the two volt drops “v,” and “v.” will add together. The fact that

the positive end of the volt drop is at the ground rail, that is, at 0V, means
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that the output voltage, “v,,., which is taken across R with respect to the
ground rail, must be negative to make the ground rail more positive than
the top of R¢. This means the following expression must be true:

This means the collector current must be negative. I appreciate this
explanation is a bit awkward to read, but if you read it carefully, I hope you
will be able to follow it.

We know from before that
iC = gmvn
From before, we know
A
lb = R—n
This means
vOllf = _gmvch

If we now look at V;,, we can say

Vv, =V, +V,
From before, we can say

v, =(i, +i, )R, therefore;v, = (;—” +g,v, JRQ

T

This means that

v
v, =v +| —Z=+gv |R
mn V3 (R gm 71'] e

T
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Therefore, taking v, out as a common factor, we have

1
v, =v_ |1+] —+ R
m ﬂ[ (Rﬂ gm] E}

We can use this to create an expression for the voltage gain Ay as
follows:

A :M: _gmvﬂRc — _ngc

Vv V. 1 1
" 1+ —+ R I+ —+ R
vﬂ{ +[Rﬂ gm] e:| (Rn gmj e

We should appreciate that the term 1/Rmn is very small; it can be

ignored, for example, in this case:

o - =3.88E™
R 2577E

This means the voltage gain can be expressed as

Using the values from the circuit, we have

~ —0.0388x9.45E°

= =9.29
4 1+0.0388x991

If we consider the denominator which is

1+0.0388x991=1+38.4508 =39.4508
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We could ignore the 1 in the denominator. This would mean that the
expression for the voltage gain AV is
—8nfe _ R

AV:—:—C
g.R. R

e

If we use this simplified expression for the voltage gain, we get

_ —9.45E°
Y991

A =9.536

Is the ac Model Valid

The ac model shown in Figure 6-3 is an accepted model, but does the
calculations match the simulation of the circuit shown in Figure 6-1?
We can check the expression for the gain by simulating the circuit

shown in Figure 6-8.

‘1 |

Figure 6-8. The Test Circuit for the Amplifier Voltage Gain

We can use the circuit shown in Figure 6-8 to measure the input and
output voltage waveforms so that we can determine the voltage gain “A,”"
The display of the two waveforms is shown in Figure 6-9.
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Figure 6-9. The Input and Output Voltage Traces

Using Figure 6-9, we can see that the peak-to-peak output voltage is
181.79mV, and the peak-to-peak input voltage is 20mV. This means that the
voltage gain is

4= Peak —to— Peak Vout 181.79mV
Peak —to — Peak Vin 20mV

=9.0895

This is close to the first calculation from the model which gave Ay =
9.29 and also the value of Ay = 9.536. These are 2.2% and 4.91% errors. We
could live with them.

If we compare the input and output resistance, we can see that the
value for the output resistance is the same when using the ac model or the
actual circuit. However, the input resistance values are not the same. Using
the values from the circuit, the input resistance of the transistor Rb was

R, =163.528k
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However, using the ac model, the value of Rb was

R, =102.688k

If we look at how the two values were obtained, we might see where
the problem was. The first value was taken from the readings from the
simulation shown in Figure 6-1 as follows:

Vv, 1.65

R, =t =—2 _—163.528kQ
i, 10.09E

Using the ac model, the value for R, was

R, =[r, +(B+1)R, |=[2.577E" +(100+1)991] =102.668k

The term that is not the same as the simulated circuit is the value for r,.
This was
B 100

ro=t = =2577k
g, 0.0388

To calculate r,, we used the value for  and g,,,. The value for f is one
that we set when we simulate the circuit, so that is not the problem.
The problem may lie with the value for g, the transconductance of the
transistor. The value for g, from the ac model was calculated using

I, 1.01E7
& =7 = 5

= ep = 00388

We could use values from the simulated circuit to calculate g, as
follows:

ngﬂ' = ﬁlb
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From this, we can say

_bBi

o
vﬂ

In the ac model, the voltage v, is shown as being the voltage across the
base emitter junction. If we assume that this means

v_=v, =0.64392

Then we can say

-6
g - 100x10.09E —1.567mS
0.64392

If we use this value to calculate the resistance r,, we get

ro= 100 =63.817k

15677

Also, assuming v, = v,,, we can calculate the value of r, as follows:

po=te o Q0492 s g1k
i, 10.09E

Using this value for r,, we can calculate the input resistance at the
transistor, R, as follows:
R, =[r, +(B+1)R, |=[63.817E" +(100+1)991|=163.908k
This agrees more closely, indeed very closely, to the value calculated

using the base voltage divided by the base current using the readings from
the simulation.
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When you look at different approaches to determine the same
parameters, it is difficult to see which approach you prefer. The use of the
ac model has enabled us to derive an expression for the voltage gain that
works well. It is really when calculating the value of r, and g, that the ac
modeling has let us down. Really, I think it is the calculation for g, such as

g =l

I think the problem is with choosing the value for I, the DC
quiescent collector current. I think the method I have used to calculate the
transconductance g,, is more reliable, that is

Biy

Vs

m
e

This relies on the voltage v, equaling vy,.. It is really up to you which
method you use, or perhaps you can explain where the ac model theory
is going astray. I am happy to use the simulation results to calculate the
quantities along with the various relationships I have shown in this section
of the text. The rest of the chapter will use that approach.

The (b+1) Parameter

Before we leave our look at the ac model, I think it is worthwhile stating
that the analysis has shown how we got this multiplier of ($+1) when
referring the emitter resistor, “r.’, to the base, that is, (p+1)R.. This is used
in calculating the gain and the input resistance. The ac model analysis has
shown us where this has come from.

Also, the analysis has shown us that the dependence on the value of
“p” has been removed from the expression for the voltage gain Ay as

-g.R,
A

C1+g,R,
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or
_ngL _RL
AV = =
g.R R

The term “p” has been removed from the expressions, especially the
last expression.

The Bandwidth of the BJT Amplifier Circuit

The circuit, shown in Figure 6-1, is using the NPN transistor option

from TINA. This is a standard transistor that can be used for general
amplification. The Beta, which can vary quite a bit, has been set to 100.
We are going to use this circuit to look at the bandwidth of the amplifier.
The bandwidth of the amplifier is the band, or range, of frequencies over
which the gain of the amplifier is deemed high enough. This is the range
of frequencies over which the gain is more than 3dbs below the maximum
gain. We stated in Chapter 5 the -3db level is the half power point level,
and it is the benchmark that engineers use to measure the performance
of electronic circuits against. The Bode plot shown in Figure 6-12 is the
plot for the amplifier circuit shown in Figure 6-11. Before we could run
the analysis to display the Bode plot, we must first determine the value for
the capacitor C,. This capacitor is used to create a high pass filter at the
input to the transistor. To determine the value of the capacitor, we need to
consider the high pass filter created at the input, as shown in Figure 6-10.

Figure 6-10. The High Pass Filter Circuit at the Input of the
Transistor
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The theory behind creating this CR high pass filter has been described

in Chapter 5.
We can say R = Ry, R,, and (Beta+1)R; in parallel with each other, as
shown in Figure 6-2. Putting in the value from the circuit, we calculate it as

follows:

1 1 1 1 1 1 1
—=—+—+ = + +

R Rl R2 (B+1)RE 183.45E° 1839E° 101x991

% =5451E° +5.438E° +9.991E° =6.982E
Therefore
1
R=————-=1432k
6.982F

I feel I should point out that the high pass filter circuit, shown in
Figure 6-10, does miss out the r, resistor that is in the ac model. However,
most models are using some rules of thumb, and the following simulation
does agree closely with our calculations. Again, it is up to you to decide
which method you want to use.

We can now calculate the value of the capacitance C, as follows:

1

1= - =370.41nF
2n x30x14.32F
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Inserting this capacitor value for C, into the amplifier circuit and
adding an ac signal, we have the test circuit as shown in Figure 6-11.

T ]
[rma  [noa
Lo — i A e
F e L:‘”

Figure 6-11. The Test Circuit for the ac Bandwidth

Then, running the AC Transfer Characteristics analysis allows us to
create the Bode plot shown in Figure 6-12.
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Figure 6-12. The Bode Plot for the Amplifier Circuit Shown in
Figure 6-3
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With this analysis, I have restricted the display to just the display that
just shows the amplitude and increased the number of points to 1000. The
plot shows how the gain of the amplifier, expressed in dBs, varies as the
frequency, displayed on a logarithmic scale, varies. I have extended the
end frequency to end at 10Mhz. This is so that we can see how the gain
falls off at the high frequencies. Both cursor “A” and cursor “B” have been
placed at the point where the gain has fallen down to 16.35dBs. This is
3dBs down from the maximum gain, as the maximum gain was measured
at 19.35dBs. This maximum gain is shown as being fairly constant from
about 100Hz to around 1MHz.

As the two cursors are at the points where the gain is 3dBs down from
this maximum, then the bandwidth is from the frequency at cursor A, that
is, 29.99 Hz, to the frequency at cursor B, that is, 5.62MHz. The bandwidth
of the amplifier is defined as the range of frequency over which the gain
is greater than 3dBs down from the maximum value of the gain. This is
simply F, - F, where F, is the high frequency at which the gain has fallen
down by 3dBs and F, is the lower frequency. In this case, the Bode plot
shows that F, is 5.62 MHz and F, is 29.99Hz. Therefore, in this example, the
bandwidth, BW, is

BW =5.62E°—29.99=5.62E° =5.62 MH=

This is a very wide bandwidth, however, as we are trying to design an
audio amplifier then the bandwidth is more than enough for our purpose.

We need to appreciate what effects the roll-off of the bandwidth. We
should realize that the early roll-off has the cutoff frequency of 30.14HZ,
that is the frequency at which the gain drops down by 3dBs from the
maximum. This is due to the CR high pass filter we have created at the
input of the transistor. This is what we expected and confirms that our
analysis and calculations are correct. So, what allows the roll-off at the
upper frequency? Well, we should appreciate that, just like all systems,
including humans, electronic circuits will find the easiest route to return
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the current, that carries the energy around the circuit, to the ground path
back to the supply. We should also appreciate that, of the two reactive
components, the capacitor and the inductor, it is the capacitor whose
impedance reduces as the frequency increases. This is shown in the
expression for XC, the impedance of the capacitor, as

1

XC=
2 fC

We know there are two diodes, made from the two PN junctions,
internal to the transistor. We have shown in Chapter 2 that there is some
capacitance across the depletion layer of the diode. This means there are
two main stray capacitances within the transistor, and they are

e CBCO: The capacitance between the base and collector
with the base open circuited

e CBEO: The capacitance between the base and emitter
with the base open circuited

It is the CBEO which is trying to provide a path for the input signal to
bypass the transistor and use this path to take the signal to ground via the
R; resistor. In this way, as the frequency rises, this stray capacitor provides
an easier path for the signal to use, and so the signal does not go through
the transistor, which means it does not get amplified. TINA gives this CBEO
capacitor a value of 14.8pE. If we change this value to 14.8nF then the
bandwidth might change. The TINA ECAD software allows us to change
this value of capacitance and many other parameters of the transistor. If we
change this capacitance value, we can create another Bode plot to confirm
if the bandwidth does change. We can use this to confirm the concepts as
to why we have the upper roll-off as described here. The new Bode plot is
shown in Figure 6-13.
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Figure 6-13. The Bode Plot When the CBEO Value Is Changed
to 14.8nF

Figure 6-13 shows clearly how increasing the value of CBEO reduces
the bandwidth to around 78kHz.

We will now move on to see what else we can do with this transistor.
Don’t forget to return the CBEO back to 14.8pF.

The Emitter Bypass Capacitor

We have shown that the gain of the amplifier is simply the ratio of R
divided by R;. That is OK, but unless we have a very large value for R and
a low value for Ry, then the voltage gain can be quite small. We will add a
further component to the circuit that might change this. The component

is a capacitor that is put in parallel with the emitter resistor, hence the
name “The Emitter Bypass Capacitor” To decide what value of capacitance
we need to use, we have to understand the reason why we want to place
the capacitor in parallel with R;. We have chosen the value of Rg, indeed
the value of all the resistors in the circuit, based on the DC quiescent
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requirements of the transistor. If we don’t do anything about it, it will be
these quiescent conditions that control the ac gain. Really, we need to
modify the gain of the circuit to respond to an ac signal without affecting
the DC quiescent conditions. It is the ratio of R¢ and R; that controls the
DC gain. Hence, if we could reduce the value of Rg, we could increase the
gain. But how do we do that without changing the DC quiescent operating
conditions? The answer is to give the ac signal a path that ignores the
emitter resistor Rg. That is what the emitter bypass capacitor does; it
provides the ac signal with a path that is easier for it to flow through than
the R; resistor. In this way, we could make the ac signal think that the
emitter resistor has been reduced or removed. As all current will take the
path of least resistance, we make the impedance, XC, of the capacitive path
equal to one tenth that of the resistance of Ry, that is

In our example, Rg is 991Q (see Figure 6-1), and so XC should be set
to 100Q2. We need this to happen at the lowest frequency of use, that is, in
this case, 30Hz. Therefore, putting these values onto the expression for
C, we have

1 1

C= = =53.53uF
27 fXC 2w x30%x99.1

If we add this to the circuit, we can simulate it and see what effect it
has. The circuit is shown in Figure 6-14.
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Figure 6-14. The Amplifier Circuit with the Emitter Bypass

Capacitor Added

The capacitor C, is the emitter bypass capacitor, and it will allow the ac
signal to bypass the emitter resistor at frequencies of 30Hz and above. This

should then mean that the ac voltage gain is more than the 19.14dbs as

measured before. If we simulate the circuit, we can examine the Bode plot

as shown in Figure 6-15.
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Figure 6-15. The Bode Plot After Adding the Emitter Bypass

Capacitor
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We can see that the gain has increased as expected; it is 51.29dBs.
However, there is a more important change in that the lower roll-off
frequency has increased to around 301Hz. This is higher than the
minimum audio frequency of around 50Hz, and so we might miss out
on some of the sounds we want to hear, especially some of the low bass
sounds. Also, we can see that the overall bandwidth has reduced. It is now
around 4.02MHz as opposed to the 5.62MHz from before; see Figure 6-12.

We can try to change the bypass circuit by splitting the emitter
resistor into two resistors and placing the bypass capacitor across the
resistor closest to the ground. This arrangement is shown in the circuit in
Figure 6-16.

Figure 6-16. The Split Emitter Bypass Circuit

The Bode plot for the frequency analysis of this circuit is shown in
Figure 6-7.
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Figure 6-17. The Bode Plot for the Split Emitter Resistor Circuit

Using the cursors, the maximum gain was measured at 23.67dBs. This
is areduction in gain, but we can see that the low-frequency roll-off is now
at 35.65Hz, which is closer to the 30Hz we designed the circuit for. Note,
the BW was measured at 5.49MHz. We can try and calculate the voltage
gain using the ratio of the R; and Ry as before. Therefore

R,  95FE°

Vi =~ = ———=16.07
R, 0.591E

Expressing this in dBs, we have

4

Gain

=20Log(16.07)=24.12Bs

This value is very close to the 23.67dBs measured in the Bode plot. This
could suggest that splitting the emitter resistor as we have done has given
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us some control of the voltage gain. However, to DC the circuit will see the
two resistors in series as just the same 991Q resistor as before. Therefore,
the DC quiescent operating conditions will not have changed.

To test this concept further, we will change the R, to 791Q and the Ry,
to 200Q2. This should change the voltage gain as follows:

9.5E°
0.791E

Vi =20L0g[ 3j=21.591st

After making those changes and simulating the circuit, the Bode plot
gave the following results:

e The maximum gain was 21.2dBs.
e Thelow end 3dB point was at a frequency of 33.98Hz.

e The BWwas 5.62MHz.

Now changing R, to 200Q and R, to 791 would give the gain at

9.5E°
V.. =20Lo
Gain g[02E3

]=33.53st

After making those changes and simulating the circuit, the Bode plot
gave the following results:

e The maximum gain was 32.4 dBs.
e Thelow end 3dB point was at a frequency of 53.6Hz.
e The BWwas 5.23MHz.

These results do suggest that using the split emitter approach, with the
bypass capacitor, does give us a good range of control over the gain of the
amplifier while maintaining the bandwidth, with good control over the
low-frequency roll-off.

252



CHAPTER 6  FURTHER ANALYSIS OF THE BJT AMPLIFIER

One suggestion we could look at is using the setting of R., at 791Q and
R, at 200L2, as this gave a good gain while still keeping the low-frequency
roll-off very close to our desired 30Hz. Then, to get more voltage gain, we
could design a two-stage amplifier circuit using the same parameters. The
circuit for this two-stage amplifier is shown in Figure 6-18.

[ R1 183 45

C1 360.94n
|1
LA

V120

i

Figure 6-18. The Two-Stage Amplifier

We can use the AC Transfer Characteristics analysis to look at the Bode
plot to check the overall gain of the circuit. This is shown in Figure 6-22.
Using that Bode plot, the voltage gain was measured at 37.93dBs. The
lower roll-off of frequency was 44.24Hz, which is just acceptable. The BW
was 589.94kHz. We could reduce the frequency by increasing the size of
the filter capacitor C,. With a bit of trial and error, we find that changing C,
to 700nF produces a lower roll-off frequency of 29.99Hz.

The Effects of Interstage Loading

By adding the second amplifier, we are introducing the possibility of
interstage loading. This posibbly caused by the input impedance of the
second stage is loading, i.e., changing the output impedance of the first
stage. If this happens, it would change the gain of the first stage. Using the
Bode plot shown in Figure 6-7, the gain of the first stage when it was the
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only stage in the amplifier was measured at 24.96dBs. However, when we
used a Bode plot to display the gain of the first stage, with the second stage
added, we found the gain of the first amplifier reduced to 16.54dBs. This is
quite a reduction, and we need to learn why it has come about.

To make matters worse, we will add a final stage to the circuit which is
just a load. This is shown in Figure 6-19.
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Figure 6-19. The Two-Stage Amplifier with a 600kS2 Load Added

We need to determine the impedances starting the furthest end away
from the input signal. Also, we will be looking at the ac impedances, as
we want to study the effect on the ac gain of the circuit. We know that to
ac, the VCC rail and the ground rail are connected together. Also, all the
capacitors in the circuit can be considered as a short circuit. However, to
show this we could determine the impedance of the lowest value capacitor,
the 370.14nF capacitor, at a mid-frequency of say 10kHz, assuming we are
designing an audio frequency amplifier circuit. Using these values, the
impedance XC can be calculated as follows:

1 1

= = =42.99Q
2n fC 2w x10E°x370.14E™°
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If we compare this impedance value to the 600k resistor, it is small
enough to be ignored, especially as it would be a phasor sum, not scalar,
when adding them in series.

The first impedance we will calculate is the output impedance of the
second amplifier. This would simply be the parallel combination of R; and
Rs. Remember the current source of the amplifier model can be replaced
by an open circuit; see Figure 6-7. As there are only two resistors involved,
this can be calculated as follows:

RR,  9.5E’x600E’

=28 - =9.352k
R +R, 9.5E°+600E

Output Impedance T2 =

This shows that a 600k load does not load the resistor at the collector
of T2 by a huge amount. However, if the load was a small speaker, then that
could change the load value from 600k to 8Q. If we use this 8Q value, the
output impedance of T2 would change to

3
Output Impedance T2 = z.zE_xg =7.9930)

E'+8

These two calculations conform to the rule that when you add resistors
in parallel, the result will always be less than the smallest value. Also, if
the value of the impedance loading the first impedance is very large, then
the loading can be negligible. That is why we normally want the output
impedance of a stage to be low and the input impedance of the next stage
to be high. When we look at Opamps in Chapter 9, we will look more
closely at this.

The loading effect of the 8Q2 speaker is an issue we must overcome, and
we will see what can be done later in the chapter.

Now that we have calculated the output impedance of the T2 transistor,
we can move on and determine the input impedance of the T2 amplifier.
This is because this input impedance would be in parallel with the
collector resistor in the T1 amplifier.
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However, before we do that, we will calculate the ac gain of the T2
amplifier. We have shown already that the DC and ac gain are related to
the ratio of the collector resistor and the emitter resistor of the amplifier
circuit. However, with the ac gain, we need to take into account the effect
of the interstage loading. This means we must use the loaded value
of 9.352k instead of the 9.5k resistance. When considering the emitter
resistance, we can ignore the Rq resistance as the bypass capacitor Cs
directs all ac current away from flowing through R¢. So, we can use the
value of R; at 800 ||R; Q2. However, we have mentioned the inherent
resistance “r.” that is inside the diode between the base and emitter in the
NPN transistor. Using the Ebers-Moll equation, don’t worry, we are not
going too deep into this type of analysis; we can determine a value for this

internal resistance “r,”"

IE is the emitter current.

IES is the reverse saturation current of the base emitter diode.

VBE is the base voltage across this base emitter diode.

VT is the thermal voltage.

We are going to use the thermal voltage term, V7, as it has been
shown, by better engineers or scientist, than me, that if we relate this
term to the charge “Q” flowing through a diode, we can come up with this
approximation to this internal resistance “r,” of a diode. The expression is
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The thermal voltage has been found to be 26mV at an ambient
temperature of 25°C. Therefore, we can say

26E~
}"e =
1

E

We can approximate this to the collector current knowing that I very
closely equals I. Therefore, we can say

26E~
}"e =
I

C

However, we should realize that “r.” will change with temperature, but
the change would be fairly small, so we can use this expression.

This means that when the collector current is equal to the quiescent
current, which in this case is 1mA, the value for this r, resistance would be

_26E”

¢ 1E3

=26Q

This would be in series with R, in the circuit, and so we need to use the
826€2 value to calculate the gain of T2 as follows:
T2gain=@=11.322
826

If we use the simulation to measure the input and output of the T2
transistor, we can use the display of the oscilloscope, shown in Figure 6-20,
to determine the gain by comparing the peak to peak of both traces.
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Figure 6-20. The Input and Output Voltages of the Final
Transistor T2

The output voltage, that is, the Ch2 trace, was measured with a peak to
peak 0.149v. The input, that is, Ch1, was measured at 0.13417v. Using two
readings, the voltage again of the T2 transistor was

_ Output pktopk 149
S input pkto pk  0.13417

This agrees quite closely to our previous calculations.

Now we need to move back through the circuit and determine the
output and input impedances of the T1 transistor. However, as T2 is added
to the circuit, the output impedance of T1 will see the input impedance
of T2 in parallel with it. This means we need to determine the input
impedance seen at the base of T2. This will be the combination of R;, Ry,
and Rg,, in parallel. The Ry, resistance will be the series combination of r,
and R, but due to the transistor action, they will be multiplied by the beta
of the transistor. We are using the value of 100 as this would produce the
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smallest value for Rg,, which would load the value of R; and R, in parallel
the most. This means we can calculate the input impedance of T2 as
follows:

1 I 1 1 1 1 1

—=—t—

= + + =7.193E7
R, R, PB(r.+R,) 183.45E° 1839E° 100(26+800)

in

Therefore

R,=————=13.901k
7.193E

We can now determine the output impedance of the T1 transistor. This
would be the RL in parallel with the Rin of the T2 transistor. This would
give a value of

R,R, 9.5E°x13.901F’

R +R 935 +130018 ork
L in . .

Output Impedance T1=

We can use this value for the output impedance of T1 to calculate the
now loaded gain of T1 as follows:

oo Ou?)utR _SO43E° 6.3
Emitter, 26+800
This is a very much reduction of the gain from the same circuit as
shown in Figure 6-1 when the amplifier was used as a single amplifier.
If we simulate the circuit but now use the oscilloscope to measure the
input and output voltage of the first transistor T1, we will get the display as
shown in Figure 6-21.
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Figure 6-21. The Input and Output Voltages of the Final
Transistor T1

Using Figure 6-21, the voltage gain of T1 can be calculated as follows:

134.27m

Veaini = 20—m =6.71

This is again close to what we have calculated.
Using the Figures 6-20 and 6-21, we can see that the output of T1 is, as

expected, the input to T2.

We should now be able to calculate the voltage gain of the complete
amplifier circuit by simply multiplying the two gains together. This
would give

Amplifier,,, =V, xV.  =671x11336=76.065
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We have measured the peak-to-peak voltage at the output as 1.49v, and
we know we have set the peak-to-peak 20mv. We can use this to calculate
the gain of the amplifier as follows:

Amplifier, 1.49

,=———=74.5
o 20E7
The Bode plot for the two-stage amplifier circuit is shown in

Figure 6-22. The maximum gain was measured using this Bode plot, and
the value was 37.5dBs.
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Figure 6-22. The Bode Plot of the Two-Stage Amplifier Circuit
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Figure 6-23. The Oscilloscope Traces of the Input and Output of the
Two-Stage Amplifier

I am also including the display of an oscilloscope used to measure the
gain of the circuit using the input and output waveforms. This is shown in
Figure 6-23. Using this method to measure the gain of the circuit, we get

_ Output Peak to Peak  1.52
%" Input Peak to Peak — 20E~

=76 =20Log (76)=37.62dBs

The comparisons are close enough to suggest that the theories and
calculations we have used are valid.

Exercise 6.2

With respect to the class A amplifier circuit shown in Figure 6-24, calculate
the following knowing that the DC quiescent V; voltage is to be around 2V
and the beta is 100:

1. The emitter current
2. The base current

3. The base voltage
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4. The output impedance
5. The inputimpedance

6. The voltage gain

|

Figure 6-24. The Exercise 6.1 Circuit

——

The answers to this and all other exercises will be in the appendix.

Exercise 6.3

With respect to the circuit shown in Figure 6-25, determine the input and
output impedances of both transistors as well as the voltage gain of each
transistor and the overall circuit.

Figure 6-25. The Exercise 6.2 Circuit
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It has to be said that we are using nonstandard component values and
an ECAD package to simulate the circuit. If we were to use standard values,
there would be some small changes in the circuit operation. However, in
the aspect of comparing the simulation to the real-life circuit, we should
note that modern ECAD software uses very good mathematical models
for the components. This means that the responses of the simulations
are very close to what you would get if you built the circuit using practical
components. The software is so good that many engineers use an ECAD
package to test out their circuit designs first, as it is much quicker than
building the test circuits practically. That being the case, I firmly believe
that all engineers should learn how to use an ECAD software package
to test their design first. We will be testing out all the theories that we
go through in this book, with the TINA ECAD software, and I hope you
will find that the test circuits do confirm the theories we go through in
this book.

To sum up what we have done so far, in these last two chapters, we
have studied how to design a BJT amplifier. We have finally arrived at an
approach that produces an amplifier that can cope with thermal runaway
and whose gain is set by two resistors external to the transistor and isn’t
affected by changes in Beta. However, this is not the perfect circuit it might
appear. One issue is that the efficiency of the class A amplifier is quite low,
around 30%. This is mainly due to the fact that even when there is no ac
signal present, the transistor is still conducting, and so really it is wasting
power. This would be the DC quiescent current, and in the circuit shown in
Figure 6-1, we set this to 1mA. Therefore, we need to look at an improved
type of amplifier.

Moving the Biasing Point

If we consider the circuit shown in Figure 6-1, the DC quiescent voltage
at the base is 1.65V. This is when we biased the amplifier at the midpoint
on the load line. We should be aware that the base emitter diode, internal
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to the transistor, requires around 0.7V to forward bias it and turn it on.
When we apply an ac signal to the base, we will momentarily raise and
lower the voltage at the base. In this way, we can increase or decrease the
current flowing through the transistor by basically turning on more or less
this diode. If the ac input voltage should reduce this voltage, at the base, to
below the 0.7V required to turn on the base emitter diode, then the output
voltage would be clipped. This would limit the peak of the input voltage

to around 1V, taking the maximum voltage at the base to around 2.65V
and the minimum to around 0.65V. Also, as we have biased the amplifier
in Figure 6-1 to sit in the middle of its range, then if the voltage at the base
raised above 2.65V, that is, with a peak input greater than 1V, then we
would see clipping of the output at both peaks. We can test this concept by
simulating the circuit as shown in Figure 6-1 with, firstly, a peak input of 1V
and then with a peak input of 1.2V at the base voltage. The displays from
the oscilloscope are shown in Figures 6-26 and 6-27.

BEH BH VAR TR0k Iialrr 43
i) "]

10.00—
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Voitage (V)

Figure 6-26. The Input and Output Traces with a 1v Peak Input
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Figure 6-27. The Input and Output Traces with a 1.2v Peak Input

If we look at the output trace shown in Figure 6-26, we can see that
the positive peak of the output is correct, at 8.85v, with no clipping.
However, the negative peak is just starting to show signs of clipping as
it peaks at -8.53v and stays flat for a short time. We should remember
that the output goes positive when the input goes negative, that is, as we
reduce the current flowing through the transistor moving closer to the
cutoff point, and the output goes negative when the input goes positive,
as we move closer to the saturation point where the current through the
transistor reaches a maximum. This would suggest that the biasing point
is just a bit higher than the midpoint on the load line. This is shown as Q
on the load line in Figure 6-28.
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Output Characteristics
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Figure 6-28. The Load Line on the Output Characteristics

However, when we increase the input voltage to 1.2v peak, we can
see clipping on both the positive and negative peaks of the output. This is
shown in Figure 6-27.

This seems to agree with the concept that to achieve a good
representation of the input signal at the output, then we should bias the
amplifier so that it sits in the middle of the load line. This results in a high
degree of what is termed fidelity of amplification. However, if we increase
this biasing voltage, we would take the bias point higher up the load line,
up toward the vertical axis (see point “QH” in Figure 6-28), and we would
start to see clipping of the negative peak. To experiment with this concept,
the value of the R, resistor, in the voltage divider network, was increased
to 25k. This raised the DC quiescent voltage to 2.11V, moving the biasing
point up the load line. We can see from Figure 6-29 that the negative peak
of the output voltage has been clipped. This is because the transistor has
been forced into its saturation current early, before the input voltage had
reached the positive peak.

Similarly, if we reduce the value of R, to 11k, we would reduce the DC
quiescent voltage to 1.1V (see “QL” in Figure 6-28), and this would clip the
positive peak of the output voltage. This is because we would have turned
the transistor off before the input signal reached its negative peak. This is
confirmed in Figure 6-30.
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Figure 6-29. R2 Increased to 25k; Base Voltage Increased to 2.11V
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Figure 6-30. R2 Decreased to 11k; Base Voltage Decreased to 1.1V
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We can see that by varying the base voltage, we can alter how the
amplifier works and so change the class of the amplifier. What these
simulations have also shown is that moving the biasing point up and
down the load line does not alter the maximum peak of the output as it
was around the 8.8V peaks in all four displays. As the peak of the input
signal was 1V, then this would suggest that the gain of the amplifier was
consistent at around 8.8, which is around the value set by the ratio of R,
divided by Rg.

Creating a Class B Amplifier

The class B amplifier is one that amplifies just one half, be it the positive or
negative half, of the input signal. The circuit shown in Figure 6-31 shows
an NPN transistor biased to the point that is near the upper saturation
point on the load line.

LA
| A 107120

i
1=

AV,
T whg 120 88m

Figure 6-31. An NPN Class B Amplifier Circuit

The class B amplifier shown in Figure 6-31 is biased such that the
transistor is in the saturation point on the load line. This means that if the
base voltage rose in an attempt to pass more current through the amplifier,
the transistor could not respond as it is conducting at its maximum
already. This means that in this quiescent state, the voltage at the output
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would be as low as it could be. Then when the input signal went negative,
in an attempt to reduce the current through the amplifier, the transistor
could respond and reduce the current flowing through it. This would result
in the output voltage rising. This response is shown in Figure 6-32 where
Ch2 shows the output of the class B amplifier. We can see that the output
goes positive when the input goes negative. Also, the peak of the output is
very much higher than the input. This means there is some voltage gain
with this class B amplifier.

2H bHEH*AQS TEFFE~0 hkiolalrr~ 3
30.00m—
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-30.00m —
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0.00—
000 100.00u 200.00u 300 00u 400.00u 500.008

Figure 6-32. The Output Voltage of the NPN Class B Amplifier

Of course, we need to use the other half of the input signal. A circuit
that uses a PNP transistor biased up near the saturation point of the load
line is shown in Figure 6-33.
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Figure 6-33. A PNP Class B Amplifier

This works in basically the same way as the NPN transistor, but because
we need to make the emitter more positive than the base to forward bias the
emitter to base diode, when the input signal starts to rise the transistor starts
to conduct less, and so the output voltage starts to rise. This is shown in the
traces of the output and input voltage shown in Figure 6-34.
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Figure 6-34. The Input and Output Voltages of the PNP Class B
Amplifier
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This work shows that we can configure the basic amplifier to make
use of the class B type amplifier. This would allow us to amplify the input
signal and possibly get an even larger output going to both positive Vi and
negative V.. However, there are a few issues with this approach, and the
main ones are

1. We need to bring the two halves together.
2. We would need a dual rail supply.

3. We would waste too much power as both transistors
could be working at maximum current even when
no signal had been applied.

The waste of power is the main reason we don’t use this approach. A
more efficient approach is looked at next.

The Push-Pull Amplifier

This is an amplifier that will push the output down toward the ground
voltage when the input voltage rises. Then it will pull the output up as

far as it can toward the V¢ rail when the input signal reduces, hence the
name for the amplifier. Our work with moving the bias point up and down
the load line would suggest we could make a class B amplifier, which is

an amplifier that could push the output to the ground or pull it up toward
V¢e. Indeed, we could use two class B amplifiers, one to amplify the
positive half only and the other to amplify the negative half only, but as
we have seen, they would waste too much power. Another issue is that of
crossover distortion which comes about when we would need to join the
two outputs together to reproduce the amplified version of the signal at the
output. A typical push-pull amplifier is shown in Figure 6-35.
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Although we call this circuit an amplifier, it does not increase the
amplitude of the input signal. This is because it is basically two BJTs
configured in the common collector mode. The T1 transistor is an NPN
transistor (we are using the basic 2N2222), and the T2 transistor is a PNP
transistor (we are using a basic BC557).

Figure 6-35. A Typical Push-Pull Amplifier

Figure 6-36 shows the voltage divider network of the resistors: R;, Ry,
R;, and R,. We are using this network to provide the base voltage to the
two transistors. Using the voltage divider rule, we can calculate the voltage
across R, and R; as follows:

V xR, 20x 740

Via = =— - =689.0lmV
R +R,+R,+R, 10E" +740+740+10F

The voltage across the R; resistor is calculated the same way, so it too
will equal 689.01mV. This is very close to what is measured in Figure 6-36,
which is just the DC network.
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Figure 6-36. The DC Quiescent Circuit

Figure 6-36 shows that due to the diode action inside transistors, the
actual base emitter voltage at each transistor is virtually the same as the
volt drop across R, and R;. This can be confirmed if we change the value of
these two resistors. I will leave that for you to do, but when we do change
the resistor values, we see the base voltage changes and the diode voltage
changes in line with the base voltage changes.

Figure 6-36 uses the NPN transistor to pass the positive half of the
input onto the load resistor, while the PNP transistor passes the negative
half. We need to appreciate that, due to the internal diode between the
base and emitter of a transistor, any transistor requires the base voltage
to reach about 0.7v to start turning on. From Figure 6-36, we can see that
we have nearly got the bases of both transistors to that turn on voltage.
Therefore, with the NPN transistor, when the input signal rises above this
0.663mv (see VM4 in Figure 6-36), it turns the T1 transistor on and allows
current to flow through R; from the emitter end of R; to ground.

When the input signal goes below this 0.663mv, the NPN transistor
turns off and so stops conducting. Then, when the input voltage goes more
negative than the 0.704mv (see VM5 in Figure 6-36), the PNP transistor
turns on and allows the current to flow through the load resistor R, in the
direction from ground end of R; through the emitter of the PNP transistor.
This means that the current flows through the load resistor as shown in
Figure 6-37.
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Figure 6-37. The Flow of Current Through the Load Resistor

The dark blue arrows show the direction of current through R, when
the NPN transistor T1 is conducting. The light blue arrows show the
direction of current through R; when the PNP transistor T2 is conducting.

Figure 6-37 shows that the current flowing through the load resistor
does change direction which means the voltage across it must be positive
when the NPN transistor conducts and then negative when the PNP
transistor conducts.

When we look at Figure 6-36, we can see that both the transistors are
configured as common collectors. Indeed, the output is from the emitters
of the transistors showing that they are set up as emitter followers. This
means that they will not amplify the input signal. This is confirmed when
we look at the oscilloscope traces of the input and output as shown in
Figure 6-38.
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Figure 6-38. The Input and Output Displays of the Push-Pull
Amplifier

Figure 6-38 shows that the output voltage peaks at a slightly lower
voltage than the input. This is due to the diode drop between the base
and the emitter of the transistors. Also, if we look at the zero crossing
levels, we see there is some distortion. This is due to the fact that the NPN
transistor turns off when the input falls below around the 0.633mv, yet the
PNP transistor is not ready to turn on yet as the input voltage has not fallen
below around the 0.704mv needed to turn that transistor on. We should
appreciate that to turn an NPN transistor on, we can use the acronym FEN,
Forward Emitter Negative. This means the emitter needs to be around 0.7v
more negative than the base. However, for the PNP, we use FEP, Forward
Emitter Positive. This means for the PNP the emitter needs to be around
0.7v more positive than the base. I hope we can see how this can be
applied to the circuit shown in Figure 6-36.

With the resistor network arrangement as shown in Figure 6-36, we
have already set the base voltage at a level close to the approximate 0.7V
required to turn the transistors on, that is, at 0.684V, and so this crossover
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distortion is not too bad. However, if we could set this a bit higher, by
increasing the values of R, and R,, we could get a better output with
less crossover distortion. Setting the resistors to 1.4k would give a base

voltage of

20x1.4E°
VBase: 3 3 3 3
10E° +14E° +14E° +10E

=1.231V

This might mean we will be turning the transistors on a little early,
and so we would amplify some of the other half cycle as well, but it does
reduce the crossover distortion. This is confirmed in Figure 6-40. This
type of biasing is termed class AB, when all of the positive or negative half
is amplified but with a small amount of the other half being amplified as
well. When this type of biasing is applied to the circuit, the output we get is
as shown in Figure 6-39.
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Figure 6-39. The Input and Output Voltage When R2 and R3
Were 1.4k
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The Ch2 trace does show a voltage waveform with virtually no
crossover distortion. This shows that using a class AB type biasing with the
push-pull amplifier, we can get a good reproduction of the input signal.
This should produce an output with a high level of fidelity.

The Power Amplifier

We have seen that the typical push-pull amplifier uses emitter follower
type configuration. This means there is no real voltage gain; the output

is slightly less than the input. So why do we use these push-pull type
amplifiers? The reason is that they are more efficient than the stabilized
class A amplifier. We stated earlier that the efficiency of the class A
amplifier is around 30%. This is pretty low, and it is basically because the
class A amp is turned on, with current flowing through it all the time, even
when there is no signal being present at the input, that is, the base of the
transistor. This is due to the DC quiescent current that is always flowing
through the transistor. With the circuit shown in Figure 6-1, this was set at
1.01mA. Knowing that, we can calculate the DC power using

Power =VI watts

The DC power is

P

pe =Vee X [CQ
P, =20x1.01E7 =20.2mW

To calculate the power out, we can multiply the maximum peak-to-
peak voltage by the maximum peak-to-peak current. If we consider the
load line on the output characteristics, we know the voltage could ideally

VC C

swing from 0V to V¢, and the current could swing from 0 to —————.
(R, +R;)
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As this is an ac voltage or current, we need to use the rms of these values,
as the rms value relates the ac voltage and current to the equivalent DC
voltage and current to achieve the same power. This means the output
power of the amplifier can be calculated using

Pout =rmsV,

CE(pk-pk) x rms[c(

Ppk—pk)
Assuming these are sinusoidal waveforms which is OK, we can

calculate the rms of a sine wave using

Peak

NG

=0.707 x Peak

rms =

Therefore, knowing the Peak is simply the pk-pk divided by 2, we can
calculate the power out using

Pout =0.3535V . x0.35351,

pk*pk)
Using the value from our circuit, we get
Pout =0.3535%x20%0.353x2.087 =5.199mw

We can now calculate the efficiency 7 of our class A amplifier as
follows:

_ Pout 5.199E7
P, 20.8E7°

DC

=0.250r 25%

This shows that the class A amplifier is not very efficient.

Well, we now need to see if the push-pull amplifier is more efficient
than the standard class A amplifier. To calculate the efficiency 7, we
again use

_ Pout
P

DC
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We relate the power to DC power, which is simply the voltage
multiplied by the current. In the input, the voltage is simply VCC. The
current is the current flowing through each of the transistors which is only
when the transistor is conducting. As each transistor simply conducts for
one half cycle of the input, then the DC input current for a half sine wave
can be calculated using

I = 1 Cpk

DC —
T

As there are two transistors, then the DC power can be calculated using

_ 2X1Cpk XVCC
DC

T

To calculate the power out, we simply use the rms of both the current
and voltage. As they are both sinusoidal and there are full sine waves, then
the power out can be calculated using

o Ve

P =
Qut \/5 \/5

As the efficiency is simply the ratio of power out divided by power
in, we have

em XVee | 2% *Vee

= nx =

To divide by a fraction we invert and multiply, this gives

I ok % VCC T

T
= X =
= a2 2x10y % Ve 2x:2%2

- % —0.785="78.5%
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This shows that the push-pull amplifier has a much greater efficiency
than the class A amplifier; that is why, sometimes, it is called a power
amplifier.

A Simple Audio Amplifier with a Small
Speaker Output

In this last circuit in this chapter, we are going to look at how we can get
our simple class A amplifier, with its high output impedance, to drive a
small speaker that has an impedance of 8Q2. The circuit for this system is
shown in Figure 6-40.

e

Figure 6-40. A Simple Audio Amplifier Driving an 82 Speaker

I am not suggesting that this is a great hi-fi circuit that will astound you.
I am no expert at designing audio systems; there is an awful lot more work
and experience you would need to design the best hi-fi systems. I am just
trying to sum up some of the work we have gone through in this chapter. I
hope when you do go through the chapter and the book, it will give you a
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good foundation in designing analog circuits. We will use this last circuit
to see if we can overcome the issue of the 8Q2 speaker loading the amplifier
circuit as shown earlier in the chapter.

The circuit is using two BC109 NPN transistors arranged as a basic
Darlington transistor. This is because I can’t find a Darlington transistor,
that is, the typical TIP 122 to TIP 127, in Tina. However, a typical Darlington
transistor is simply two transistors connected as shown in Figure 6-40.
I'have set the beta for each of the transistors to 100. This would give the
Darlington arrangement a gain of around 10,000, which is pretty typical for
a Darlington Pair. We are using this Darlington arrangement to interface
the 8Q speaker into the circuit without loading the amplifier. To appreciate
how this happens, we will determine the ac impedances in the circuit.

Starting at the load, that is, the speaker, we can see that, to ac, the 8Q
speaker is in parallel with the 70Q resistor. The output ac impedance of the
Darlington would be

-3 71790

Outdar 8 + 7

This impedance is multiplied by the beta of the Darlington. We
could assume this would be 10,000. However, we can use the current
measurements of the base and collector currents of the Darlington to get a
better idea of the current gain. Using the values shown in Figure 6-42, this
would give

-3
fe Ay 1383F _ =13466.41
I, A, 1027E

Beta,, =

This shows that the beta of the Darlington is 13466.41, a really
high value. However, it is this high value of beta that allows us to use
the Darlington to reduce the loading effect of the 8Q2 speaker. That is
because the input impedance of the Darlington is made up of R;, Rq, and
(8 + 1)Zouaar- This is ignoring the effect of the two internal diodes inside the
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two NPN transistors of the actual Darlington. It is OK to ignore these two
“r.” values, as the collector current is very high at 138mA. This would make
the “r,” values low. That being the case, we calculate the input impedance

of the Darlington as follows:

1 _ 1 - 1 - 1
43E° STE® 13466.41x7.179

=5.1144E"
VA

indar

Therefore

Zir = ;75 =19.552k
5.1144F
We can now calculate the output impedance of the class A amplifier
knowing Z,,, is R; in parallel with this Z;,4,,, therefore, using

_RyxZ,,. 95E'x19.552FE°

outl — - 3 3 = 6394k
R+Z. 95E +19.55F

indar

We can use this to calculate the voltage gain of the class A amplifier as
follows:

Z

outl

A = Zoul
" (re+R4)

«u ”

The resistor “r.” is the inherent resistance of the base emitter diode
inside the class A NPN transistor. The value of “r,” can be calculated as
follows:

267  26E°°
v, = =

=———=25
1. 1.04E°
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Therefore, we have

6.394E°

" (25+800)

We can also calculate the input impedance of the class A amplifier.
This would be the resistors R;, R,, and (beta + 1 xR,) all in parallel with
each other.

1

Zy=— 1 —— =13.896k

+ +
183.45E° 18.39E° 100x825

We can check these calculations from the simulation.

BH BB Al TR0 MKIRREYN (0
30.00m — ®
0SC1_Ch1
-30.00m —
300.00m —
ISC1_Ch2 1 \/ \
300.00m . I ! T ! I : I ! 1
0.00 100.00u 200.00u 300.00u 400.00u 500.00
Selecied Corves | Al Curvis
A B B-A Fraguancy and Sope
x 12884y ¥{202 08m xloh  ¥20Ne |As | x8ie ¥-40241m RTTTY SAam

Figure 6-41. The Input and Output Voltages
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Using the peak-to-peak voltage of the traces shown in Figure 6-41, the

voltage gain can be calculated as follows:

14

40241E°

60E

=6.707

However, this is the gain of the overall circuit as Ch2 of the oscilloscope

display was measuring the voltage at the emitter of T3, the output of the
Darlington. The Darlington is arranged as an emitter follower which

has a voltage gain of just less than 1. If we measured the voltage at the

input of the Darlington, at the base of T2, then the gain measured by the

oscilloscope would be

This is closer to the calculated gain of 7.75.

453327

60

E—3

=7.556

+
~ y
AMI 138,
oy AMT 1.04mA M 138.3mA
.Y AM? 205.850A
AMS 99,8504 o 95K
RS 43k
BC109
[] R1 18345k cosand, VG102
il * T} BC109
AME 8.36u
©1369.94n -
=vi2o — i———*(A,—r T1 BC10 e
RS 57k
RAB00 41 yne 10.16v
e Y (L‘,. [] R770
'y R2 18.3%
I_.F/ ] + Aj .
N v T A 1955808
VM 208 83mV Py
VNG 1115V
} C4 106u 0 5
VM1 168V T I
1

3
&/

T
VM5 9,68V

Around the

Circuit

Figure 6-42. The Simulated Results of the DC Quiescent Values
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We can calculate some of the DC quiescent values around the circuit
and compare them with the simulated results shown in Figure 6-42. As we
are designing a class A amplifier, then we would want the emitter of the
Darlington to be sat at around half V. This would put it at around 10V in
this case. This would mean that the current flowing through the emitter
would be

1 —@=2=142.86m/1
70

EDAR —
R7

If we assume there is one diode between the base and emitter of the
two transistors that make up the Darlington, then the voltage at the base of
the Darlington would be

Vipar =0.655+0.655+10=11.31V

The current flowing through R can be calculated as follows:

I, = Looan _ % =198.42uA4
R, STE

We can calculate the current flowing through R; as follows:

Vee = Vapx _ 20—11.31
R 43F°

5

I, = =209.7ud

RS

This means we can calculate the current flowing into the base of the
Darlington as follows:

Lopir =1ps —Ire =209.7E° —198.42E° =11.28u4
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If we now consider the class A amplifier at the beginning of the circuit,
we would want the collector voltage V. to be at half V, that is, 10V. This
means we can calculate the collector current I, as follows:

; _Vee=Ve _20-10

=1.05mA
‘! R, 9.5E

This means we can calculate the voltage at the emitter as follows:

Vi =1, x(R, + Ry ) =1.05E7 x (800 +200) =1.05

Using this value for Vi;, we can calculate the voltage at the base of T1
as follows:

V, =0.655+1.05=1.705V

Now we can calculate the currents flowing through the voltage divider
network of R, and R, and into the base of the class A amplifier, T1, as
follows:

v,  1.705

R, 1839E°

R2

=92.7134u4

; _Vee=Vn _20-1705
K R 183.45E°

1

=99.727uA

Iy =1y =1, =99.727E° -92.7134E° =7.593uA

These calculations are very close to the simulated result shown in
Figure 6-42. It is good practice to carry out these calculations as the more
you do them, the easier it is to understand the theories involved.
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If the rms input current was 1.5pA and the rms input voltage was
21.21mV, then the rms input power would be 31.815nW. Knowing the rms
output voltage across the speaker was 142.25mV, then the rms current
would be 17.78mA, and the output power would be 2.53mW. This would
give an overall power gain of 79503.9, a very good power gain which is
another reason for using the Darlington transistor as a driver for the
amplifier.

The rms output voltage was calculated as follows:

V -3
rms = WT-M‘xo.7o7 = %x 0.707 =142.25mV

The rms current in the speaker was calculated using

-3
rmsl,, = o 142'285E =17.78mA

8

One word of caution is that you must make sure that the power
supply you use to supply the V. has enough current capacity to supply
that output power. You should appreciate that the gain in power must
come from somewhere, and in all amplifiers, it must come from the
power supply.

Exercise 6.4

To try and confirm that the Darlington transistor does allow the speaker

to be added to the amplifier without loading the amplifier, the circuit
shown in Figure 6-43 was simulated. The voltage gain was measured using
the oscilloscope, and the peak-to-peak output voltage was measured at
574.6pV. This means the circuit actually attenuated the input signal. Use
the theories you have studied to determine the ac impedances of the
circuit and so confirm that this attenuation would happen.
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QSC1 1
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Figure 6-43. The Circuit Diagram for Exercise 6.3

Summary

In this chapter, we have studied an alternative method for designing a class
A amplifier. We have studied the use of the ac amplifier model and made
some comparisons with the class A amplifier.
We have improved our understanding of the load line and used it
to look at the class B amplifier. We then went on to study the push-pull
amplifier and compared the efficiency of the push-pull amp with the
standard class A amp.
We have learned about the bandwidth of an amplifier and what affects
it. Finally, we looked at a simple audio circuit driving a small 8Q speaker.
In the next chapter, we will look at the FET, the field effect transistor.
I'hope you have found this chapter informative and useful. I do try
to cover all aspects of circuit analysis, but there is always more we can
do. T hope you can use this chapter as a good foundation for your own
investigations into this exciting and challenging topic.
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CHAPTER 7

The Field Effect
Transistor

In this chapter, we will look at the FET, or field effect transistor. This is an
alternative semiconductor device to the BJT. We will study the makeup

of the various FETS to understand how they work. Then we will carry out
some experiments to determine the main operating characteristics of the
different FETs and so learn how to use them. It is important to appreciate
how these devices work at the semiconductor level, as it is only then that
the engineer can appreciate why these devices work in the way they do.

Introduction

The basic FET is the JFET, that is, the Junction or Jug FET. This is a three-
terminal device similar to the BJT. They are manufactured in two main
types, which are n-channel and p-channel. The symbols for these basic
JEFETS are shown in Figure 7-1.
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Drain Drain
Gale‘lfl TI2M3819  Gate ,lf‘vzzrlz»:cs

Source Source

N-Channel P-Channel

Figure 7-1. The Symbols for the Two Types of JFETS

The three terminals of the JFET relate to the three terminals of the BJT,
bipolar junction transistor, as stated in Table 7-1.

Table 7-1. The Comparison of the Terminals

on the JFET and B]T

JFET BJT
Drain Collector
Gate Base
Source Emitter

This relationship is true for all the other types of FET as well.

The Makeup of the JFET

We need to examine how the JFET is constructed. The term junction
relates to the fact that there is a PN junction, with respect to the n-channel,
and an NP junction, with respect to the p-channel, inside the JFET. In the
simplest JFET, there is just one junction, and this type of FET is referred to
as the UJFET, the Unijunction FET. However, the UJFET is not part of this
analysis, as it is not in common use now; this analysis will concentrate on
the JFET and MOSFET devices.
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In the JFET and MOSFET, there are two junctions; however, as the
gate terminal is connected to the two junctions, these FETS are still three-
terminal devices. The construction of the two types of JFETS, or FETs as
they are more commonly referred to, is shown in Figure 7-2.

Drain Drain
p
' P
Gate o= H H Gate Gate N g N Gate
p
Source Source
N-Channel P-Channel

Figure 7-2. The Construction of the N-Channel and P-Channel JFET

The main part of the JFET is the region in the central area, which
makes a channel of extrinsic, that is, doped, semiconductor material.
This is sandwiched between two areas of semiconductor material that
are doped in the polarity that is opposite to that of the channel; see
Figure 7-2. The channel region is where the JFETs get their respective
names: N-channel, where this central channel is made up of N-type
material, and P-channel, where the area is made up of P-type material. Just
to recap, N-type material is a semiconductor material that has an excess of
electrons, that is, it has been doped, or infused, with a pentavalent material
such as Antimony. This means it has a negative charge. On the other hand,
a P-type semiconductor material has a shortage of electrons, that is, it has
been doped with a trivalent material such as Boron. This means it has a
positive charge on it as it has a shortage of electrons.
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To appreciate how the FETs work, this text will discuss the N-channel
as this is the most common type of FET.

In the n-channel, the material has an excess of electrons, which means
it has a negative charge. On either side of this channel, there is an area of
p-type material, which has a positive charge. Where the two different types
of material meet, electrons from the N-type material drift across into the
p-type material. This then sets up an area around the junction, where the
two materials meet, that has no charge within it. This is called a depletion
area as it is depleted of charge. This area then forms a barrier between
the two materials, and the drifting of electrons stops. Note this action
happens with no potential applied to the JFET. Therefore, in its stable,
disconnected, state, the JFET now has two depletion areas around the two
junctions. This is shown in Figure 7-3 as the dark thick line around the two
P-type areas at the gate terminals.

Drain
Gate | | Gate

Source

N-Channel

Figure 7-3. The Depletion Areas in the Channel of the JFET

Testing the JFET

The first test is to apply a supply to the JFET. When we carry out any kind of
experiment to enable us to determine a relationship for any device to any
stimulus, it is best to only change one item at a time and note the response
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of the test item. Therefore, the first test is to connect the gate and the

source to 0V and then increase the drain voltage in small steps. This test
circuit is shown in Figure 7-4.

AM1 0A

AM3 0A

——-IZ T1 2N3819
+

=V10

+
=V20

AM2 0A

Figure 7-4. The Test Circuit to Determine the Output Characteristics
of the N-Channel JFET

The battery, V1, is the voltage across the drain to source connection.
This is termed Vs, voltage drain to source.

The ammeter will measure the current flowing from the drain to
source, and this is termed the drain current I,.
The procedure to carry out the experiment is to vary the Vs from

0V to 5V, in steps of 0.25V, and record the current flowing through the
FET. Record the results, then plot a graph of the results.
The results are listed Table 7-2.
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Table 7-2. Results of the Test Circuit Shon in Figure 7-4

VDS IDS

VGS =0 VGS = -1 VGS =-1.5 VGS = -2
0 0 0 0 0
0.25 1.85mA 1.21mA 890uA 567.52uA
0.5 3.54mA 2.26mA 1.62mA 973.78uA
0.75 5.07mA 3.16mA 2.19mA 1.22mA
1 6.54mA 3.89mA 2.6mA 1.3mA
1.25 7.76mA 4.46mA 2.84mA 1.3mA
1.5 8.73mA 4.87mA 2.93mA 1.3mA
1.75 9.63mA 5.12mA 2.93mA 1.3mA
2 10.37mA 5.21mA 2.93mA 1.3mA
2.25 10.95mA 5.21mA 2.93mA 1.3mA
2.5 11.36mA 5.21mA 2.93mA 1.3mA
2.75 11.62mA 5.12mA 2.93mA 1.3mA
3 11.72mA 5.21mA 2.93mA 1.3mA
3.25 11.72mA 5.21mA 2.93mA 1.3mA
3.5 11.73mA 5.21mA 2.93mA 1.3mA
3.75 11.74mA 5.12mA 2.93mA 1.3mA
4 11.74mA 5.21mA 2.93mA 1.3mA
4.25 11.75mA 5.21mA 2.93mA 1.3mA
45 11.76mA 5.21mA 2.93mA 1.3mA
4.75 11.76mA 5.21mA 2.93mA 1.3mA
5 11.77mA 5.21mA 2.93mA 1.3mA
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This is the table of results of the preceding experiment. The graph of
the results is shown in Figure 7-5.

N-Channel Output Characteristics

0.014
0.012
%]
£
< 0.01
€
@ 0.008
5
© 0.006
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©
& 0.004
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0.002
0
o wn wn un — un un [Ta} o~ wn wn wn (a2} n wn n <t [Te} wn wn wn
N o N 4 N N N N N g~
o o — — o~ o~ (a2} o < <
VDS Drain to Source Voltage Volts
e \/GS = ) em—/GS = -1 VGS=-1.5 VGS =-2

Figure 7-5. The Output Characteristics of the N-Channel JFET

From an inspection of the graph, it can be seen that from 0Ov to 1.25V
the graph is fairly linear. This is termed the “Ohmic region.” After that, the
graph rolls off, and when Vp gets to around 2.75V; the graph flattens out,
and further change in Vs does not result in any increase of the current
Ip. This voltage of around 2.75V is termed the pinch-off voltage.

It should be appreciated that the gradient of the graph is expressed as

change in I, [

gradient = - =—
change in VDS V'

This is actually the inverse of resistance, as resistance, according to
Ohm'’s Law, can be expressed as voltage divided by current.

Therefore, we can say
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I
radient = —
& R

_ change in VDS
change in I,

SR

Therefore, taking some values within the linear region of the
graph, we get
09 _ 112.5Q

E3

R:

However, in the later part of the graph, the gradient is zero, and for this
to happen, the resistance must rise to infinity. This is with the gate voltage
VGS set at OV.

When the gate voltage is made negative, as with the -1v, -1.5v, and -2v
series, the Ohmic regions are smaller, and the pinch-off voltage is reduced.

What is really happening?

The Semiconductor Analysis of the JFET

In Chapter 1, we looked at the PN junction and how it can be biased.
Figure 7-3 shows us that there are two such PN junctions inside the
N-channel JFET. If we look at this JFET as a semiconductor material, then
we might be able to appreciate how the JFET works. To help us, we will
consider the circuit as shown in Figure 7-6.

298



CHAPTER 7  THE FIELD EFFECT TRANSISTOR

Drain

e—— Gate

p Gate

2222

Source

Figure 7-6. The JFET As Two PN Junctions with Biasing

The drain is connected to the positive terminal, and the gate and
source are both connected to the ground. This means that the N-type
material is connected to the positive terminal, and the P-type material is
connected to the negative terminal. This is the condition for the reverse
biasing of these two PN junctions, which in turn means that the depletion
area around the p-type materials will expand.

However, it should be noted that there is a voltage gradient across
the N-channel as the top of the N-channel can be connected to a voltage
greater than 0V, say 2V, for example, while the other end of the n-channel is
connected to ground. This will mean that the force creating this depletion
layer is higher at the positive end of the n-channel compared to the other
end which is at 0V, and so at the source end of the channel, there will be no
force creating the depletion layer.

This then means that the increasing of the depletion layer is greater at
the top of the JFET compared to the bottom of the JFET. This will result in a
depletion layer formed as shown in Figure 7-7.
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Drain

T Gate -

Source

Figure 7-7. The Depletion Layer Growing More Larger at the Top of
the JFET

Note some current will flow through the n-channel, simply because
the electrons in the n-channel are attracted by the positive potential
connected to the drain, and this will increase linearly, as shown in the
graph in Figure 7-5. However, as the current is increasing, because the
applied voltage Vps is increasing, then the depletion area around the
p-type material will also increase.

The Pinch-0ff Voltage

As there are two depletion areas that, when we increase the voltage Vg, are
increasing, then there will be a point when the two depletion layers meet.
This is termed “pinch off,” and when this happens, the flow of current stops
increasing; no matter how much more the Vpg increases, the current no
longer increases. This is because there now is a depletion layer going right
across the n-channel, as shown in Figure 7-8, and the normal electron flow
inside the channel now has to overcome this depletion layer. However, the
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more the supply tries to overcome this depletion layer, the bigger it gets,
so current flow can no longer increase. The voltage at which this meeting
of the two depletion layers occurs is termed “the pinch-off voltage.” With
respect to the graph shown in Figure 7-5, this is around the point when the
Vps voltage is at 2.75V.

Drain

Gate
&P

|
1

Source

Figure 7-8. The Two Depletion Layers Meet, Pinch Off

Turning On and Off the JFET

One of the main uses of FETs is in switching applications. To that end,

we should investigate how we can switch these FETs on and off. We can
investigate the turning on and off of the n-channel JFET by simulating the
circuit shown in Figure 7-9.
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I{] R1 1k
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Figure 7-9. The Test Circuit for Turning On and Off the JFET

The voltage traces to show how the FET turns on and off are shown in
Figure 7-10.

28 pmdra’g TELLRENOMMKLRY N (3
0.00 &
Out1
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10.20
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200.00m T T T T T T T
0.00 10.00m 20.00m 30.00m
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Selected Corves | AN Corves
A - 8 B-A Fraquancy and Sipe
(2 08m | x [788m g K] av | x 578m yA48

s A

Figure 7-10. The Gate and Drain Voltage Waveforms for the
N-Channel JFET
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The negative going voltage is the gate voltage, which is being used
to control when we turn on and off the JFET. This is OUT1 on the circuit
shown in Figure 7-9 and the top trace on the display shown in Figure 7-10.
The bottom trace, which is OUT2 on the circuit, shows the voltage at
the drain of the JFET. We can see that initially the drain voltage is low at
around 1.5V; this is cursor “A” in Figure 7-10. This shows that the JFET is
initially turned on. Then, when the gate voltage drops to -3V, cursor “B” in
Figure 7-10, we can see that the drain voltage goes high to 10V. This is the
same as the supply voltage and shows that the JFET has turned off.

The Threshold Voltage V;

All FETs have a parameter called “the threshold voltage V;.” This is the
voltage at which the FET must change state, in that if it was turned on,
then when the gate terminal reaches this threshold voltage it would turn
off. If the FET was turned off, then it would turn on when the gate voltage
reached this threshold voltage. Different FETs will have different threshold
voltage levels.

If we look at the traces in Figure 7-10, we can see that the FET does
turn off when the gate voltage, OUT1, reaches -3V. This suggests that
the “threshold voltage V,” for this FET is -3V. If we look at the model
parameters that the software Tina uses for the 2n3819, we can see that it
sets the threshold voltage for this JFET at -2.9985V. See Figure 7-11.
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Tna » * Hone General
Model Model Parameters
SchichmanHadges | : General -
" | Threshold voitage  [V] 2.9985 =
Beta [anv 1.3046m |

Gaterancap.  [F] 1.596%
Gate-source cap.  [F] 2.4199p

Gate p grading coef. [] 362.2m

Gate pn potential V] 500m

Gate p-n sat. current [4] 33.582f

Energy gap [e] L1

W ook | (X cncd | 7 e

Figure 7-11. The Model Parameters for the 2N3819 JFET

Turning On and Off a P-Channel JFET

We can carry out a similar experiment with a p-channel FET. We will start
with the circuit shown in Figure 7-12.

Q\)" AM1 0A

+

Drain
T1J174

V10

+
fi

AM3 0A

(A

Gate Source

QA)Z AM2 0A
+

Up
<
N
o

Figure 7-12. The Test Circuit for the P-Channel JFET

When we simulate the circuit, we can complete the table of results as
shown in Table 7-3.
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Table 7-3. Table of Results for the Test Circuit Shown in Figure 7-11

VDS IDS

VGS =0 VGS =1 VGS =4 VGS = 6.54
0 0 1.46pA 4.46p 7pA
0.25 2.58mA 2.19mA 986.58uA 75.61nA
0.5 5.11mA 4.31mA 1.89mA 76.36nA
0.75 7.59mA 6.38mA 2.71mA 77.11nA
1 10.01mA 8.38mA 3.44mA 77.86nA
1.25 12.37mA 10.32mA 4.08mA 78.61nA
1.5 14.67mA 12.18mA 4.62mA 79.35nA
1.75 16.91mA 13.98mA 5.06mA 80.1nA
2 19.07mA 15.69mA 5.41mA 80.85nA
2.25 21.17mA 17.33mA 5.64mA 81.6nA
2.5 23.2mA 18.89mA 5.78mA 82.35nA
2.75 25.14mA 20.36mA 5.83mA 83.1nA
3 27.01mA 21.75mA 5.88mA 83.85nA
3.25 28.8mA 23.04mA 5.94mA 84.6nA
3.5 30.5mA 24.25mA 5.99mA 85.35nA
3.75 32.12mA 25.35mA 6.04mA 86.1nA
4 33.64mA 26.35mA 6.09mA 86.95nA
4.25 35.07mA 27.26mA 6.15mA 87.6nA
4.5 36.4mA 28.05mA 6.2mA 88.34nA
4.75 37.63mA 28.74mA 6.25mA 89.09nA
5 38.76mA 29.32mA 6.3mA 89.84nA
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From the table of results, we can see that as the gate voltage increases,
the drain current, ID, is lower for the same value of VDS. At the specific
gate voltage of 6.54V, the drain current is virtually zero for all values of the
VDS voltage. This is the specified threshold voltage that TINA uses for this
JEET. At this voltage, the depletion layer would have covered the channel,
and this would make it difficult for any current to flow through the JFET.

Using the results from Table 7-3, we can create the graph of the output
characteristics for the p-channel JFET as shown in Figure 7-13.

P-Channel Output Characteristics
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Figure 7-13. The Output Characteristics for the P-Channel JFET

The graph shown in Figure 7-13 does confirm that we can control
the amount of current flowing through the JFET with the gate voltage. If
we consider the trace when VGS was set to 4V, we can see that the graph
has flattened off. This suggests that the JFET, with the gate voltage at 4V,
has reached its saturation, and the I, current has reached a maximum of
around 6.5mA. If we wanted to determine the saturation current when
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the gate voltage was set to 0V and 1V, we would need to extend the results.
However, that is something I will leave for you to do if you so wished
to do so.

The graph shown in Figure 7-13 does show the drain current stops rising
as steeply as at the start, when the VDS voltage reaches around 3 to 4V. What
is happening inside the JFET is that the depletion layers are expanding
closer to the point where we get pinch off when the depletion layers meet.

Using these results, we can try and explain the difference between
“pinch-off voltage” and “threshold voltage.” The “pinch-off voltage” is the
drain to source voltage, Vp, that causes the depletion layers inside the
FET to meet across the channel; see Figure 7-8. The “threshold voltage” is
the voltage at the gate, the Vg voltage, that causes the FET to change from
either conducting to not conducting or from not conducting to conducting.

Using Table 7-3, we can suggest that the threshold voltage for the J174
JFET is 6.54V. We can test this concept further using the test circuit shown
in Figure 7-14.

—
R1 1k

(%
4

T1J174

V110 =
+

Figure 7-14. The Test Circuit for the P-Channel JFET

The p-channel JFET works in the same way as the n-channel except
that the polarities are reversed. This means that the p-channel will also
have a pinch-off voltage, but it will be a positive voltage.
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We are again using a transient analysis to examine the voltage at the
drain over time. The waveforms from the analysis are shown in Figure 7-15.
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Figure 7-15. The Voltage Waveforms from the Test Circuit Shown in
Figure 7-14

308



CHAPTER 7  THE FIELD EFFECT TRANSISTOR

The waveforms shown in Figure 7-15a are when the gate voltage
was set to 6.54V. This is the expected threshold voltage as shown in the
parameter setting for the J174 JFET in TINA. The VG1 trace is the voltage
applied to the gate of the JFET, while the OUT1 is the voltage at the drain
terminal of the JFET. We can see that when the gate voltage is 0V, the JFET
is turned on as the drain voltage has risen toward 0V at -905.01mV. This
shows that the JFET is turned on and current is flowing through R1. Then,
when the gate voltage rises to 6.54V, the drain voltage drops to -10V. This
shows that there is no current flowing through R1 and the JFET has
turned off.

The waveforms shown in Figure 7-15b show that the JFET does turn
on when the gate voltage is at 0V. However, when the gate voltage rises to
only 4V, as that is the peak voltage of the gate voltage, the JFET has not fully
turned off. This can be seen because the drain voltage has only dropped
to -3.92V. This means there must still be current flowing through R1 as the
other 6.08V had been dropped across R1.

This simple test does confirm that the threshold voltage for this JFET,
the J174, according to TINA, is 6.54V as the JFET has turned off. I should
point out that there is a wide range of different JFETS all with their own
characteristics such as threshold voltage and typical drain currents. You
must examine the datasheets to decide which device you want to use for
your application.

We can see that both the n-channel and p-channel JFETs are normally
turned on when the gate voltage is at 0V. Then we have to drive the voltage
at the gate terminal either negative, as with the n-channel, or positive, as
with the p-channel, to turn the JFETs off. This is because they are both
depletion-type JFETS, in that the channel is already doped and there is a
depletion layer that can be increased until the JFETs turn off. In this way,
because the width of the depletion layer is controlled by the voltage at the
gate terminal, these JFETs can be viewed as a voltage-controlled resistor.
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These JFETS can be used as a switch to turn a load on and off. However,
one problem, in the JFETS we have looked at, is that even when the JFET
is switched on, there is still some voltage dropped across the JFET. In
Figure 7-15, we can see this was 905mV with the J174. The issue here is that
the JFET could dissipate too much power and so overheat and destroy itself.
However, as power, in general, is the product of voltage and current, then if
the current is kept low, at around 60mA, then the power dissipated would be

Power =vi=9057 x607 =54.3mW

This would not be too much of a problem, but if we were using higher
current loads, then we might need a more efficient device. The MOSFET
that we will look at next is one such device.

The MOSFET

The makeup of the MOSFET is shown in Figure 7-16.

GATE
SOURCE DRAIN

j| Metal Oxide Insulating Layer

SUBSTRATE
Figure 7-16. The Basic Construction of a MOSFET

MOSEFET stands for metal oxide semiconductor field effect transistor.
The metal oxide is actually a physical layer inserted between the gate
terminal and the channel. As the gate is the normal input to the FET,
then no current can flow through this insulating layer, and so the input
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impedance of the MOSFET is very high in the order of 10000s of Meg
Ohms. This explains one of the major differences between the BJT and
the FET. With the BJT, we force current to flow into the transistor, and that
is why the BJT can be viewed as a current-controlled device. However,
with the MOSFET no current flows into the transistor, and it is the voltage
applied at the gate that creates the field that controls the conduction of
these FETs, hence the name field effect transistor.

Due to this insulating layer, which is basically between two conductive
materials, there is some capacitance at the input of the MOSFET. This can
cause a problem with static, and you may have to take some precautions
when using MOSFETs.

It is normal to have the substrate terminal connected internally to the
source terminal. This means that just as with the JFET and the BJT, the
MOSFET is a three-terminal device. The construction of the main types of
MOSFET and their associated circuit symbols are shown in Figure 7-17.
The symbols for the MOSFET show that the substrate is connected to
the source.

p-channel n-channel
drain
; ]
gate-.[ p I- substrate & m“{ & I"s“bﬂme
gl g

T drain

source
source

I:J |
- =
enhancement type enhancement type
JE—1J _:%
depletion type depletion type

Figure 7-17. The Main Types of MOSFETS
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The main difference between the types of MOSFETs, which are
enhancement mode and depletion mode, is that with the enhancement
mode the channel is very lightly doped or even has no doping in it. This
means that the channel is in a stable state and is not conducting with the
gate voltage at zero. The gate voltage must be raised either positively with
the n-channel MOSFET or negatively with the p-channel MOSFET to
turn the MOSFET on, whereas with the depletion type the channel is fully
doped, and so the channel is already conducting. With the depletion type,
we must apply a voltage to turn the MOSFET off.

The symbols for the MOSFETs are different as well, as these
differences, in the symbols, are used to try and show differences in
their characteristics. The first is the insulating gate barrier at the input
of the MOSFETs. With the enhancement mode MOSFETS, this line is
dashed. This is to indicate that the MOSFET is only lightly doped and is
not conducting, and we need to do something to enhance it and make
it conduct. When the line for the insulating gate barrier is a solid bar, as
with the depletion mode MOSFETs, it is indicating the MOSFET is already
conducting, and we need to increase the depletion layer to turn the
MOSFET off.

You should note that the bar at the gate for both of the JFET symbols is
a solid bar because both types of JFET are depletion type.

Turning On the Enhancement-Type MOSFET

The circuit used for this simulated experiment is shown in Figure 7-18.
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[ X
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‘ Butt

II T1 IRF131

R3 1k

Figure 7-18. The Test Circuit for the N-Channel MOSFET
Enhancement Mode

The MOSFET used in this experiment is the IRF131, which is an
enhancement-type n-channel MOSFET. From the datasheet, we can
see that the gate threshold voltage is between 2V and 4V. TINA sets this
parameter at 3.406V. We will apply a square wave at the gate terminal
of the circuit shown in Figure 7-18 and set the peak voltage to 2.5V and
then 3.5V. We will again use the transient analysis with the OUT1 probe
measuring the voltage at the drain terminal of the MOSFET. The two
waveforms are shown in Figure 7-19.
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Figure 7-19. The Voltage Waveforms for the Test Circuit Shown in

Figure 7-18
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Figure 7-19a shows the waveforms when the peak of the gate voltage
was set at 2.5V. We can see from the OUT1 trace, which displays the voltage
at the drain terminal of the MOSFET, that the MOSFET does not turn on.
This is because the gate voltage is too low.

Figure 7-19b shows the waveforms when the peak of the gate voltage
is set to 3.5V. From the OUT]1 trace, we can see that the MOSFET now does
turn on. This is because the drain voltage does fall to around 13.15mV
when the gate voltage goes to 3.5V.

This does confirm that with the enhancement mode, the MOSFET does
not conduct when there is no gate voltage applied or indeed if the gate
voltage is below its threshold. Also, this particular MOSFET has a threshold
voltage at around 3.5V on the gate terminal.

Now let’s think about what is happening inside the MOSFET. For this,
we need to consider the state where no voltage is applied to the MOSFET,
thatis, Vps=0and Vg =0.

In this state, as with any PN junction, a depletion layer has formed
around the two PN junctions. Now as we apply the positive voltage
between the drain and source terminals, Vs, it should be clear that the top
and bottom PN junctions are reverse biased (see the n-channel MOSFET
shown in Figure 7-17) as the source terminal is at 0V. However, we should
also appreciate that there is a voltage gradient throughout the n-channel,
just as there was with the JFET.

Now if a positive voltage is applied to the gate, it should be clear
that the lower PN junction is now becoming forward bias, but the upper
junction is still reverse biased. Now as the gate voltage is increased, the
lower PN junction becomes more forward biased to the point that the
depletion layer across that PN junction is overcome. This is when the gate
voltage has reached the threshold voltage. Electrons can now enter into the
lower region of the channel heading toward the gate terminal. However,
instead of flowing out of the gate terminal, these electrons become more
attracted by the Vpg voltage, and an avalanche effect occurs as they rush
through the n-channel toward the Vs at the drain terminal, and so we

have current flow.
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The Depletion-Type MOSFET

The same type of experiment can be used to confirm the operation of the
depletion-type n-channel MOSFET. The test circuit for this experiment is
shown in Figure 7-20.

IE

F %
Dut1

": T2 Noname

R3 1k

Figure 7-20. The Test Circuit for the Depletion Mode
N-Channel MOSFET

Unfortunately, TINA only has a generic model for the depletion mode
N-channel MOSFET. However, as we are really only studying how we can turn
the MOSFET on and off, it will serve our purpose. We will again use a transient
analysis with OUT1 displaying the drain voltage waveform. Figure 7-21 shows
the two sets of waveforms from the experiment. Figure 7-21a shows the drain
voltage when the gate voltage has a peak of -1V. The Out1 trace shows that
the MOSFET is conducting when the gate voltage is 0V. However, it is still
conducting when the gate voltage goes to -1V.

Figure 7-21b shows what happens when the gate voltage is set to peak
at -2V. We can see that the MOSFET is turned on when the gate voltage is
0V, but it does now turn off when the gate voltage goes to -2V.

316



CHAPTER 7  THE FIELD EFFECT TRANSISTOR

BH RH'AAY THFE~0ME talrr 2

900.00m — @ U
Out1 ]
0.00-
0.00
VG1 4
-1.00 T T T - T {
000 250.00u 500.00u 750.0002
Time (s)
Seiecied Curved | Al Curves
A B B-A Frequancy 8ad Sicos
b | ¥0se | |lx[uzen  Heotem  (ae) (= 88 /808 82m £ 11 A

a
BH BHEH AR T E-0NKRBZN 2>
20,00~ B ®
Out1 5 3
0.00
0.00 r
VG1
-200 T '| T T I
0.00 250.00u 500.00u 750.000c
Time (s)
Selected Curvid | AJ Curves
T ——— s B-A Frauency ana Soce
l’f‘!.‘l!u y;msh :!.ga';{, rlc '_'g-. x 1808 yar [ Pl

b

Figure 7-21. The Two Displays of the Drain Voltage for the Test
Circuit Shown in Figure 7-20
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This experiment does confirm that the depletion mode MOSFET
is conducting when the gate voltage is OV. It also confirms that we have
to drive the gate voltage negative, which reverse biases the PN junction
between the gate and source terminals (see Figure 7-17), to turn the
MOSFET off. The value of -2V is the threshold voltage set by TINA for this
depletion mode n-channel MOSFET.

The P-Channel MOSFET

Now we will carry out similar experiments to see how the P-channel
MOSEFET turns on and off. Firstly, we will look at the enhancement mode
P-channel MOSFET. The test circuit for this experiment is shown in
Figure 7-22.
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Figure 7-22. The Test Circuit for the Enhancement Mode
P-Channel MOSFET
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The first thing we can see is that the V5 is negative as the source has to
be more positive than the drain. If we consider the figure of the P-channel
MOSEFET (see Figure 7-17), we can see that this would reverse bias the
upper PN junction. Also, as the source is at 0V, the lower PN junction is not
forward biased enough to make that junction conduct. That is why we have
to drive the gate negative enough to forward bias this lower PN junction.
When that happens, current can attempt to flow between the gate and the
source, but as the electrons move from the base to the source, the electrons
that have been trying to enter the channel via the upper PN junction can
now flow through the path now opened by the gate to source PN junction
being overcome, and so the avalanche effect happens and current can flow
through the channel from source to drain. This can be confirmed if we
simulate the test circuit shown in Figure 7-23.

+
(a7
- AM1 -33.11mA
V110 =
;
AM3 -3.79pA —l T1 IRF9130
5
:
E::VZ -3.8 +
o)
AM2 -33.11mA

Figure 7-23. The Test Circuit to Show the Current Flow Through
the Channel

Figure 7-23 shows that when the gate voltage is at -3.8, a substantial
current is flowing through the channel. However, if the gate voltage is
kept below the threshold voltage, which TINA has set at -3.702V for the
IRF9130, the current is too low at around 22.5pA. As an example, even
when the gate voltage was set at -3.5, the MOSFET did not allow much
current to flow through it.
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However, we are interested in how we turn the MOSFET on and off.
When we simulate the test circuit shown in Figure 7-23, we can display the
voltage at the drain terminal, and the waveforms are shown in Figure 7-24.
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Figure 7-24. The Waveforms for the Test Circuit Shown in
Figure 7-22
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Figure 7-24a shows the drain voltage when the gate voltage peaks
at -2V. This is below the threshold voltage of -3.702V, and so the MOSFET
does not turn on. Figure 7-24b shows the drain voltage when the gate
voltage peaks at -3.8V. This is more than the threshold voltage, and so the
MOSEFET does turn on. This does confirm that the enhancement mode
P-channel MOSFET does not conduct when the gate voltage is at 0V. It also
confirms that we must drive the gate voltage negative to turn the MOSFET
on and that for this particular MOSFET the threshold voltage is -3.702.
The datasheet for the IRF9130 states that the threshold voltage should be
between -2 and -4 volts.

Now we can test the depletion mode MOSFET. As this is a depletion
mode MOSFET, it should be conducting when the gate voltage is 0V, and
we should drive the gate positive by the specified threshold voltage to turn
it off. The test circuit for this experiment is shown in Figure 7-25.

V110 =

Figure 7-25. The Test Circuit for the Depletion Mode
P-Channel MOSFET

We will test the circuit shown in Figure 7-25 using the transient
analysis as before. The waveforms for the two settings of the gate voltage
are shown in Figure 7-26.
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Figure 7-26. The Waveforms for the Test Circuit Shown in
Figure 7-25
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Figure 7-26a shows the drain voltage when the peak voltage at the
gate is 0.5V. This is lower than the threshold voltage of 2V set by TINA for
this MOSFET. We can see when the gate voltage is at 0V, the MOSFET is
conducting as the drain voltage is at -0.3V. When the gate voltage goes to
0.5V, the drain voltage only rises to -0.4V, which means the MOSFET is still
turned on.

Figure 7-26b shows the drain voltage when the peak of the gate voltage
goes to 2V. This shows that the MOSFET does turn off when the gate
voltage rises to 2V.

The experiments we have carried out show us how we can turn on and
off the various FETS and MOSFETs. We can see that they can all be used
in a switching application; however, the MOSFETs may be better than the
JFETs as a switch because we can see that when the MOSFETs turn on,
there is only a small voltage dropped across the MOSFETSs, typically 300mV
or less (see Figures 7-18, 7-21, 7-23, and 7-26), whereas the JFETs have a
higher voltage across them.

Before we leave this investigation into turning on and off a MOSFET,
we should consider the stray capacitance around the MOSFET. We won’t
take a detailed look at this, as it is really a book on its own. However, the
stray capacitances affect the turn on and off of the MOSFET as the gate
source has to charge the input capacitance up to the required gate voltage
before the MOSFET can turn on. This would take some time. Also, and
perhaps more important, we must provide a path to discharge this input
capacitance to a point below the required gate voltage, and this will take
some time. The capacitor would hopefully discharge through the internal
impedance of the gate source, but this could be too high and so take too
long. In that case, you might need to provide a discharge path for this
capacitance to discharge it. To fully understand the effect of these stray
capacitances would involve too much for what I want to do with this book.
The datasheet for the MOSFET will detail these capacitances and also the
turn on and turn off times for the MOSFET under certain test conditions.

Now we will consider if we can use the FETs as an amplifier.
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The MOSFET Amplifier

We will concentrate on the enhancement mode MOSFETs as these are
more commonly used. The MOSFET amplifier we will use is the 2n6577
enhancement mode MOSFET. This means that the amplifier will be turned
off when the gate voltage is at 0V. We will need to raise the gate voltage
to a suitable voltage that is higher than the threshold voltage for the
MOSEFET. We will carry out some different experiments to determine some
important parameters of the MOSFET. The circuit we will use to test the
first parameter, which will show how the drain current I is related to the
gate voltage Vs, is shown in Figure 7-27.

o

AM1

+
= VDS 0

|
[~ T12N6755

Figure 7-27. The Test Circuit to Determine the Input Characteristics
for the 2N6755 Enhancement MOSFET

With this test circuit, we will set the drain to source voltage to 10V. We
will then vary the gate to source voltage from 0 to 10V in steps of 0.5V. The
results were recorded in Table 7-4.
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Table 7-4. The Results for the Test Circuit

Shown in Figure 7-27
VGS ID VDS =10V
0 16.67E-6
0.5 16.67E-6
1 16.67E-6
1.5 16.67E-6
2 16.67E-6
2.5 16.67E-6
3 16.67E-6
3.5 0.545

4 217

4.5 4.27

5 6.65

5.5 9.22

6 11.93
6.5 14.47

7 17.65
7.5 20.26

8 23.65
8.5 26.74

9 29.87
9.5 33.04

10 36.25
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We can use these results to create a graph that will help us determine
the transconductance “gm” for this MOSFET. Note, it does not really matter
what Vs we use as long as it is a reasonable positive value. You could carry
out the same experiment with a VDS of 9, 12, and 15, and you would get
very similar results especially once you have reached the threshold voltage
of the MOSFET. The graph of the input characteristics for this MOSFET is
shown in Figure 7-28.

2N6755 Enhance Mode MOSFET Input Char

4.00E+01
3.50E+01
3.00E+01
2.50E+01
2.00E+01

ID Amps

1.50E+01
1.00E+01
5.00E+00
0.00E+00

0051152253354455556¢657 7588599510

VGS Volts

Figure 7-28. The Input Characteristics for the 2N6755 Enhance
Mode MOSFET

The gradient of this graph is the transconductance “gm” of the
MOSFET. It gives a value, in siemens, that shows how the drain current, ID,
is related to the field created across the MOSFET by the voltage at the gate.
Using the graph shown in Figure 7-28, this can be calculated as

_ change inID  36.25-0.545

= = =5.196 S
change inVGS 10-3.128

The accurate values for the drain current were really taken from the
table of results, and the Vs voltage of 3.128V was the threshold voltage for
the 2n6755 according to the parameters set by TINA.
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We can now use this value for “gm,” that is, 5.196S, to determine the
minimum voltage for Vs that will enable the MOSFET to conduct:

-3
Vg =V + /é—D =3.128+,/i_01E% =3.128++/0.003849 =3.19V

We can test this idea of a minimum Vg voltage with the test circuit

shown in Figure 7-29.
N
A

AM1

= VDS 0 -
F [<g T12N6755

|

Figure 7-29. The Test Circuit for the Output Characteristics of
the 2N6755

This is the same circuit as that shown in Figure 7-28 except that the
simulation was to vary the Vps voltage from 0 to 10 in steps of 0.5V for

different settings of the Vs voltage. The measured results of the drain
current I, are shown in Table 7-5.

With this circuit, we will simply vary the drain to source voltage Vg
from 0 to 10V for different settings of the gate to source voltage, VGS, of 0V,

3V, 4V, 4.5V, and 5V. We will measure the drain current I;, using the AM1
ammeter. The results were recorded in Table 7-5.
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Table 7-5. The Table of Results for the Test Circuit Shown in

Figure 7-29
VDS IDS mA

VGS=0 VGS =3 VGS =4 VGS = 4.5 VGS =5
0 0 0 0 0 0
0.5 833.33E-9  833.33E-9 15 1.88 2.08
1 1.67E-6 1.67E-6 217 3.38 3.94
1.5 2.5E-6 2.5E-6 217 4.27 5.47
2 3.33E-6 3.33E-6 217 4.27 6.46
2.5 4.17E-6 4.17E-6 217 4.27 6.65
3 5E-6 5E-6 217 4.27 6.65
3.5 5.83E-6 5.83E-6 217 4.27 6.65
4 6.67E-6 6.67E-6 217 4.27 6.65
45 7.5E-6 7.5E-6 217 4.27 6.65
5 8.3E-6 8.3E-6 217 4.27 6.65
5.5 9.17E-6 9.17E-6 217 4.27 6.65
6.0 10E-6 10E-6 217 4.27 6.65
6.5 10.83E-6 10.83E-6 217 4.27 6.65
7 11.67E-6 11.67E-6 217 4.27 6.65
7.5 12.5E-6 12.5E-6 217 4.27 6.65
8 13.33E-6 13.33E-6 217 4.27 6.65
8.5 14.17E-6 14.17E-6 217 4.27 6.65
9 15E-6 15E-6 217 4.27 6.65
9.5 15.83E-6 15.83E-6 217 4.27 6.65
10 16.67E-6 16.67E-6 217 4.27 6.65
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We can use the results from this table to create a graph of the output
characteristics which is shown in Figure 7-30.

Output Characteristics for the 2N6577

Drain Current ID Amps

—

005 1. 15 2 235 235 4 45 5 55 6 65 7 75 885 9 95 10
VDS Voltage Volts

e |/ GS = (V e \/GS = 3V em—\/GS = 4V VGS = 4.5V emmmm\/GS = 5V

Figure 7-30. The Output Characteristics for the 2N6577

We have added the load line to the graphs just to show we can set a
quiescent point just like we did for the BJT. We have chosen a V5 voltage
of 4.5 Volts as this is the ideal voltage if the source voltage was set to
0V. However, we are going to use the amplifier circuit shown in Figure 7-31,
in which the source is not connected to the ground.
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|
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Figure 7-31. The Test Circuit for the Class A MOSFET Amplifier

The main idea is to set the voltage at the drain to approximately 4.5V,
which is half of Vpp, so that we could swing more positive and negative by
the same amount, if the source was connected to ground. This means that
the volt drop across Rp would be 4.5V as well.

We know that our minimum voltage for Vs, to start the MOSFET
conducting, must be 3.19 volts. We should choose an appropriate value for
V; the gate to ground voltage. This is not the same as Vgg; Vs is the voltage
between the gate and the source as shown in Figure 7-31. The V; voltage
can be set to any reasonable positive voltage, as long as it is high enough
to forward bias the gate to source junction. The easiest choice would be
to set this to 4.5V. That is because the voltage divider network of R, and R,
will be used to set this value. This would simply mean we need to make
the two resistors the same value, as this would halve the V, voltage. To try
and ensure that we have a reasonably high input impedance, we should
set these two resistors to 200K each. That would set the V; voltage to 4.5V
and the input impedance to 100kS2; we need to remember that to ac R, and
R, are in parallel with each other.
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Now we must choose an appropriate current to flow through the
MOSFET. This would depend upon your requirement, but we will set this, in
this example, to 20mA. We know that because of the insulating gate material
across the input to the MOSFET, the source current, Iy must be the same
as the drain current I, as no current flows into the MOSFET via the gate
terminal. We know we want the volt drop across the Ry, resistor, that is VD
in Figure 7-31, must be 4.5V to ensure the voltage at the drain terminal is
4.5V. Therefore, we can calculate the value of the drain resistor Ry, as follows:

To calculate the value of the source resistor, Rg, we need to determine
the value of the volt drop across this resistor, that is, Vs. Applying Kirchhoft’s
Voltage Law to the closed loop at the gate of the MOSFET, we can see that

Vg =V +V

This means that we can calculate the source voltage as follows:

Vo=V, —V, =45-3.19=131

Knowing that the current flowing through Rs must be the same 20mA
as the current I,, then we can calculate the value of Rg as follows:

R=C= 131 6550
I, 20E

We have now calculated all the resistor values for the circuit. The final
component we need to determine the value of is the decoupling capacitor
that is part of the high pass filter designed to remove any DC voltage from
the input signal that could affect the quiescent DC biasing we have with
R, and R,. This is calculated in the same fashion as we did with the BJT
amplifier in Chapter 6. We will set the low frequency cutoff value of 20Hz.
Knowing that, the high pass filter circuit would be made up as shown in
Figure 7-32.
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C179.6n

| | :
t L Poutt

@ ver
R1 200k[] R2 200k

|

Figure 7-32. The High Pass Filter at the Input of the Amplifier

The value of the capacitor depends upon the chosen cutoff frequency.
In this example, we will choose a cutoff frequency of 20Hz. This means that
any signal with a frequency of less than 20Hz will not be amplified enough
to be of any use.

The —3db Point Benchmark

It will be at this cutoff frequency that the gain will be 3dbs down from the
maximum gain of the circuit. The circuit shown in Figure 7-32 is a simple
filter, and the maximum gain will actually have a value of 1 as there will be
no gain. In dBs, a gain of one is zero dbs. Therefore, a value of 3dbs down
from this would be the -3db point. This is the standard benchmark for
any electronic system. At this -3db point, the system will not produce an
output that would be of any use. We say -3dBs, but really it is 3dbs down
from the maximum gain in dbs.

We need to be able to calculate the value of this capacitor. This will be
when the impedance of the capacitor equals the parallel combination of
R1 and R2 in the case of the filter shown in Figure 7-32. This will mean that

1 RR, 200E’x200E’

= = =100E"
2nFC R +R, 200E°+200E’
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Knowing the cutoff frequency is 20Hz, then the value of the
capacitance can be calculated as follows:

1

= _—796nF
27 x20x100E> "

If we carry out an AC Analysis in TINA for the circuit shown in
Figure 7-32, we will get the Bode plot as shown in Figure 7-33.

E R AU T E~0NNKIRYN <«
0.00-
-1.00-
-2.001

Gain (dB)

-5.004
64.00
-6.00

300
-6.001
54,004
100 100.0 1.0k 10.0k 100.0k

e
-4.004

-7.00 T

o

§44.00 \
o 34.004
& 24.004
& 14.001
4.004

Frequency (Hz)

Selected Curves | All Curves

A B B-A Frequency and Siope
x (20.03 yi2 x (2003 yi44 55 | x0 yAT.95 -0 20

Figure 7-33. The Bode Plot for the High Pass Filter in Figure 7-32

Using the Bode plot shown in Figure 7-33, we can see that the
maximum value is 0dbs. This is equivalent to a value of 1 for the actual
gain of the circuit. Then, using cursor “A,” we can see that the gain drops
to -3dBs when the frequency is 20Hz. This is the response we have
designed the high pass filter to give. One other aspect of the filter is that the
phase shift produced by the circuit is 45° at the cutoff frequency of 20Hz.
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We now have all the components we need to complete the single-stage
amplifier, and the circuit is shown in Figure 7-34.

VDD

0OSC2 1u

R1 200k
[] vD Gnd ch1 C
0
RD 225
+
= V19 C279.61]

H_“put‘l
|

l [‘-<— T1 2N6755 TVDS
sk
e VG [] RS 69[\/3

VSS

Figure 7-34. The Single-Stage MOSFET Amplifier

We can use the oscilloscope to display the input and output waveforms
of the amplifier. These waveforms are shown in Figure 7-35.
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Figure 7-35. The Input and Output Waveforms of the MOSFET
Amplifier

The output waveform is shown on the channel 2 trace of the

oscilloscope. The first thing we can see is that, just like the BJT amplifier,

the output is 180° out of phase with the input. Using the two cursors, we

can measure the peak-to-peak voltage of the output wave, and this is

shown to be 124.79mV. We can use the channel 1 trace to measure the

peak-to-peak voltage of the input, and this is shown to be 40mV. Using

these two values, we can determine the voltage gain of this MOSFET

amplifier as follows:

Output _ Output pk — pk _124.79E7
Input  Input pk — pk 40E~

Vgain = =3.12
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If we look at the ratio of the drain resistor, Rp, and the source resistor,

Rs, we can see that similar to the BJT amplifier the gain of this MOSFET can
be expressed as

Vegain = Ry = 25 =3.26
R, 69
The slight difference could be accounted if we consider the ON
resistance, Rpson), which is the resistance of the channel when the
MOSEFET is conducting. A typical value for this Rpsoy) is 3€2, and this would

be in series with the source resistance RS. Adding this value to the 692
would give a voltage gain of

Vgain =£ =3.125
69+3

This value of voltage gain is still quite low, but, as with the B]JT, we

could put two stages together. The circuit for the two-stage MOSFET
amplifier is shown in Figure 7-36.

R5 225
[ R1 200k [ R3 200k
[ RD 225

C179.6n

= V19 C279.6 SPut2

A
| [ T12N6755 [~ T22N6755

[ R2 200k [ R4 200k
J VG [ RS 69 [

Figure 7-36. The Two-Stage MOSFET Amplifier
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Using this approach, the voltage gain was increased to 9.73. If
we added a third stage, the gain would be 30.37. We need to add the
decoupling capacitor between the drain of the first amplifier and the gate

of the second amplifier to ensure no DC is superimposed on the gate of the
second amplifier.

The Bypass Capacitor

We used a bypass capacitor to increase the voltage gain of the BJT
amplifier. The MOSFET amplifier works in a similar way, and so we should

be able to add a bypass capacitor to the MOSFET amplifier. The circuit for
this arrangement is shown in Figure 7-37.

\ OSC1 1u
R1 200kQ |j RD 2250

At

V19V
ol

I | T1 2N6755
T
. {
VG1
@
[ R2 200kQ [ RS 690

|

Figure 7-37. The MOSFET Class A Amplifier with the Bypass
Capacitor Added

C2 769uF

We calculate the value of the bypass capacitor in the same way as we
did with the BJT. Therefore, the impedance of the capacitor is set at a tenth

of the source resistance RS, and using the low frequency of 30Hz, the value
of C2, the bypass capacitor, is

=T769uF

2

T 27 x30%6.9
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Using this bypass capacitor to ac, the source resistance can be ignored
when calculating the voltage gain. However, we cannot ignore the On
resistance, Rpsoy, 0f the MOSFET as this is internal to the MOSFET and so
not bypassed by the capacitor. Using the value of 3Q for Rysoy, the gain was
calculated as

When we simulated the circuit, the measured voltage gain was 98.6,
so we can see that the gain can be increased with the use of a bypass
capacitor. However, the difference between the two gain values shows us
that the Rpsoy resistance is not as straightforward as the single value of 3Q
suggests, but that’s for a more detailed book on FETs.

Exercise 7.1

Design a MOSFET amplifier with the following specification:
VDD =15V
ID =5mA
The minimum gate voltage is 3.19 as we are using the 2N6755 MOSFET.
Calculate the voltage gain using a value of 3Q for RDSON.
Hint: Set the gate voltage, Vg, to 5V.
Then add a bypass capacitor if the lower frequency of interest
was 25Hz.

Summary

In this chapter, we have looked at the various types of field effect
transistors (FETs) that are available to us. We have studied how they

work on a subatomic level and studied how to use them in their simply
switching applications. Finally, we have studied how we can design a basic
class A amplifier using the MOSFET.
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In the next chapter, we will go back to looking at the BJT, as we look at
the differential amplifier, or long-tailed pair. This is in readiness for moving
on to the Opamp or Operational Amplifier.

I hope you have found this study of the FET interesting and useful
although it has been limited to simulations within the ECAD software Tina.
I will be looking at some practical circuits, as with the BJTs, in the appendix
as it is always useful to see the devices working practically.
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CHAPTER 8

The Beginnings of the
Operational Amplifier

In this chapter, we will look at the long-tailed pair, sometimes referred
to as the differential amplifier. We will look at the two main uses of the
differential amplifier and learn about the term CMRR, common mode
rejection ratio. We will study a simple constant current source and the
current mirror circuit.

The Differential Amplifier

There will be many occasions when we need to amplify the difference
between two voltages, such as when we are measuring the output of some
transducer, such as a simple RTD, resistance temperature detector, as
shown in Figure 8-1.
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[ — Dm 100 e

+————o
Vdif=Va- Vb
Vb

V18

[ R4 100 I] R2 100

Figure 8-1. The Wheatstone Bridge Circuit

Figure 8-1 is a typical Wheatstone bridge arrangement where R; would
be the transducer, such as a PT100 for temperature transducer or a strain
gauge for measuring weight or mass. When the temperature or mass is
zero, then Va would equal Vb, and there would be no difference voltage.
The difference voltage will typically be very small, and so we would need
an amplifier to increase the output voltage.

Another situation where we would need a differential amplifier might
be with a simple comparator circuit that will compare the output of a
transducer against some reference.

The basic circuit of a differential amplifier is shown in Figure 8-2.
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i

T1 INPN T2 INPN j_

Figure 8-2. A Basic Differential Amplifier

This circuit could be viewed as two standard common emitter
amplifiers except that share the one emitter resistor. They have to share
the same emitter resistor, R, in the circuit shown in Figure 8-2, because
they will use the current flowing through, R;, according to how each is
biased due to the two input voltages. The situation in Figure 8-2 is that
both transistors are biased equally, as both the voltages at the bases are
700mv. This means that they share the current flowing through R, equally.
We should appreciate that the current flowing through R, is set by the
voltage at point “X” in the circuit. From our work with the common emitter
amplifier, we should appreciate that the voltage at point “X” would be
equal to the voltage at the base minus Vgg, which is why the voltage at point
“X”is 178mV as measured by VM3. This then sets the current through R;.

In Figure 8-2, the two base voltages are the same, so the 17.8uA flowing
through R, is divided equally between the two transistors, that is, the
8.81uA, as shown in Figure 8-2.
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If one of the base voltages was greater than the other, then that
transistor would take more of the 17.8uA flowing through R, than the other.
This is shown in Figure 8-3 where the base voltage for T, is 750mv and the
base voltage for T, remained at 700mv.

l:l_

Ry
&

VM1 89TV

11k
L

—_——t A
Il
L
&

Figure 8-3. The Differential Amplifier with a Difference Voltage

We can see that the current through R, has increased to 20.95uA. This
is because the voltage at point “X” has increased due to the increase in the
base voltage at T,. However, we can also see that the transistor T, is now
taking a greater share of the current as it is taking 18.16uA, while transistor
T, is taking only 2.58uA. Note the sum of the two transistor currents still
equates very closely to the current flowing through R,. The fact that T, is
drawing more current than T, means that the voltage at the collector of T},
which is test point TP1 on the circuit, is now lower than the voltage at the
collector of T,. This difference which is VM2 - VM1 is now the output of the
amplifier. We can see that the difference is -155.75mV at the output. This
then is an amplification of around 3, as the difference between the two
base voltages, V2 - V3, is only 50mV.
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So, this would suggest that the circuit shown in Figure 8-2 can be used
as a differential amplifier. However, there are some constraints on this
circuit in that the voltage at the base of at least one of the transistors must
be high enough to turn one of the transistors on before any current will
flow through R,. Also, the gain is not linear.

The Long-Tailed Pair

One possible improvement was to pull the resistor R, down to a negative
supply. This arrangement is shown in Figure 8-4, and it was given the
name the long-tailed pair - the long tail because the resistor R, looks like

a tail. However, an essential aspect of the differential amplifier is that the
two transistors are perfectly matched. This is to ensure their value for Beta
and their VBE are the same and their temperature dependence is the same.
This is rather difficult to guarantee if we use individual transistors, but they
can be bought on a single IC such as a transistor array. The THAT 300 is
one such IC you could use. It has four matched NPN transistors on it, and it
comes in dual in-line 14-pin package.
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Figure 8-4. The Test Circuit for the Long-Tailed Pair Diff Amplifier
Quiescent Conditions

There is a lot to look at in this test circuit, but we are trying to
understand the basic operation of this differential amplifier. In this
analysis, we have added individual emitter resistors so that we can look
at the differential amplifier as two common emitter amplifier circuits that
have one extra resistor which is termed the “tail.” This resistor is shared
between the two amplifiers. Also, this extra resistor is taken down to its
own negative supply.

Just as we did with the common emitter amplifier, we will first look at
the quiescent operating conditions for the circuit. When there is no signal
inputted to the circuit, indeed, the bases of both transistors are grounded,
and this will set up the quiescent operating conditions. With the base of
each resistor connected to ground, that is, 0V, and the emitters connected
via their own emitter resistors and the shared tail resistor R;, down to
-12V, then the diodes in the base emitter junction of the transistors are
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both forward biased. This means there will be an emitter current flowing
through the transistors. This current will be set by the volt drop across
R,, that is, VR1 in the circuit. The volt drop VR1 will be the voltage at “X”
-12V. The voltage at each of the emitters must be around -0.6 to -0.7V due
to the volt drop across their base emitter diodes. This means there must be
at least 1mA of current flowing through R, of which half will flow through
R, and R;. This means there must be at least 0.5V dropped across R, and Rs.
This then means that the voltage at “X” must be around -1.2V. This then
means the current flowing through R, will be

-1.2--12

Iy = =05~ =1.08mA

We have called it “I,;” as it flows through the tail resistor. This is
confirmed with the simulation, where we can see AM1 measures 1.08maA.

Assuming we can match our transistors well enough, we can say that
this 1.08mA will be shared equally between the two transistors. Therefore,
under these quiescent conditions, we can say

1.08mA
1, =

=0.54mA

We need to express the quiescent current in mA as we will use those
units later when we calculate the intrinsic resistance of the transistors r,.

Now we will move on and apply some signals to the amplifier. The
circuit we will use to test the response of the amplifier is shown in
Figure 8-5.
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Figure 8-5. The Test Circuit for the ac Response of the Differential
Amplifier

When we simulated the circuit, the waveforms recorded were as shown
in Figure 8-6.
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Figure 8-6. The Waveforms for the Test Circuit Shown in Figure 8-5

The ammeter AM1 is measuring the tail current flowing through R;. As
we can see, it is constant at 1.08mA. This is what we expected. There are
four voltage sources as we want to supply a signal to each transistor - these
are VG1 and VG2, respectively - but we will also be introducing some noise
to the signals. These are with VG3 and VG4. Initially, we will set the noise
to 0V so that we can see how the differential amplifier deals with a clean
difference voltage. If we look at the traces for VG1 and VG2, we see they
are completely in antiphase with each other. If we describe the waveforms
using the peak-to-peak value, then we can say each signal has a 60mv
peak-to-peak value. This means that the difference, which is what this
amplifier will amplify, is a 120mv peak-to-peak signal.
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When VG1 is +30mV, VG2 is -30mV; therefore, the difference is +30 -
-30 = 60mV. When Vg1 is -30mV, Vg2 is +30mV; therefore, the difference
voltage is -30 - 30 = -60mV. This confirms the difference voltage, which
is what the amplifier actually amplifies, goes from +60mV to -60mV;
therefore, it has a 120mV peak-to-peak voltage.

When we look at the Oy, trace, which is the output of the amplifier, we
can see this has a value of approximately 600mv peak to peak. Using these
two values, we can calculate the difference voltage gain as

% _ Your peak—peak _ 600E™ _
o Vin peak-peac 120E -

If we apply the same analysis for the gain of the differential amplifier as
we did with the basic common emitter amplifier, then we can say
R

vDiﬁ”Gain = R_j
In the test circuit shown in Figure 8-3, Rc = R, =5k and R, =R, = 1k.
Therefore, we can calculate the gain as
R. SE°
VpifGain = 3 " T3
R 1E

e

The tail resistor plays no part in the gain calculations because the
voltage at “X” does not change. It can be used as our reference. We know
itis around -1.2V below our usual ground, but that would be the same
for both input and output, and so the -1.2V can be ignored. The two
values for the gain agree with each other. With that in mind, we can try to
improve the gain by changing the values of the resistors to those shown in
Figure 8-7.
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Figure 8-7. Changing the Resistors to Increase the Gain

This simulation showed that the tail current had increased very slightly
to 1.11mA, but the output voltage had changed to 2.17v peak to peak. This
means the gain had increased to

2.17

v
VDiffGajn — _out Peak— Peak — — = 18083
in Peak—Peak 120E ’
However, using
R. 10E°

bR 0.5E°

This means we need to take something else into account. The
something else is the intrinsic resistance r,. We can calculate the value of

this intrinsic resistance as follows:
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where I, is the quiescent current flowing through the transistor but stated
in the units of mA. Earlier, we recorded this current at 0.549mA. We have
looked at this concept of calculating the value of r. in Chapter 6. Therefore,
using this value, we can calculate the value of r, as

=2 4554
0.549

We can use this in a more complete expression for the voltage gain as
R

C

LV
gain (RE+I"6)

Therefore, we have

R 10°
R 1833
Yo =R ) (500+45.54)

This is much closer to the other calculation using the output and input
waveforms.

Adding Noise to the Signal

Most signals have some noise aspect added to them. Those of you who

can remember the old stereo radiograms when they first came out. The
cheaper ones had that low main’s hum on the sound which came from the
100Hz rectifying signal on the power supply. Well, we soon filtered that
out. However, there are many sources of noise on electrical signals, and the
really good hi-fi systems should be able to remove them from their output.
One way which this could be achieved would be to amplify the pure signal
and attenuate the noise content. That is what the differential amplifier will
do. The differential amplifier will amplify any differences between the two
inputs, but anything that is common to both inputs will be attenuated. Any
noise that appears on the signal will normally appear in the same format
on both of the inputs to the differential amplifier.
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That means the noise would be common to both inputs, and so the
differential amplifier will attenuate it. The ability of the differential
amplifier to attenuate this common noise content is referred to as CMRR
(common mode rejection ratio).

We will use our test circuit to see how the differential amplifier will
reject this common noise content. To add noise to the signal, we will use
the VG3 and VG4 voltage sources. We will set them both to input a 10mv
peak noise signal at 100kHz. This is because a noise signal is usually small
and at a high frequency. If we simulate the test circuit with the noise
added, we get the waveforms as shown in Figure 8-8.

2E BGNRAAY TR0 KRN (o
10.00m —
VG3 ]
-10.00m—
2.00—

. \/\/\/\/\/\
_200-
40.00m —
Out2 3

-40.00m T BT IR ] TR TR R bl TGl |

1.00m 1.10m 1.20m 1.30m 1.40m 1.50m
Time (s)

Figure 8-8. The Waveforms for the Test Circuit with Noise Added
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The trace VG3 is the actual noise signal that is added to the wanted
signal. The trace Out2 shows how the noise corrupts the wanted signal.
However, we can see with trace Outl that the output of the differential
amplifier is unchanged. There appears to be little or no noise present on
the output. That'’s exactly what we want. The gain of the wanted signal, the
difference between the two inputs, is still the same at around 18. So, why
has the noise been attenuated? To understand why, we need to look at the
circuit slightly differently. This is shown in Figure 8-9.

[ R2 10k [] R3 10k
L
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.
TV “ 11 Ny !
E— L PN 2N :j_
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( @)
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(af )
_|'\.« ‘l_‘ ? AMI A
‘[ < J R1 20k RS 20k 8

Figure 8-9. An Alternative Circuit for the Long-Tailed Pair Diff
Amplifier

The thinking behind this representation of the tail resistance is that
we can split a resistor into two resistors in parallel with each other. In this
way, the single tail resistor with a value of 10kQ can be replaced by two 20k
resistors in parallel, as shown by R, and Ry in Figure 8-9. The circuit will
work in the same way, so it is a valid change to the differential amplifier.
However, we now have only two sources, VG1 and VG2. These are both
set to the noise signal of 10mv at 100kHz. As the two sources are the same,
then the voltages at points “A” and “B” will be the same, that is, they will
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move up and down by the same amount at the same time. This means that
no current will flow through the ammeter AM3. If we look at the waveform
shown in Figure 8-10, we should be able to confirm what is happening.

@0 RG*AAY  TELLE~0 Yk r™ (3
600.00u —
AM1 1
0.00-
600.00u —
AM2 ]
0.00 -
500.00E-21
-500.00E-21
Out1
VG1
VG2 LWL \
'.J‘li|il“l].l]hih“]].lih]‘li“l].l.
0.00 250.00u 500.00u 750.00u 1.00m

Figure 8-10. The Waveforms of the Circuit Shown in Figure 8-9

This confirms that there is no current flowing through AM3 and the
output, shown as trace Outl, is virtually zero, showing that this circuit works
the same. It also confirms that the current flowing through both emitters is
still around the 550mA as it was in the original differential amplifier circuit.

The fact that no current flows through AM3 suggests that we can
remove that connection and treat the two amplifiers as two separate
amps with the same input voltage. We can calculate the gain for the two
amplifiers as

R 10E°
- . = 0.487
Y CommGain (RE +7, + R] ) (500 +45.54 + 20E3)
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This means that this noise signal would be reduced to about half.
This does seem to suggest that the differential amplifier does amplify the
difference voltage and attenuates any noise content. This is what we want
from the differential amplifier.

Improving the Gain

The next thing we will look at could increase the gain of the circuit. We
have shown that the differential gain is set by
R

C

y  =—2Fc
gain (RE+}"E)

Why not see what happens if we remove the emitter resistor
altogether? First, we should look at the quiescent conditions. This is done
with the test circuit as shown in Figure 8-11.

VR2 R2 10k R3 10k
il ) ;
o g
' .Y
AM2 562.93UA AMB 562.93A -
.
=vi
4|: TINPN . j_
g
V §
A v s1v
Y
{ V ]
) M v 637
X
5l
e
v
|‘ Ant 1ama | SRS
v2 12 '

T L VR T 1 10k

Figure 8-11. The Test Circuit for the Quiescent Operating Conditions
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We can use this new quiescent current, I value of 562.93uA, to
calculate the intrinsic resistance when we have removed the emitter
resistor. Note, we use a value of 0.563 to relate the current to mA:

. 25 _ 25

. 22— 44.405
I, 0.563

This means the voltage gain becomes
R, 10E°

v, =—t= =2252
“n T 44.405

This is a very high gain, and if we kept the difference voltage at 120mv
peak to peak, the output would be clipped as it would try to go to 13.5v
peak. The output of any amplifier is restricted by the supply rails. At the
moment, the supply rails are set at 12v. To accommodate this, we changed
the input voltage to a peak of 20mV. This meant that the peak-to-peak
input was 80mV. When we changed this and simulated the circuit, the
waveforms created were as shown in Figure 8-12.
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Figure 8-12. The Waveforms for the Test Circuit Shown in
Figure 8-11

This shows that the gain had increased but only to around 183, not
quite the same as calculated, but we are using the standard value of 25
from the term VT as detailed in Chapter 6, so there will be some leeway
in our calculations. Everything else was good; there was no noise on the
output even though there was noise on the input.

What we have now shown is that the gain is a factor of the intrinsic
resistance. The intrinsic resistance is controlled, to some extent, by the DC
quiescent current. However, this DC quiescent current is half that of the
tail current. This seems to suggest that the gain of the differential amplifier
can be controlled by the value of the tail current. So, if we can control
this tail current, then perhaps we can improve the gain of the differential
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amplifier. For example, if we could set the tail current at 2mA, then the
quiescent current through the transistors would be 1mA, that is, half the
tail current. This would mean the intrinsic resistance would be

e/ = E = é = 25
I, 1
Therefore, the projected gain would be
3
Voin _R _10E =400
& r 25

e

When we look at the actual Opamp, as in Chapter 9, we will see that
the open-loop gain is very high around 100,000. This means that our
investigation into the differential amplifier is only a small part of what goes
into the Opamp circuit. However, it was only meant as an introduction into
the birth of the Opamp, and I hope it has given you some insight into the
differential amplifier.

The Constant Current Source

Another useful circuit in analog electronics is that of the constant current
source. We will look at how a simple constant current source circuit can be
created, and one such circuit is shown in Figure 8-13.
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Figure 8-13. A Simple Constant Current Source

I hope you can see that the circuit shown in Figure 8-13 is the basic
common emitter amplifier. We should be able to appreciate that the three
currents have the following relationship:

I,=1.+1,
where
e I;is the emitter current.
e I isthe collector current.
e Iyisthe base current.

The emitter current is set by the voltage Vg, measured by VM2 in
Figure 8-13, divided by the value of R;. However, from our work in
Chapters 5 and 6, we know that the voltage V; is

Ve =Vs =V
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The voltage Vj is set on the whole by the voltage divider network
of R, and R,. This means that the voltage Vi cannot change, and so the
voltage Vg cannot change. This means that unless we change the value of
the emitter resistor, then the emitter current is fixed. This in turn means
the collector current is fixed. This is true, but there are some constraints.
The main one is that the voltage left after the voltage dropped across the
collector voltage is high enough for the emitter voltage to be at this set
voltage of V - Vg;. For example, the circuit shown in Figure 8-13 shows
that the voltage at the emitter, VM2, is at 1.72V. The voltage between the
collector and the emitter, VM3, is 6.88V. The volt drop across R, is 3.4V. The
sum of these three volt drops must add up to the supply voltage, that is,
V¢e = 12V. We can check this using

Vee =Viy +Vep +V, =3.4+6.88+1.72=121V

This is OK; however, if we change the value of R, to say 7k, then
assuming the collector current was still at 1.7mA, this would mean that the
volt drop across R, would be

Vea=R, x1.=TE*x1.7E” =11.9V

This would not leave enough voltage from the emitter voltage to
remain at 1.72V. This means the emitter and collector currents must
reduce. We could change the value of R, to 7k and simulate the circuit.
When we did, the following results were obtained:

o IE=1.51mA

e IC=1.49mA

e VE=1.,51V

e VCE=288.45mV

e VR4=10.4
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The sum of VR4 + VCE + VE is 10.4 + 0.08845 + 1.51 = 11.99845 close
enough to VCC. This shows that as long as the value of the collector
resistor, R, in this circuit, is not too high, then the circuit can work as a
constant current source. However, there is another issue that you need to
consider, the smaller we make the value of the collector resistor, then the
smaller the volt drop across that resistor. As the Vi voltage cannot change,
then this means that the V; voltage must increase. The V;; voltage is the
voltage dropped across the transistor which is allowing current to pass
through it. This means the transistor would be dissipating power across
it, and it would get hot. We need to ensure the power being dissipated is
within the SOAF, Safe Operating Area in Forward mode. This will be stated
within the specification. It may mean that we would have to employ a heat
sink. However, that would be for more specialized circuit designs, and I
will not go into that in this book.

We could look at designing a more efficient constant current source
such as one that uses an Opamp. However, I am only introducing the
concept of a constant current source, and we will look at using the Opamp
in Chapter 12.

The Current Mirror

An extension of the constant current source is the current mirror. This is
where one transistor is used to source or set the current that is mirrored in
a second transistor or indeed multiple transistors. A simple current mirror
circuit is shown in Figure 8-14.
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Figure 8-14. A Simple Current Mirror Circuit

The two transistors, or multiple transistors, must be matched so that
their beta and other parameters are as identical as possible. The first
transistor, Ty, is the controlling transistor in that it sets the current that is
mirrored in the other transistor, T,, or other transistors if there are more
than two. Figure 8-14 has a lot going on, but I hope we can use it to show
how the mirror circuit works.

If we look at the currents, we can see that by applying KCL we can say

Iy, =Ic1 +1py

Also, we can see that

Loy =1p + 1y,

As the two transistors are matched, we can say
Iy =1,

This means we can say
Lyy =21

363



CHAPTER 8  THE BEGINNINGS OF THE OPERATIONAL AMPLIFIER

Knowing that any collector current, I, is simply the base current I,
multiplied by the beta of the transistor, we can say

ley=Bly
From this, we can say
-la
B
This then means that
1 BB — 2i = &
BB
Substituting this into the expression for Iy;, we have
Iy =1+ 2e,

R Cl

Therefore, we can say

I, =—H
l+3

B

It is the current I, that is mirrored into the collector current or currents
of the other transistor or transistors. This is shown in Figure 8-14 as the
ammeters AM5 and AM2 have the same reading of 2.78mA. The current
Iy, is set by the volt drop across R, divided by the value of R;. The volt drop
across R, is set by Vc minus the base emitter voltage of the transistor
T,. This is because the collector of T, is connected to the base of T,. This
means that assuming the base emitter voltage Vy; is approximately 0.65
and the V¢ is 12V, then the current I, is

364



CHAPTER 8  THE BEGINNINGS OF THE OPERATIONAL AMPLIFIER

Ve Vg 12-0.65

- = 284md
1

Assuming the beta of the transistors is 100, then we can calculate the
collector current I, as
I, 284E7° 284E”°
c1 - -
1+ 2 1+ 2 1.02
B 100

I =2.78mA

The readings from the simulated circuit, shown in Figure 8-14, do
match very closely these calculated values. We can vary the load resistor,
that is, the collector resistor R, in Figure 8-14, of the mirror transistor, and
the current will not change as long as the volt drop across the load resistor
does not exceed the VCC - VBE, in this case, 11.3V. This means that with
a current of 2.78mA, the maximum value of the load resistor in the mirror
circuit would be

R :VCC—VBE :12—0.65

=4.082k
L I, 2.78E"

One thing the mirror circuit allows is that the V¢ of the mirrored
circuit does not need to be the same as the control circuit. However, both
circuits must share the same ground. For example, we could set the VCC of
the mirror circuit to be 9V. This would give a maximum load resistance of

Vie =Vge  9-0.65
R __cc BE _ :3k
L I, 2.78E"

This calculation was confirmed with a simulation.
If you wanted to mirror the current in a number of other transistor
circuits, then we would calculate the collector current I, as
] R1

Iy =—%
1+E
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where “N” is the total number of transistors, including the controlling
transistor. For example, if you wanted to create two mirrors of the
controlling current, then N would equal 3.

Exercise 8.1

Design a current mirror circuit to source a 3mA current with a VCC of 15V
for the control circuit and a VCC of 9V for the mirror circuit. Determine the
maximum value of the load resistor for the mirror circuit. Assume the beta
of the transistors was 100.

Summary

In this chapter, we have started an investigation into the birth of the
Opamp. We looked at a basic differential amplifier and extended it to
the long-tailed pair. We considered the concept of CMMR and how the
differential amplifier removed noise from a signal. We then went on to look
at two new circuits, the constant current source and the current mirror. I
hope you have found the analysis both useful and interesting.

In the next chapter, we will look at the Operational Amplifier, the
Opamp for short.
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CHAPTER 9

The Operational
Amplifier

In Chapter 8, we looked at the long-tailed pair and the differential
amplifier. This was an introduction to the Operational Amplifier or Opamp.
In this chapter, we will study the Opamp. We will learn how it works and
how it can be used in a range of analog applications.

The Opamp

The Opamp, or Operational Amplifier, is one of the most important,

if not the most important, breakthroughs in analog electronics. It led

to the creation of the analog computer as it could perform a range of
mathematical operations, hence its name. It has since gone on to be used
in many analog applications. We will look at a range of these applications
in this chapter.

The Opamp is an integrated circuit, or IC, and the most common
Opamp IC is the LM741. If you examine the datasheet for the LM741, you
will see that the circuitry of the Opamp uses around 20 different transistors
and 12 resistors, which means it is a rather complex IC. Therefore, we will
use the standard symbol that represents the Opamp. The symbol is shown
in Figure 9-1.
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OP1 uA741

Figure 9-1. The Standard Symbol for the Opamp

It comes in a variety of packages, and the basic 741 Opamp can come
in an eight-pin dual in-line package as shown in Figure 9-2.

offsetNull [1] @ LJ [8INC
Inverting lnputE z]Positive supply
Non-Inverting [nputlz EOutput
Negative supply [ | 5 Joffset Null

Figure 9-2. A Standard Eight-Pin Dual In-Line Package

To use the Opamp, it is normal to have a dual supply with both a
positive and a negative voltage. A typical voltage level would be +15V and
-15V. However, the Opamp can be used with lower voltages or indeed a
little higher. The 741 can be used with a maximum supply of 22V. There are
two inputs, one called the inverting and the other called the non-inverting.
However, there is only one output. There are also two offset null inputs
which we will explain the use of later in this chapter. The Opamp can be
connected in an open-loop or closed-loop configuration, and we will look
at the open-loop configuration first. This is shown in Figure 9-3.
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AM1 80.5nA

=Vi15

OF1 uAT41

VM1 12,98V

=v215

Figure 9-3. The Basic Open-Loop Configuration

The concept of this Opamp, being in the open-loop configuration,
means that none of the output is fed back to the input, which is what does
happen in the closed-loop configuration. The main principle of operation
is that the Opamp will simply amplify the difference voltage between its
two inputs.

In all the following circuit diagrams, the negative supply must be
connected to pin 4 of the Opamp and the positive supply connected to pin 7.
In Figure 9-3, V; and V, are the two inputs, and at present they are both
set to 5V. This would mean the output should be zero. However, we can
see that it is actually showing 12.99V. Another interesting fact that we can
see from Figure 9-3 is that both inputs of the Opamp are taking very little
current into the Opamp. Both ammeters read only a few nano amps. Not
much current at all.

If we change both V; and V, to 1mv, which means they are still both
equal and the difference voltage is still zero, we see that the output
voltage does not change at all. Let’s try and find out what is going on by
introducing some difference between the two input voltages. We will
simulate the circuit after each change and record the results in Table 9-1.
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Table 9-1. Table of Results for Open-Loop Opamp

Row V3Volts V4Volts AM1nAmps AM2nAmps VM1 Volts
1 m 1.01m 80.49 59.41 12.98
2 m 1.1m 80.45 59.55 12.98
3 m 1.2m 80.4 59.6 12.98
4 m 1.5m 80.25 59.75 12.97
5 m 2m 80 60 0

6 m 3m 79.5 60.5 -12.99
7 m 5m 78.5 61.51 -13.01
8 m 5V -2420 2560 -13.1
9 1.01m m 80.51 59.5 12.99
10 1.1m m 80.55 59.45 12.99
11 1.2m m 80.6 59.4 12.99
12 1.5m m 80.75 59.25 13

13 2m m 81 59 13

14 3m m 81.5 58.5 13.01
15 5m m 82.5 57.5 13.03
16 5V m 2580 —2440 13.1

Using Table 9-1, we can make some interesting observations. Firstly,

knowing the Opamp amplifies the difference between the two input

voltages, and the fact that the maximum voltage the output can swing to

is the voltage rails, well actually just short of the voltage rails, then we can

see, from row 1 of Table 9-1, the Opamp does not need much difference

between the two inputs before the output swings to a maximum. In row 1,

V;is Imv and V, is 1.01mv, which is only a 10pV difference. The output has

370



CHAPTER9  THE OPERATIONAL AMPLIFIER

gone to 12.98V, which is very close to the maximum as the output can only
go to the voltage rails minus the saturation voltage of the transistors at the
output of the Opamp. This saturation voltage is approximately 1.8 to 2V.

If we treat the input, which we will call “Vp;, as the difference
between the two inputs, then knowing that Vyy, the output voltage, is the
input multiplied by the open-loop gain “Ay” of the Opamp, then we can say

Vour = AV Voier

From this, we can say the voltage gain can be expressed as

AV — VOUT

VD]F r

Then using the two values from row 1, we can say

4, = 1298 ) 5ok
10

E*°

Similar values can be seen in row 9 whenV;=1.0lmV and V, =
1mV. This means the Vpz: was 10pV when the Vg was 12.99. This would
make the voltage gain a value of 1.299E®.

These values would suggest the voltage gain of the Opamp in open-
loop configuration is in the order of 10E®, that is, 1,000,000, 1E® or more;
the results suggest the gain is 1,298,000. The theory suggests the open-loop
gain is in the order of 10E?, that is, 1,000,000, or 1E®.

If we use the value for the open-loop gain of 1,000,000 and the ideal
maximum output voltage is the power rails, then using a power rail of 15V
we can determine what the maximum voltage difference that the Opamp
can respond to at its inputs as follows:

MaximumV,,,, = MaximumV .. x 4,
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From this, we can say

MaximumV 15
MaximumV,,,,. = UL — =15uV
PIFE A, 10E°

If we use the voltage gain calculated from the results listed in
Table 9-1, we get

15

Maximum VDIFF = W

=11.57uV

Both of these are very small, virtually OV. Consider the 15pV; this is
0.000015, which is virtually 0, and 11.57uV is 0.00001157v, even closer to
0V. What this actually means is that we can consider the two voltages at
the input as being virtually the same, which we interpret as there being a
“virtual short circuit across the two inputs.” Rubbish I hear you say. Surely,
we can see in rows 8 and 16 there is a massive difference between the two
inputs. In both cases, one input is at 1mv, while the other is at 5V, a massive
difference. That is true, but if we look at the output voltage, we can see that
in both rows the output is 13.1V, while, when the difference is only 10pV,
asinrows 1 and 9, the output voltage is virtually the same at 12.98 and
12.99V. This shows that the Opamp treats the two different voltages, that
is, the 10pV and the 5V, as if they were the same. This is because they are
very close or greater than the maximum Vp: the Opamp can cope with.
That is why we say there is “Always a Virtual Short Circuit Across the Input
Terminals.”

If we now look at the current flowing into the two inputs, as measured
with AM1 and AM2, we see that they are very small currents around the
80 and 60 nano amps. What we can say, because of these small currents,
is that virtually no current, even when, as with rows 8 and 16, the currents
are around 2.5pA, flows into the Opamp. We can then interpret this as
there being a very high, ideally infinite, internal impedance at the input
terminals of the Opamp.
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Before we sum up the results of this simulated experiment, I feel I
should say that the fact the Opamp cannot tell the difference between
a voltage difference of 10pV and 5V, the output being the same in both
cases makes the Opamp pretty useless. Well useless in this open-loop
configuration, but, as you will see, we normally use the Opamp in what is
termed a closed-loop configuration. There is one circuit where we might
use the Opamp in the open-loop configuration, but we will look at that
later in this chapter.

To sum up what this experiment has shown us, we can make the
following statements:

1. The open-loop voltage gain, Ay, is very high. We will
use the figure of 10E®.

2. The input impedance is also very high. We will
use the value of infinity. The output impedance is
very low, in the order of 75Q, although we have not
studied this in this experiment.

3. There is a virtual short circuit across the input
terminals.

We will use these statements when we come to analyze how the
following Opamp circuits work.

The Offset Null Inputs

When the two inputs to the Opamp are zero, you would expect the output
of the Opamp to be zero also. However, if you tried this, you would find
that the output would be some voltage other than zero. To try and ensure
the output can be set to zero, when the two inputs are zero, Opamps
usually come with a voltage offset facility. This is normally an extra

input into which you can supply a variable voltage, which can be either
positive or negative, to reduce this unwanted output to zero volts. If we
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look at Figure 9-9, we can expect the voltage at point “X” to be 0V. This is
due to the virtual short circuit across the input and the other input being
connected to ground, that is, 0V. However, if we look at the voltmeter VM3,
we see that the voltage at “X” is 1.02mV. This is called the offset voltage,
and it is due to the internal circuitry in the Opamp. With the basic inverting
and non-inverting Opamps, this offset voltage is not a real problem, and
we can ignore it. However, with the integrating Opamp, this would cause a
problem, and you would have to use some offset voltage at the extra input
to counteract this small voltage.

Under the same conditions, you would expect the input current to
be zero. Also, as we have stated that the input impedance of the Opamp
is ideally infinity, then under any conditions there should be no current
going into the Opamp. Again, if we look at Figure 9-9, we can see that the
ammeter AM2 measures a current of 60nA flowing into the Opamp, but the
theory says there should be no current flowing into the Opamp. Therefore,
there is an offset null current input for you to use to ensure no current
flows into the Opamp if you thought you would need it. When using the
basic Opamps, this is not an issue, but where it might become an issue,
there is an option with the other extra input to the Opamp to offset this
small current.

Before we leave the results of the open-loop configuration, we should
try and decide which way the Opamp creates the voltage difference. Is it
V4 -V3 or V3 - V4? If we assume it is V4 - V3, then when V4 is greater than
V3 we would expect a positive voltage at the output. From Table 9-1, we see
that we do get a positive output for the first four rows. However, at row 5
the output is actually zero, and then for rows 6, 7, and 8 the output voltage
is actually negative. Also, in rows 9 to 16, the output voltage is positive, but
V4 is at 1mV and V3 is higher, going from 1.01mV in row 9 to 5V in row 16.
These last seven results would suggest that the difference is V3 - V4.

However, if that was the case, then why in rows 1 to 4 was the output
voltage positive when V4 was greater than the 1ImV at V3? The answer is

(o))

that the voltage at the “+” or so called non-inverting terminal was made
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up of the ImV at V3 plus this internal error voltage that is created by the
internal circuitry of the Opamp. The results suggest this internal error
voltage is around 1mV, making the actual input voltage at the “+” terminal
2mV. That is why when, as in row 5, V4 is 2mV, the output voltage goes to
zero. Then from then on up to row 9, the output voltage was negative as V4
was now greater than V3.

This is just an example of the fact that there is this internal error
voltage at the input of the Opamp that we might have to offset.

The Unity Gain Buffer

This is the first use of the Opamp we will look at. The circuit for the unity
gain buffer is shown in Figure 9-4.

V215

+
=V315

Figure 9-4. The Unity Gain Buffer

The input voltage is 5V, and we can see that the output voltage is also
5V. This shows that the voltage gain Vg is

Vour 2221
Vie 5

Veaw =
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Hence the name unity gain, but why a buffer? Well, to appreciate that,

we will look at the circuit shown in Figure 9-5.

H R1 300k

= V12

+

W een

R3 1k

Figure 9-5. The Test Circuit for Interstage Loading

The two resistors, R, and R,, make up the first stage of a system. The
resistor R; makes up the second stage. The system is pretty useless, but I

am only using it to explain what interstage loading is and how the Opamp

shown in Figure 9-4 can be called a buffer.

The purpose of the first stage is to provide an input of 1V to the second
stage. We can see that with the second stage disconnected, the first stage is
doing what is asked of it. Let’s now use the circuit as shown in Figure 9-6 to

see what happens when we connect the second stage.
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[] R1 300k

1*

= V12

1l

.
.

O [J roe

VM1 .62my 2 S00K

' J VM2 6.62mV

Figure 9-6. The Two Stages Connected Together

We can see that when we connect the second stage, the 1v has been
reduced to 6.2mV. In this way, we can say that the second stage has loaded
the first stage, that is, this is an example of interstage loading.

The reason why this has happened is that we have put a low resistance
in parallel with a high value resistance, and the combination has effectively
reduced how the first stage sees the 300k resistor. If we combine the two

resistors R, and R; in parallel, we will see what this effective value is as
follows:

R _RxR 300E° x1E°
MR, +R, 300E°+1E°

=996.68Q2

If we now use the voltage divider rule to calculate the voltage across R,
using this new effective value, we get

VxR,  2x996.68

BEE R 4+ Ry 300E° +996.68

I hope this explains why the second stage has loaded the first stage.
This actually can be used to represent a real experience I have shown to
my students when we used an old AVO 7 to measure the voltage across
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two 300k resistors as shown. The problem with the AVO 7 was that with
such a low voltage to be displayed, the input impedance of the AVO 7 was
about 1kQ. As we had to put the AVO across the resistor R2 to measure the
voltage, the AVO itself loaded the 300k resistor, and the measured voltage
was practically OV.

The solution, and this is the solution I did practically, was to insert

||||_
o

3

o

the unity gain buffer between R, and R;. In practice, placing the unity gain
buffer circuit between the resistor R, and the AVO 7 voltmeter used to
measure the voltage across R,. The result is shown in Figure 9-7.

:
2
——3
[

=315

Figure 9-7. The Loading Cured by Inserting the Unity Gain Buffer

We can see that the voltage across R; is now 988.99mV or 1V, and the

volt drop across R, is 988mV or 1V. This is as it should be, and it shows how
the Opamp has acted as a buffer between the two stages. The reason why
it works as a buffer is the infinite input impedance of the Opamp does not
alter the value of the 300k resistor. The first stage still sees R, as the 300k

it should be. Also, the low output impedance of the Opamp, around 752,

is notloaded by the 1k value of Rs. So,  hope you can see why the circuit
shown in Figure 9-4 is called the “unity gain buffer”
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The Inverting Opamp

The next Opamp circuit we will look at is shown in Figure 9-8.

VouT
VM2

viis =

Figure 9-8. The Inverting Opamp

Before we simulate the circuit, we will try to analyze how the circuit
works using some of the statements we derived using the test circuit shown
in Figure 9-3. The first thing we can see is that there is a path from the
output, via the resistor Rg, that feeds some of the output back to the input.
This is why this configuration is termed “closed loop” as there is a loop that
feeds back some of the output to the input. This is called “feedback,” and
we have labeled the resistor Ry as it is in the feedback path.

The next thing we will look at is determining what the voltage is at the
point “Vx” shown on the circuit. Knowing there is a virtual short circuit
across the two input terminals and seeing that the input on pin 3 of the
Opamp is connected to ground, that is, 0V, then we can say that the voltage
at “Vx” must also be at OV.
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If we consider the voltage arrows drawn on the circuit, using the
convention that the arrowhead indicates the more positive end of the volt
drop, it is, I hope, fairly obvious why the arrowhead on Vyy is pointing
toward Vyy, as that is the more positive end of the volt drop. However, it is
not as obvious as to why the arrowhead on the volt drop, Vyg, across Ry is
pointing toward the junction of Ry and pin 2 of the Opamp. We need to
appreciate the direction of the current flow in the circuit to understand
why the volt drop is labeled in that direction. In electrical circuit analysis,
itis usual to use “conventional current flow” that flows from positive to
negative and always flows into the positive end of a voltage drop.

We will consider the current “I;y” first. We can use Ohm’s Law which
states that

=L
R

where the “V” is the volt drop across the resistance in question. The volt
drop is simply the voltage at one end minus the voltage at the other end.
This means that in the case of I}y the volt drop is simply

Voltdrop =V,, =V,

However, using the virtual short circuit across the input terminals, we
have stated that Vx = 0V. This means that the volt drop, across Ry, that is,
Vv is simply V. This means that the current Iy can be calculated as

a2
R, IE

IN

Now we have stated that no current flows into the Opamp because of
the infinite input impedance across the input terminals of the Opamp. This
means that the only place the current can flow is up into the resistor in the
feedback path, Rg. Therefore, we can say

Iy =1
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Also, as conventional current must flow into the positive end of the
volt drop, then the junction of Ry and pin 2 of the Opamp must be the
more positive end of the volt drop, and so the arrowhead for Vi is pointing
correctly in the direction shown.

As to the voltage “Vqyy, this is measured across the other end of R
and ground. It is termed Vyy as it is measured across the output of the
Opamp and ground. We know that one end, the more positive end of the
Ry, is connected to the point “Vy” We also know that Vy is at 0V. This means
that for that end to be more positive than the output end, it must mean
that the output must be negative, which means Vg is -Voyr. We should be
able to see that the voltage -Vyr is equal to the volt drop Vg Using Ohm's
Law, we can say that the volt drop across a resistor is equal to the current
flowing through it times the value of the resistor. This means we can say

VRF = IFRF

Therefore, we can say

-V, IR

our —dpftp

From this, we can say

Vour =—1p Ry

Now we can consider the voltage gain. As always, the voltage gain,

“Vea, can be expressed as

We have expressed Voyr as -IzRg, and similarly we can express Vi as
IxnRin. Therefore, we can say
-1 F RF
IIN RIN

VOUT =

381



CHAPTER9  THE OPERATIONAL AMPLIFIER

However, we have shown that I = Iy, and so we can say

Voain = i
IRy

The two Iy, can cancel out, and so the expression for the voltage gain
of this Opamp circuit becomes

IN
Using the values from the circuit, we can calculate the voltage gain as

—2E°
1E°

VGAIN =

-2

The negative sign means the output is an inversion of the input.

If we simulate the circuit, we will get the results as shown in Figure 9-9.

V215 ==
+
AMS 2mA
IF RF 2K
__),_"‘ f A E —
AM1 2mA <«
| RIN 1k AM2 60.01nA VRF
n
—)-|:|‘+@’ : (A} ~
v A
VRIN g
+ + My +
Lo OP1 UAT41 vouT
VM3 1.02mV VM2 -4V
l
V315 =
-+
Figure 9-9.

The Test Circuit for the Inverting Opamp
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We can create a table of results from which we can make our
comparisons. The table is shown in Table 9-2.

Table 9-2. The Results for the Simulation of the Test Circuit Shown in
Figure 9-9

Parameter Calculated Value Simulated Result
Vy ov 1.02mV

I 2mA 2mA

I 2mA 2mA

Current into Opamp 0 60.01nA

Vour 4 4

Vean -2 -2

The simulated result for the voltage gain was determined using

v, -4
V = our == —2
GAIN I/IN 2

The comparisons, using Table 9-1, are very close to each other and
so show that the calculations using what is basically Ohm’s Law work
very well. We will use the same approach when analyzing the remaining
Opamp circuits.

An Alternative Analysis

Before we do move on to the next circuit, we will go through an alternative
analysis of the inverting amplifier. This uses the superposition rule to
determine the voltage “Vx” due to Viy and Voyr. The principle of the
superposition rule is that we determine the voltage in question with all but
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one source replaced with their ideal internal impedance. We do this for all
sources and then add the results together. With the Opamp circuit shown
in Figure 9-9, there are only two sources that affect the voltage “Vy, and
they are Viy and Vgyr.

Vy Due to Vyyr

To determine the voltage Vx due to Vyyr, we must replace Viy with a short
circuit, as this is the ideal internal impedance of a voltage source. This
would produce the circuit shown in Figure 9-10.

RF

—
it

RIN
VX OP1uAT4

-]

N
;-/

VouT
VMt

VB 15 =

Figure 9-10. VX Due to VOUT

This circuit shows us that the voltage Voyr is the output of the amplifier.
The input to the amplifier is “Vy’, and using the open-loop gain of the
amplifier, we can say

VOUT = AV Vy
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From the circuit shown in Figure 9-10, we can see that the two resistors
Riy and R form a voltage divider network with Vg as the source. This
concept can be shown in the circuit in Figure 9-11.

b

[] RIN

+

C_/) VOouT

VX

Figure 9-11. The Resistor Divider Network

Using the voltage divider rule, we can say

V _ VOUT X RIN
XDUE TO VOUT —
R.+R,

Vy Due to V,,

To calculate “Vy” due to Vi, we replace the Vgyr with a short circuit, and
this is shown in Figure 9-12.
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V515 == RF
+
RIN
VX i OP1 uAT41
F rl "“-.\
1]
i) -
v

VB 15 =

Figure 9-12. Vout Replaced with a Short Circuit
The two resistors would now create the voltage divider network as

shown in Figure 9-13.

VX

Figure 9-13. The Voltage Divider for Vy

Again, using the voltage divider rule, we can say

V — I/IN RF
X DUE TOVIN RIN + RF
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The Complete Expression for Vy

Now we need to add the two terms together to create an expression for Vy

as follows:

— VOUTRIN + VINRF
Ry+R. R,+R.

X

The Expression for the Voltage Gain

We can now use the expression for Vy to determine the expression for the

voltage gain.

Knowing
Vour = 4V
We can say
V, = VZUT
v

This then means we can say

VOUT _ VOUTRIN + I/[NRF

A, Ry+R, R,+R,

R
ur XR’N from both sides, we get
+

F

. ' V
Subtracting the first term —2
IN

VOUT _ VOUTRIN _ I/INRF

A, Ry +R, R,+R,

4

Multiplying through by Ay, we get

AVVOUTRIN — AVVINRF
R,y +R, R, +R,

VOUT -
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We can take Vyyr as a common factor on the LHS gives

A/ Ry }_ A,V Ry

V. 11— =
OUT{ Ry+R,| Ry+R,

Combining the terms in the bracket gives

{Rw + RF — AVRIN } _ AVVINRF

vV =
R,y +R, R, +R,

our

Ry + Ry — AV Ry
RIN RF
for Voyr, and knowing that when dividing with a fraction we invert and

Now divide both sides by the term { } to transpose

multiply gives

— AVV/NRF % R[N + RF
RIN + RF RIN + RF - AVRIN

our

This cancels down to

— AV VINRF
RIN + RF - AV RIN

our

If we divide both sides by Vi, we get
VOUT _ AVRF

VIN RIN + RF - AV RIN

As the open-loop gain Ay is around 10E° and as long as the sum
of R;y + Rris a lot smaller than Ay, we can ignore the R,y + Rrin the
denominator, and this then gives

Vour _ AR __ ARy

VIN _AV R]N AV RIN
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The Ay terms cancel out, and we end up with

Vour _ _R_F
v R

IN IN

v
As the term —2YZ is the voltage gain of the Opamp, we can say
IN
R
Vo = _R_F

IN

This is the same expression that we arrived at using the initial Ohm’s
Law approach. This derivation has been a long process, but when you
get two approaches producing the same result, it gives you confidence in
using the result you have arrived at. Both approaches rely on the condition
that the open-loop gain for the Opamp is very high; some say it’s 10E? our
simulation of the circuit in Figure 9-3 produced a value of 1.298E®.

We can carry out some simulations on the circuit shown in
Figure 9-14 to further confirm the expression for the voltage gain of the
inverting Opamp.

VX

i

. ||||

IE
L]
i

[
v

V215
+

Figure 9-14. The Test Circuit for the Inverting Amplifier
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We have replaced Vin with an ac source set to 20mV peak to peak at
8kHz, and we are using the oscilloscope to measure the input and output
waveforms. This is to show that the expression for the voltage gain works
for ac signals as well as DC voltages. The display for the ac test, with Ry set
to 1k and Rg set to 2k, is shown in Figure 9-15.

eRpdltaag TEY R0 kktalrr (1)
10.00m -

0SC1_Ch

10.00m —

= A /\ /\ /\
-20.00m T T T T T T T T T ]

Figure 9-15. The Input and Output Waveforms for the Test Circuit
Shown in Figure 9-14

Channel 1 displays the input voltage, and channel 2 displays the
output voltage. We can see that the two waveforms are 180° out of phase
which agrees with the negative sign on the expression for the voltage gain.
Also, using the peak-to-peak voltage, the gain is

__VoyrPeak to Peak _ 40E -
Gin V. Peak to Peak 20E”

This is what we expect. We will now change the resistor values and
record the simulated voltage gain so that we can compare it with the
calculated voltage gain as shown in Table 9-3.
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Table 9-3. The Table of Results for the Test Circuit Shown in
Figure 9-14

Row R Re Calculated Vg, Simulated Vg
1 1k 4K -4 —4

2 1K 5k -5 -5

3 3k 5k -1.67 -1.67

4 3k 9k -3 -3

The results do confirm the theory, and so we can now use all the

expressions we have derived.

The Input Impedance of the
Inverting Opamp

You will normally be putting an amplifier onto the output of a first stage
that will create the signal we want to amplify. If that was an audio signal,
then the first stage could be a simple microphone. However, no matter
what the first stage is, we need to consider the possibility of interstage
loading as described in Figure 9-6. This means we need to know what the
input impedance of the amplifier is and how to control it. We have seen
that with the open-loop configuration, the input impedance is very high;
typically, we can say it has an infinite input impedance. However, with the
inverting Opamp, we include two external resistors, one which completes
the feedback path of the Opamp and so closes the loop. The other is at the
input of the Opamp; see Figure 9-8. It will be this input resistance that sets
the input impedance of the Opamp. The way in which it does that is shown
in Figure 9-16.
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Rin

Rinternal

Gnd

Figure 9-16. The Input Impedance of the Inverting Opamp

Figure 9-16 shows the input resistor, Rin, connected to the Opamp.
It also shows the internal impedance across the input terminals of the
Opamp. As the Opamp does not draw any current into the amplifier, then
this internal resistance is said to have an infinite value. There is a dashed
line outside the Opamp which represents the fact that there is a virtual
short circuit across the two inputs of the Opamp. It is not a real short
circuit as this would remove the workings of the Opamp. However, because
of the high open-loop gain and the maximum voltage difference that the
Opamp can distinguish, as described earlier, there is an electrical short
circuit across the outside of the Opamp. This actually means that the end
of the Rin resistor at the Opamp is connected to ground. This then means
that the internal resistance of the Opamp is electrically taken out of the
circuit. This means we can say that the input impedance of the Opamp
is set by the value of Rin. This can be confirmed if we look at the circuit
shown in Figure 9-8. This shows that when the input voltage was 2V, the
input current was 2mA. We should appreciate that, by rearranging Ohm's
Law, we can determine the input impedance of a system by measuring
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the input current for a known input voltage. Using this concept, we can
determine the input impedance as

R,Nzﬁzézmzlk
I, 2E

This is the value of R;y as shown in Figure 9-8. This confirms that the
input impedance of the inverting Opamp is simply the value of Ryy.

Designing an Inverting Opamp

Using the concepts we have looked at so far, we can design an inverting

Opamp to comply with some simple specifications. For example, design an

inverting Opamp that has a gain of -3 with an input resistance of 10kQ.
The specification gives us the value for Ry as we know it is the value of

Ry that sets the input impedance of the Opamp. This means that R;y must

be set at 10kQ. All that remains now is the value of the feedback resistor

R;. To set this, we can use the expression for the voltage gain which is

We know this must be set to -3, and so if we rearrange the expression
for the gain to an expression for Rg, we get

Ry =—R\Viun

Putting our values in, we get

R, =—10E°(-3)=30k

We can simulate the test circuit shown in Figure 9-17 to confirm that
the circuit works as expected.
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V515 =
+*
ANE 199 84uA
R4 30k
Wyl -
AN 199.9UA AV
R5 10k ANG 60.020A o 1o
— +f;a\" +:’RY' 2 I~
pa¥ P s
+ 52/ N
=v42
| VM1 -5.99V
V615 =
+*

Figure 9-17. The Test Circuit for Example 1

The test circuit for example 1 shows that the output voltage was -6V
when the input was 2V. This confirms the gain is set to -3. The input
current was 200pA when the input voltage was 2V. Using these values, the
input resistance can be calculated as

_Vw 2

R, =-2= =10E> =10k
™ Iy 200E

Exercise 9.1

Design an inverting Opamp for the two following specifications:
1. Theinputimpedance is 15k, and the gain is -4.

2. The gain is -5, and the feedback resistor Ry is 15kQ.
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The Non-inverting Opamp

As there is an inverting Opamp, it is only right there should be a non-
inverting Opamp. The circuit we are going to look at is shown in
Figure 9-18.

=V115 J_
+
OP1 uA741
=vV32 VX 3 .\“\” VOUT
’ <]
4-,' 2 7/
- R1 1k )
VB |
VM1

2 . R2 1K
= V215

al

Figure 9-18. The Non-inverting Opamp

We are again starting off with a DC input voltage. This is V; which
we will call the input voltage Viy. We can see that Vi will be at the same
voltage as Vi, and so Vx will, in this case, be 2V. Then knowing there is a
virtual short circuit across the input terminals, we can say Vi = Vx = 2V. The
two resistors, R, and R,, create a voltage divider network that divides Voyr
between them to obtain the voltage Vi as

V _ VOUTRZ
* R +R
1 + 2

However, we know Vi = Vi = Vi, so we can say

I/[N — IZOUTRZ
1 + R2
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R,

If we divide both sides by the fraction knowing we must invert
1 2

and multiply, when dividing by a fraction, we get

R, R +R, R,

v RAR _VoyRy R+R,
IN

This cancels down to

If we now divide both sides by Vy, we get
Rl +R2 — VOUT
R V

2 IN

This means that the expression for the voltage gain Vg, is

v VYo _RAR R R R R
GAIN
I/vIN R2 R2 R2 R2 R2

This shows that the voltage gain for the non-inverting Opamp can be
expressed as

1+£

2

VGAIN =

If we put the values into this expression, we get the value for the circuit
shown in Figure 9-18 is

Vo =l+—=2
GAIN 1E3
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This means that for the circuit shown in Figure 9-18, the output voltage
can be calculated as

Vour =Viy XV =2V x2=4V

When we simulate the circuit, we see that the output voltage is 4V. As
there is no minus sign associated with the expression for the voltage gain,
then this means there is no inversion at the output, and the output voltage
would be in phase with the input voltage. We can test this further with the
test circuit shown in Figure 9-19.

0SC1 1u

.
=V115
Iover OP1 uA741
>
R1 3k

= V215

Figure 9-19. An ac Input Voltage for the Non-inverting Opamp

We can determine the gain for the circuit using the expression for the
gain and putting in the values for the resistors as

R 3
VGA,N:1+—1:1+3E

=4
R, 1E°

The input voltage was set to 20mv peak to peak, and the circuit was
simulated. The waveforms displayed were as shown in Figure 9-20.
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BE BB YRS THFW R0 dakiAlr 4D
10.00m --/"

10.00m —! |
40.00m SR T i e

1 v

Figure 9-20. The Waveforms of the Circuit Shown in Figure 9-19

We can see that channel OSC1_Chl shows the input voltage, and
channel OSC1_Ch2 shows the output waveform. The peak-to-peak output
voltage is 79.93mv, so say 80mv. We can calculate the voltage gain as

V _ VOut Peak—To—Peak __ 80E73

GAIN — - 3
KN Peak—To—Peak 2OE

This confirms what we expect the gain to be.
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The Input Impedance of the
Non-inverting Opamp

This is similar to the inverting Opamp except that there is no input resistor
to put in parallel with the internal impedance of the Opamp. This means
that the input impedance of the non-inverting Opamp is simply set by the
internal impedance of the Opamp. We could say that the resistor in the
position of R, (see Figure 9-19) is in series with that internal impedance

as itis in the path down to ground for the input. However, a value of
infinity plus a small 1k or 100k resistor is still at a value of infinity. This
means that the input impedance is ideally at infinity. That is why we can
use an Opamp, set up as a non-inverting Opamp, to work as a buffer; see
Figure 9-4.

Exercise 9.2

Design a non-inverting Opamp that has a gain of 5 if the value of the
resistor in the position of R, (see Figure 9-19) was 2kQ.

Redesign the Opamp if we wanted to use a 15kQ resistor in the position
of R, (see Figure 9-19), and the gain required was a gain of 4.

The Operations of the Operational Amplifier

We said earlier that the Opamp got its name because it could carry out a
range of mathematical operations. In this section of the chapter, we will
look at some of those mathematical operations.
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The Summing Opamp

We will start with an amplifier that can sum a number of inputs. The circuit

for this summing Opamp is shown in Figure 9-21.

NCC15 - AM2
k
* — +f£‘f‘
AL
= OP1 uAT41
2 ’
o 0}
N VM1
P
WOC 15 =
T

Figure 9-21. The Basic Summing Opamp

The purpose of this Opamp circuit is to amplify the sum of the input
voltages. We will analyze this circuit to see how it does that.

This is a very similar circuit to the inverting Opamp except that there
are now two inputs being applied to pin 2 of the Opamp. We know that
whatever current flows toward the Opamp must flow through the resistor
in the feedback path, which is R; in this circuit. We also know that it will
flow in the direction from pins 2 toward the output on pin 6. This then

means that the output voltage Vo can be expressed as

Vour =—1pRy

We also know that I = Iy. In this circuit, the input current I;y equals Iy,
+ Ig,. Also, because of the virtual short circuit across the input terminals,
the voltage at pin 2 of the Opamp is OV. This is because the voltage at pin 3
is at ground or 0V. Using Ohm’s Law which states

I==
R
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This really means

The current flowing through a component

_ The voltage at one end of the component minus the voltage at the other end

Impedance of the component

Using this interpretation of Ohm’s Law, we can say

_h-0_n
R R

1

R1

1 1

If we apply this to the current flowing through R,, we can say
Iy, = il = &
R R

2 2

These two currents both flow into the node at pin 2 of the Opamp, and
the feedback current I flows out of the node, as no current can flow into
the Opamp due to the infinite input impedance of the Opamp. Therefore,
using Kirchhoff’s Current Law (KCL), we can say

IF :]m +]R2

We know the V= — I:R; and so we can say

VOUT = _([Rl +IRz)R3

Substituting the expressions for the two currents, we have

|2
Vour = _[El] +R_22jR3
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If we ensure that R, has the same value as R, and we call this Ryy,
we can say

R
VOUT = _(Vl + Vz)R_3

IN

From this, we can say

Vor _ R
V+V, Ry

AsV, and V, are the input voltages, then we see that this circuit will be
summing the separate input voltages to create the input to the Opamp.
Also, we can say the voltage gain of the summing Opamp is

However, this is only true as long as the values of the input resistors are
all set to the same value which would be equal to Ryy.

With respect to the circuit shown in Figure 9-21, we can see that R, and
R, are both set to 1k, and so we can say Ryy = 1k. Then knowing that R; is
also set to 1k, we can say the voltage gain of the Opamp is

R, 1E°
__3:_1
1E

VGain - R

IN

This means we can calculate the output voltage “Vy;” as follows:

v, v, 1 2 3
Vor =—| 42 |R =—| —+ = |IE> =——1E* =-3V
our (R RJ 3 (13 13j 1E3

1 2

As R; = R, = Ry, we could have calculated the Vi as follows:

R 1E°
VOUT = _(Vl + VZ)R_S = _(l+2)F =-3V
IN
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We can also calculate the value of the currents in the circuit as follows:

v 1
I, =—t=—=1md
MOROIE
vV,
I, =—2=—"=2mA
R2 R2 3
Knowing
IF = IRI + IRZ
Therefore

1. =1mA+2mA =3mA

When we simulate the circuit shown in Figure 9-21, we can see the
results as shown in Figure 9-22.

vocis = AMASRRSAA o AMEZ 3mA
+ + A — R3 1k
,\J_Ay — — +/‘A‘\"
— o
OP1 uAT41
- +
N 0}
- VM1 -3V

Figure 9-22. The Simulated Summing Opamp

The simulated results are the same as the calculated results, and so
they confirm the calculations.
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The summing Opamp gives us the ability to vary the gain of the
individual inputs. This is when we don’t make the input resistors have the
same values. This is called a weighted summing Opamp. An example of
this is shown in Figure 9-23.

AM4
NCCI5= AM2
. RIZK  —~a
A
OF1 UAT41
~ +.
2 1N
>s v M
VM1
.| .
LT
WCC 15 2=
+—|_ =

Figure 9-23. The Weighted Summing Opamp

The feedback resistor R, is the multiplier factor of the Opamp. The
expression for the output voltage Vo is

Vour == ﬁ"'&"’ﬁ R,
R R, R

Putting in the values from the circuit, we have

1 22
Vo =4 +— 2E*=—(2E7 +1E> +2E3)2E* =-5E2F°
our (500 2E° 1E3j ( )

Therefore, V,,,, =—10V
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We can calculate the currents flowing around the circuit as follows:

B2,
R, 1E

1. =1p +1p, + 15y =2mA+1mA+2mA =5mA

The simulated results are shown in Figure 9-24.

AMA 2ZmA R1500
A
= A 4TuA
VeC 18 = mgig o R i e smA
* — Y
A
AMS 2mA &S 1k
.
=vit |. . AW SmA, OP1 UAT41
Lo L, N o)
3
-I- . /./ VM1 -9.99V

+CC 15:-T-_ L
Figure 9-24. The Simulated Results of the Weighted
Summing Opamp
The simulated results are very close to the calculated results, and so
they confirm the expressions are correct.
One application of the summing Opamp could be as the summing
junction of an analog control system. The basic block diagram of an analog

control system is shown in Figure 9-25.
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Error Drive

Set Point Voltage Voltage Output

Controller Drive Unit

Y

o
Measurement <

- Syst
Feedack ystem
Voltage

Figure 9-25. The Block Diagram of a Basic Control System

The summing junction is the circular block which will sum the set
point with the feedback voltage.

Exercise 9.3

Design a summing Opamp to conform to the following specifications. The
supply rail for the Opamps was the normal F15V.

1. A summing Opamp has the following three input
voltages: V1 =2V, V2 = 0.5V, and V3 = 1V. The input
impedance for each of the inputs should be 5k, and
the voltage gain of the Opamp should be -3.

2. A weighted summing Opamp had the same three
inputs as those in specification 1. The feedback
resistor was chosen to be 9k. The gain for V1 was to
be -1, the gain for V2 was to be -3, and the gain for
V3 was to be -2.

3. Inthe design for specification 1, explain what
the issue would be if the V1 input voltage was
changed to 5V.
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The Differential Amplifier

This is the next operation we will look at that can be implemented with

an Opamp. It is probably one of the first applications of the Opamp which
followed on from the long-tailed pair circuit as discussed in Chapter 8. The
circuit for the differential amplifier is shown in Figure 9-26.

VOS5 52 AM3

+:é,. R1 4k — +@

ve OP1 uA741

‘r\u

R2&k | VM
F@ &VA L

1L
My
s
>
=]
/i
<)
N4

WeC1s =

:l'

Figure 9-26. The Differential Amplifier

The purpose of this Opamp circuit is to amplify the difference between
the two input voltages. We will analyze this circuit to see how it does that.

Knowing there is a virtual short circuit across the input terminals
means that Vy must equal V,. Using the voltage divider rule, we can
calculate the voltage V, as follows:

__VR,
R, +R,

A

Putting the values from the circuit into the expression, we have

2x8E°  16E°
4E° +8E° 12F°

4=

=1.333V
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This means Vi = 1.333V.
This means we can now calculate the current flowing through R, that
is, I, as follows:

V-V,
Iy = IR ?

1

~1-1.333
4E°

=-83.2504

This means that the current Iy, is flowing from pin 2 of the Opamp
toward the input voltage V. This is because the voltage V; is greater than
the voltage V,.

We know this current must flow through the feedback resistor R; as the
feedback current Iz. This means that

I, =-83.25u4
This also means that the feedback current must be flowing back from
Vour toward pin 2 of the Opamp. This means that Voyr must be more

positive than Vy. Using the expression for Iz, we can calculate VOUT as
follows:

Multiplying both sides by R, we get
IRy =Voyr =V

Therefore, we have

VOUT = IFR3 +Vy

Putting the values from the circuit into the expression gives

Vour =83.258E* +1.3333=1.999%

We don’t include the minus sign for the current I; as we are saying the
current flows from Vqy; toward pin 2 of the Opamp.
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The simulated circuit showing the results is shown in Figure 9-27. Note,

we have turned the ammeters AM1 and AM3 around to accommodate the
direction of current flow.

vecis = AN 83.53uA ANB 83,5808
+ R3 8k
ns 2 G
(Af—rc= A=
ve OPt uAT41
. N
+ 2
=v11 GD’
T AMZ 166720A 4k /

. > - VM1 2V
_l_—KBJ—': & A <
|

+
=Vw22 +
R4 8k @
[ v,

L

v

woc s =

:r

Figure 9-27. The Simulated Results for the Differential Amplifier

We need to relate the output voltage to the input voltages V, and V,. To
do this, we use the fact that Iz = I,. The expression for I, and so I is

Iy = il =1
Rl
This assumes that Vy is greater than V; if it isn’t, then the result will
be a negative value for Iz. This would mean the current would flow in the
opposite direction. The direction of the current we are assuming with this
expression is that it flows from the direction of Vy; toward Vi. Note the
orientation of the ammeters AM1 and AM3 in Figure 9-27.

We know V; =V, and that the expression for V, is

__NR, _
R +R, °

A

409



CHAPTER 9  THE OPERATIONAL AMPLIFIER
The feedback current I can be expressed as
V.-V
IF — OUZ2 B

3

As I; is the same as I,, then we can say

VB _Vl _ VOUT _VB
RI R3

We can get rid of the two denominators by multiplying both sides by
R,Rs. You need to remember you can do any legal mathematical operation
so long as you do it to both sides of the equal sign. This gives

(VB _VI)RIR3 _ (VOUT _VB)R1R3
R R

3

1

This allows the denominators to cancel out as follows:

(VB _VI)R3 = (VOUT _VB)RI

We can now expand the brackets which gives

VyR, — VIR, = VOUTRI —VR

Adding the ViR, term to both sides gives
VBR3 - V1R3 +VR, = VOUTR] —VyR + V3R,

This simplifies to

VBR3 + VBR] - V1R3 = VOUTRI

We can take the Vi term out as a common factor on the LHS as follows:

Vg (R3 +R ) —ViRy =V R,

When we create the circuit, it is normal to let R, =R, and R; = R,.
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This means we can rewrite this expression as

VB (R4 + Rz ) - V1R4 = VOUTRZ

We have an expression for Vi which is

_ VR,
R, +R,

B

Substituting this into the expression, we get

ViR,

R, +R, (R4 +R, ) —ViR, =VourR,

This now cancels down to
V2R4 - V1R4 = VOUTRz

We can take the term R, out as a common factor which gives

R, (Vz - ) =VourRy

If we divide both sides by R,, we get

R =T
which cancels down to
BT Vo
This can be written as
Vour = (Vz - )%
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If we now divide both sides by (V, — V}) and cancel out, we get

Vour 2&
- R

The term V,-V is the differential input and so the expression

VOUT

V=V

This is an expression for the output/input which is the gain of the
differential amplifier.
This means the expression for the voltage gain is

This expression assumes R, is the same value of R,, and R, has the
same value as R,.
Using the expression for Vg and using the values from the circuit
shown in Figure 9-26, we can say
R 8
Vour =(V, —K)f=(2—1)4—3=2V

2

The voltage gain Vg is

R, &
GAIN R2 43
To reflect this and the fact that R; = R, and R; = R,, we can simulate the
circuit shown in Figure 9-27.
The simulated results confirm that Vi = 2V. Also, the V, voltage, VM3,
and Vy voltage, VM2, are the same at 1.33V.
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To change the gain of the differential amplifier, we must change the
value of R, and R,, but at the same time, we must ensure that R; has the
same value of R, and R, has the same value of R,. This assumes that the
numbered resistors are in the positions as shown in Figure 9-27. As an
example, to create a gain of 5, we can set R, and R; to 10k and keep the
value of R, and R, at 2k.

Exercise 9.4

Design a differential amplifier that has a gain of 6 when the two input
resistors R, and R, were 3k. Calculate what the expected output voltage
would be if V, was 250mv and V, was 100mV. Calculate the current I;.

A Useful Application of the
Differential Amplifier

In Chapter 8, we looked at using the basic differential amplifier to amplify
the output of a temperature transducer placed in a Wheatstone bridge
arrangement. The Opamp is essentially an improved differential amplifier.
The open-loop gain of the Opamp has been increased to around 10E® to
1ES. This next part of this chapter will look at using the Opamp to amplify
the output of a transducer in that arrangement. This arrangement is shown
in Figure 9-28.
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VM1 9.18m

VCC 15 =
. R3 100k
RS 100 R 100
A
| Rt | optuaren
va  |vme-a97uv — ™~
1 ve
+ R2 10k .. N
. l—‘:'—?—x
A VI 25V VNG 2.5V
T I (I
R7 100 lRemo I;] Ré 100K
Woc1s =
+

T

Figure 9-28. The Differential Amplifier Used to Amplify the Output of

a Temperature Transducer

The temperature transducer used in this application is a typical

PT100, and it is represented by R¢ in the circuit. The Wheatstone bridge

arrangement is the four resistors: R;, Rg, R;, and Rg. They are all precision
resistors, except R6 which is the PT100, each with a value of 100Q. This is
because, at 0°C, the resistance of the PT100 is 100Q2. This means that, at
0°C, both pairs of resistors in the bridge, R5 with R7 and R6 with R8, form
a voltage divider network with the 5V supply, V,. This means that at 0°C
the voltage at “V,” and “V}” should be equal at 2.5V. This would mean that
the difference voltage would be 0V. However, the voltmeter VM2, which

will measure this voltage difference, is showing a value of -4.97pV. This is

due to the internal circuitry of the Opamp creating this error voltage. This

could mean that we would need to apply an offset voltage to the Opamp

to zero this error voltage. It does depend upon how accurate you want the

temperature measurement to be.
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The PT100 is a resistive temperature detector which has a positive
coefficient. This means its resistance increases when the temperature
increases. The relationship of the RTD is

R=R,(1+aT)

where R, is the resistance at 0°C, which for the PT100 is 100Q2. The
term “T” is the temperature in °C, and the term “a” is the temperature
coefficient for the RTD. In reality, there are more temperature coefficients
in the expression, but the others are so small they can be ignored. A typical

value for “a” would be 25mQQ per °Crise in temperature. This would mean
that at a temperature of 50°C, the resistance of the RTD, Rq, would be

R, =100(1+0.025x50)

Therefore

R, =100(1+1.25)=2250Q

This would change the voltage at point V; as the expression for the
voltage at Vy is

_ VR
" R, +R,
Putting the values in, we get
y, =210y sy
225+100

This means that the voltage difference would be

Vowr =V, —Vy =2.5-1.538=961.54mV’

Note, V, will stay constant at half of V}, that is, 2.5V.
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Knowing that, the gain of the amplifier is set by

R, 100F°
VDi}fgain :R_4: 10E3 :10
2

Therefore, with a Vi of 961.54mYV, the output voltage would be

Vpw =Vpy x10=961.54E7 x10=9.6154V

If we change R to 225Q2 and simulate the circuit, we see that the output
voltage is 9.56V, very close to the calculated value.

Exercise 9.5

Using the same value for the PT100 and the components in the circuit
shown in Figure 9-28, determine the output voltage of the amplifier when

1. T=12°C.
2. T=175°C.

There are two issues with this use of the differential amplifier. The
first is that you must ensure the differential amplifier does not load
the Wheatstone bridge. This is because we are putting the differential
amplifier in parallel with the Wheatstone bridge. With respect to the circuit
in Figure 9-28, we can see that the input connected to R, would not be
loaded by the Opamp as the path to ground would put R, in series with the
infinite internal impedance of the Opamp itself and R,. However, the other
input connected to R, has only the value of R, in series with it to the path
to ground. This means that the V, input has the voltage divider network as
shown in Figure 9-29.
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[ rs 100

1|1l

= V15
R2 10k

[] RHOO/GD” [] R4 100k

Vi

Figure 9-29. The Loading Circuit of the Opamp for the Voltage at VA

In this circuit, we can see that R; is in parallel with the series
combination of R, and R,. We can calculate the value of R, that accounts
for the loading effect of R, and R, using
R - R, (R2 + R4)

" R, +R,+R,

Putting the current values in, we get

_100(10E3+100E3)

= . £=99.910
100 +10E° +100E

Not much loading, but R, is 100k, not a small value of resistance.

Exercise 9.6

Show that if R, was 1k and R, was 10k, which gives the same voltage gain,
remember we must make R, = R, and R; = R,, the voltage V, would reduce
to 2.489V. Not much difference, but then an error of 11.31mV would
produce an error in the temperature reading of 0.363°C.
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The second issue with using the circuit as shown in Figure 9-28 is not
to do with the Opamp, but it is that this arrangement of the RTD in the
Wheatstone bridge would not produce a linear response. This would also
introduce some small errors, and so some RTDs have an extra linearizing
input to try and compensate for this. But that is really for a different book.

The Integrating Opamp

The next Opamp circuit we are going to look at shows more clearly why
the Opamp is an Operational Amplifier. The output of the circuit would
be the integration of the input. The circuit for the integrator is shown in
Figure 9-30.

V115 =
RIN 1k CF1u
11

[~
3 : outt
l L1 SOP1 uAT41

<

—| ll‘—
[
A

<

[ ]
Lo

il

Figure 9-30. The Integrating Opamp

It actually carries out an integration of the signal presented at its input.
To appreciate how the integrating Opamp works and what it is trying to
achieve, it would be useful to recap on what integration is. Integration is
not just a mathematical operation dreamed up to make students suffer. It
has real meaning, like everything else we engineers do.
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Integration is the act of determining the area under a graph or curve
for the expression that describes the quantity we are looking at. The best
way to understand what integration is would be to look at an electrical
quantity. We will consider a DC current that is a constant at 5mA for all
time. We can describe the quantity as

I=5mA
Using this description, we can draw a graph or curve of the expression

for the current “I” The graph would simply be a straight line as shown in
Figure 9-31.

mA

Charge Q

|° 1 2 Time ‘' m$

Figure 9-31. The Graph Showing a Constant Current of 5mA
for 2.5mS

The graph shows a 5mA current applied for approximately 2.5ms. The
area under the graph or curve of the blue line is simply the area of the
rectangle, and this can be determined as Area = 5t, that is, 5 times t. If you
have done integration before, then you should know that if you integrate 5
with respect to “t, you get the result 5t.
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The preceding example should help to make it clear what integration
is. However, it does two more things; firstly, it shows that the integral of a
constant produces a straight-line graph that starts at zero. This is shown in
Figure 9-32.

/

//

0

time t

Figure 9-32. The Graph of the Charge Q = 5t

The graph is correct because when t =0, then 5xt=5x0=0, and so
the area, A, is 0. Then as time goes on, the result of 5t increases linearly to
produce the straight-line graph. This really shows that the area under the
curve is growing linearly, from 0, as time moves on.

We know that when we force current into a device, such as a capacitor,
or a battery, we make charge, “Q” in Coulombs, flow into it. Even if the
current is not charging anything up, the flow of current is the movement
of charge. This should help to appreciate that the area under the curve of
the current, shown in Figure 9-31, is actually the amount of charge being
moved. When t = 0, no charge has been moved, but as time goes on, the
charge being moved must increase. Therefore, the integral of the current is
the charge “Q”

Knowing this, we can say that

O=lidt
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There is also another standard expression that relates charge “Q” to the

voltage across a capacitor, and that is
Q=CV

where C is the capacitance and V is the voltage across the capacitor.

We can use the preceding two expressions to derive an expression for
the output voltage of the integrating circuit shown in Figure 9-30. We know
from our analysis of the inverting Opamp that the input current that flows
through R, must flow around the feedback path through the capacitor C,,
as no current flows into the Opamp. We also know that, as there is a virtual
short circuit across the input terminals of the Opamp, and that pin 3 is
at ground, that is, 0V, the volt drop across RIN is VIN - 0. This means the
expression for the input current is

V=0 Wy
RIN

To derive the expression for the feedback current, “Iy’, we need to
appreciate that the current flowing into a capacitor will push charge into it
and so charge the capacitor up. This means we can use the expression for
charge “Q” which is

Q=[1,dt
It is not easy to measure the charge in a capacitor, but we can measure

the voltage across the capacitor as it charges up. The relationship we can
use for this is

QZCVC

where V¢ is the voltage across the capacitor. The two expressions for
charge “Q” must equal each other. Therefore, we can say
CV.=1I,dt

If we multiply both sides by L , we will remove the “C;” from the

LHS. This is shown as follows:  ©
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1 1
—CV.=—]I.dt
CF F'C CF F

The two “Cg,” cancel out which gives

V.= CLFI 1, dt
However, we know
_; P
I.=1,= R_IN
Therefore, we can say
V.= CLI Zﬂ dt
Fo Ay

1 . - .
We can take the — out of the integral as it is a constant. This

then gives w

1
V.= (v dt
¢ CF R[N o

The voltage “V.” is the same as the output voltage “Voyr” except that to
maintain the direction of the current the output voltage must be negative.
Therefore, the expression for Vyyr is

1
Vour =————1V,, dt
our CFRIN IN

This confirms that the output voltage is the integral of the input

voltage. However, the output is tempered by the term — . This will

CFRIN
invert the integral output and slow its rise down. If the input voltage “Viy”
was a constant, then the output would be a straight line, as shown in

Figure 9-32, but the gradient would be negative, and the gradient would be
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14

IN
controlled by the '~ p term. If we use a transient analysis to study the
F7YIN

output of the circuit shown in Figure 9-30, we would get the display shown

in Figure 9-33.

BH G rAAY TG0 kIR,
=

0.00—

-5.00—

4

-15.00

-20.00 : : : : : :

0.00 1.00m 2.00m 3.00m 4.00m
Time (s)

Selected Curves = AN Curves

xfem |0

Figure 9-33. The Output Voltage of the Integrating Opamp

The transient analysis only looks at the first 5ms after switching

the circuit on. This is because, approximately 2.5ms after turning

the circuit on, the output voltage has reached its maximum output

5.00m

of around 13V. However, from 0 to 2.5ms, the output is linear with an

expression that is
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v
our =~ et =— 765 S1=—5E’t
C.R,  1E°xIE

Using this expression, we can determine the output voltage when t =
1ms and t = 2ms. This would give the following:
When t = 1ms:

Vor =—SE*x1E7 =5V

and
when t =2ms:

Vour =—SE’x2E~ =10V

This can be confirmed by inspection of the output voltage in
Figure 9-33. When t = 1ms, we can see that the voltage is 5V as expected
and 10V when t = 2ms.

To confirm the relationship for the gradient, we will change the
resistor to 5kQ. This would reduce the gradient which means it would take
longer for the output voltage to reach the maximum of -13V. We could
calculate the time it would take for the output voltage to reach the negative
maximum of around -13V as we know the expression for the output
voltage would now be

Vour =— Vo _ 765 ct=—1E"
C.R,  1E°x5E

This expression can be rearranged for time “t” as follows:

t= Your _ —_133 =13ms

-1E* -1E

We can now simulate the circuit extending the transient analysis to
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20ms. The display of the output voltage is shown in Figure 9-34.

BEH RRNAAY THFLESO KRV (S
0.00—, ®
-5.00
5 -10004
-15.00-
-20.00 T T T 1
0.00 5.00m 10.00m 15.00m 20.00m
Time (s)
Seiected Curves | AN Corves
A
x1130m ¥ t

Figure 9-34. The Output Voltage When RIN = 5k

We can see from Figure 9-34 that it now takes 13.03ms for the output
voltage to reach -12.99V. This agrees with our calculations and so confirms
the theory of the integrating Opamp.

Exercise 9.7

Determine the gradient and the output voltage after 250ps and 300ys if the
following changes to the circuit shown in Figure 9-30 were made:

VIN changed to 7.5V
R1 changed to 4.7k

C1 changed to 100nF
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A Sawtooth Generator

When we apply a square wave signal, we can turn the integrating Opamp
into a sawtooth generator. This is basically because with the square

wave we are applying two DC signals to the integrator. We will call the
period that the square wave is positive as D¢; and when it is negative Dc,.
Assuming that the square wave is a basic one which has a 50/50 duty cycle
and has a peak value of 1V, then we can say D¢, = +1V and D¢, = -1V. We
know that when we integrate a constant, the expression we will get is that
of a straight line. This means that during the time the square wave is at D,
the output voltage will be -D¢,t, and during the time the square wave is at
D¢y, then the output would be -D,t. However, the gradient of the output

would be controlled by the expression
INTF

We will test the circuit by applying a 50/50 square wave with a peak
voltage of 1V at a frequency of 50Hz. This means the time period for each
of the linear outputs would be 10ms. We will use the test circuit as shown
in Figure 9-35.

l =

V215 ==
+

Figure 9-35. The Test Circuit for the Integrating Opamp with a
Square Wave Input
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We have already shown that the expression for the output

voltage will be
v,
Vour =——2—t
our CFRIN

Therefore, during the first time period when the square wave was at
DC1, the expression for VOUT is

D
Vour =— <t

CF R]N

This will exist for half of the periodic time.
During the second time period, the expression would be

—D, Cc2
CF RIN

t

VOUT =

Putting in the values from the test circuit, during the first period we get

1

vV, =——t=—1E%
our T | ESx1E?

During the second period, the output voltage would be

-1

| N ——" . 2
our T 1Ex1E?

This shows that during each period, the output would swing 10V as
Vour ==1Et=—1E’ x10E~ =-10
This means the output voltage would start off with a negative gradient
going from t = 0 to t = 10ms. Then the output would change to a positive

gradient going from t = 0 to t = 10ms; note, at each change, the respective
time “t” must start again. Ideally, this sawtooth waveform would settle with
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a middle voltage of 0v, which would mean the waveform would go from
+5 down to -5 and back to +5 at a frequency of 50Hz. However, when we
simulate the circuit, the waveforms produced are as shown in Figure 9-36.

+ +-+ -
PH|RBNAARH THLE~0 MK AN (T
1.00
0SC1_Ch1
-1.00-
14.00+
0SC1_Ch2
2.00 T T T . T 1 T T T 1
0.00 10.00m 20.00m 30.00m 40.00m 50.00m
Selected Curves | All Curves
A g B-A Frequency
xpom | vpn | | [xfosm iz Jac|[x-oom  yess oo

Figure 9-36. The Waveforms of the Sawtooth Generator

The output voltage is indeed a sawtooth as required, but it swings from
13V down to 3V, a 10V swing but not around 0V. This is due to the internal
error voltage producing a steady DC input that sends the output toward
the voltage rails.

Before we look at a possible solution, we need to consider the values
of the capacitor C; and the resistor Ryy. If we make these values too small,
then the gradient of the expression could be so steep that the output
voltage would reach the supply rails before the square wave changed its
polarity. Indeed, if we want to create a sawtooth that has a 50/50 ratio,
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then the square wave input must have a 50/50 duty cycle, and the gradient
of the output should be such that the output voltage would not reach the
supply rails in half of the periodic time of the square wave.

To help explain this, we will use a square wave input of 2V peak at
a frequency of 1kHz. The periodic time for a 1kHz waveform is 1ms.
Therefore, half the periodic time will be 500ps. Knowing that, the
expression for the output voltage is

D,

Clt

CF RIN

VOUT ==

You need to decide what pk-to-pk value you want the waveform to
move through. Then knowing the output will swing through this pk-to-pk
value in half the periodic time of the input frequency, we can derive an
expression for the CR product as

D

C1

C.R, =
e (pk—to—pk)Zf

We know that D, is 2V at a frequency of 1kHz, and the pk-to-pk of the
output is 10V; therefore, putting the values in, we get

2

—=——=100E"°
(10)2x71° 00

CF Ry =

If we use a 1k resistor for Ry, the value of the capacitor would be
100nE. If we change the input and capacitor values for the circuit shown in
Figure 9-35 and simulate the circuit, the waveforms obtained are shown in
Figure 9-37.
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Figure 9-37. The Waveforms with a 2V Peak Square Wave at a
Frequency of 1kHz

The channel 2 trace shows the output voltage, and it is indeed the
sawtooth waveform we expect with a pk-to-pk voltage of approximately
10V as required. However, we can see that it is not centered around the
0V line, but it has been raised up to be centered around the 8V line. This
is because the internal error voltage that is created by the Opamp itself
represents a DC input that will be integrated by the Opamp, producing a
rise that takes the waveform up to this false DC level. We could try using
an offset voltage to try and counteract this error voltage, but an alternative
approach might be to modify the feedback circuit as shown in Figure 9-38.
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Figure 9-38. The Feedback Circuit Changed to Include the

Resistor R1

When we simulate the circuit, the waveforms obtained were as shown

in Figure 9-39.
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Figure 9-39. The Waveforms for the Modified Integrating Opamp

Channel 2 shows us that the pk-to-pk value of the output is still the 10V
we wanted, but now it is centered around the 0V line, which is much better.
To understand why this has happened and how we have decided upon the
value of 16k for R,, we need to look at the feedback path.

There are basically two paths now, one through the capacitor and one
through the resistor R;. This is because the Opamp has two signals at its
input, one being of an ac signal, that is, the square wave input, and the
other being a DC signal, that is, the error voltage from the Opamp itself.

As one feedback path includes a capacitor, then, as the frequency of DC
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is 0Hz, the capacitor will block DC. This means that the DC current must
pass through the resistor R,. This means that to DC the Opamp acts like an
inverting Opamp, and the gain of the Opamp to any DC signal is

Using the values in the circuit, this would mean

3
pc. = 30F _

Gain 1 E 3 _3 0

This means that the DC output would simply be

DC,,,; ==30DC,, =-30x~1.06E~ =31.8mV

This then would lift the output waveform from swinging around 0V to
swinging around 31.8mV. We would not really notice this slight error.

However, we know from before that if the resistor R, was not there, the
DC output would be a linear expression equal to Vt where “V” is the DC
voltage. This would mean the DC output would simply rise up toward the
supply rails.

The ac voltage applied to the circuit shown in Figure 9-39 would flow
through the capacitor as normal, and so the ac output voltage would be the
integral of the ac input voltage.

In determining the value of the resistors and the capacitor, we have
already shown how to determine the value of Ry and the capacitor, Cy. The
process in determining the value of the DC feedback resistor R, is to make
the resistance value ten times the value of the impedance of C;. at the
frequency of the input waveform. We can calculate the impedance of the
capacitor using

1 1

X, = = 3 - =1.591k
27 fC  2m x1E” x100E
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This assumes we know the frequency of the input signal. Therefore,
the value of R, will be 10 times 1.59k, so use a 16k resistor as shown in
Figure 9-38.

Exercise 9.8

Design a sawtooth generator that uses a 5kHz square wave with a peak
voltage of 5V. The pk-to-pk voltage of the sawtooth should be 6V. The
capacitor must be 100nF as the company has hundreds of them spare. The
design should employ a resistor in the feedback path to ensure the output
centers around 0V.

The ac Voltage Gain of the Integrator Circuit

We will use the test circuit as shown in Figure 9-38 to determine the voltage
gain relationship for the integrator circuit.

We can combine the two impedances in the feedback path into one
parallel combination which we will call Z;. Using the product over sum
rule, we can combine the two impedances as

Rl . 1 .Rl
7 joC. _ joC.
F
R+ ! +— !
joC. joC.
. . Rl
If we divide the top and bottom by the numerator — s , we get
JOC g
7 - 1 3 1 B 1 B 1
P 1 R joC, L1 jeC, ~ joC, +i_1+ja)CFR]
R, joC,. 1 R joC. R 1 R, R,
Rl Rl
joCp joC;
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Therefore, we have

— Rl
"1+ joC.R,

The output voltage Vqyr is simply this impedance multiplied by the

V,
feedback current I.. However, we know Iz = -Iyand 7, =—— .

IN
This means the expression for Voyris

Y R
Ry 1+ joC,.R,

ourT —

If we divide both sides by Vi, we get
1 _ Rl 1

This means the expression for the ac voltage gain is

. T N
wO Ry 14 joCL R,
This is basically the DC voltage gain modified by the ac transfer
function. The transfer function is

1
I+ joC.R

If we convert this to polar format and carry out the division, we get

TF = ;<—Tan’l (0C,R,))

I’ +(0C,R )
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The complete expression for the ac voltage can now be expressed as

R

1

1
VGay =— R_

— L (T (eC,R)
N 12+(a)CFRl)2< F 1>

This can be split into two parts, the magnitude and the phase. The

magnitude is

, R 1
acGAIN Magnitude — R

w12 +(0C.R,)

There is no need to include the minus sign as magnitude has no sign.

The phase expression is

phase = —};i«—Tan_1 (a)CFR] )>)

IN
We can evaluate these two expressions when f = 0 and f = infinity.
When f = 0, we know

wCrR =0

When f = infinity, we know
oC R, =inifinity

With these values we can work out the magnitude when f= 0 and when
f = infinity.
When f=0

R, 1 R 16’
VacGAIN Magnitude = R_ T

IN 12 +(O)2 RIN - 18
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When f = infinity

acGAIN Magnitude D
Ry 12 +(oo) Ry o Ry

We are really only interested in the magnitude of the gain in this
chapter. We will be looking more closely at transfer functions and how we
can use complex numbers to derive the transfer function in Chapter 11
when we look at filters.

There is one more frequency we need to consider when we use the
transfer function, and this is the frequency at which the gain falls by 3dbs.

“sn

This is termed the cutoff frequency, and it will occur when the “j” term in

the transfer function equals 1. We can use this relationship to determine
the frequency of cutoff using

oCLR, =1
As o is just a shorthand way of writing 2xf, then we can say

2n fC.R, =1

From this, we can say

1
27C,.R,

f CUTOFF —

Putting the values in from the circuit, we get

1

- 99 47
Jevorr = 5 0BT X16° :
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We can carry out a frequency analysis on the circuit shown in
Figure 9-38 and create a Bode plot. This will show how the gain in dBs
varies against the log of the frequency and so allow us to confirm our
calculations. We have to express our calculated gains in dBs, which we
do using

Viun = 20l0g (gain) dbs

Putting our calculated value of 16 in, we get

Vv

Gain

= 2010g(16) dbs =24.08 dBs

We know at the cutoff frequency the gain will have fallen by 3dBs; this
will be explained in Chapter 11. This means that when f = 99.47Hz, the gain
should be 21.08dBs. When we simulated the circuit, the Bode plot that was
produced is shown in Figure 9-40.

BEH RB®rAAY THLAESNOMNMKZRAYN O
3000 B

20.uu—:
10.00

0.00

Gain (dB)

-10.00-]

1.0 10.0 100.0 1.0k 10.0k 100.0k 1.0M
Frequency (Hz)

A ] B-A Freguancy
x(12 {3408 x [98.12 2108 x 9. y-3 £ 10.21m

Figure 9-40. The Bode Plot for the ac Integrating Opamp
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Using that Bode plot, we can see that cursor “a” shows the gain at the
lowest frequency is 24.08dBs. Also, at a frequency of 99.12Hz, the gain has
fallen to 21.08 dBs. These two readings are the same as our calculations,
and so they should confirm our analysis.

When we applied a sine wave input of 20mV at a frequency of 1kHz, we
used the oscilloscope to compare the output voltage with the input. The
displays from the oscilloscope are shown in Figure 9-41.

bili+ .+t -
EH BGY"AAY THFL E~NONKNKALD> (S
20.00m — & 8
0SC1_Ch1 ]
-20.00m -
40.00m —
0SC1_Ch2 4
-40.00m T T T T T T 1
0.00 500.00u 1.00m 1.50m 2.00m
Selected Curves | All Curves
A B B-A Frequency
X: [971.3u ¥:31.4m | x: [1.47m ;y:i.:u Am ae | | x 5033 y:82.8m f: 1.99k

Figure 9-41. The Oscilloscope Display of the Integrating Opamp with
a Sine Wave Applied

Channel 1 shows the input which has a pk-to-pk value of
40mV. Channel 2 shows the output voltage which has a pk-to-pk value
of 62.8mV. We can also see that the output waveform leads the input
waveform by approximately 90°. That is because the input is a sine wave,
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and when you integrate a sine wave, you get -cosine, which should lag the
sine by 90°. However, this is essentially an inverting Opamp, and so the lag
becomes a lead of 90°. So, I hope this result does confirm that the output of
this Opamp is the integral of the input.

The Differentiator Opamp

The next Opamp circuit is the differentiating Opamp. Differentiation

is the mathematical opposite of integration. When we differentiate a
mathematical expression, we will create an expression that describes how
the gradient, or rate of change, of that expression changes. For example, if
we differentiate the following general expression:

y=5x+2

I hope the resultant expression would just be a constant of “5” as the
gradient of a linear expression does not change, and it is the multiplying
number “m” in front of the independent variable “x”.

This means that if we supplied a differentiating Opamp with a steady

ramp wave of

v=>5¢

then the output voltage would be a constant of the value 5.
The differentiating Opamp circuit is shown in Figure 9-42.
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Figure 9-42. The Differentiator Opamp

The input voltage is set to rise from 0V to 250V in 50ms. This makes
the gradient 5000v per msec which relates to 5V in 1 sec and so a gradient

of 5. When we simulate the circuit, we can see that the output voltage is a
constant of -5V. This is shown in Figure 9-43.
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Figure 9-43. The Input and Output Voltages for the

Differentiator Opamp
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We know from our previous analysis that we can express the output
voltage as

VOUT =—I.R,

We also know that

From our analysis of the integrator, we know that when we force
current to flow into a capacitor, as with Cyy, we will charge the capacitor up.
Using the two basic expressions for the charge in a capacitor, we can say

C]NVIN = J.IIN dt

If we differentiate both sides, we get

dv,
I w =% d[tN
This then means
dv.
I.=C N
F IN dt

We know that the output voltage, VOUT, can be expressed as
Vour =—Ip Ry

Therefore, we can say

dvy
dt

VOUT = _CRINRF

This shows that the output voltage is proportional to the differential of
the input voltage.
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The input voltage of the differentiating Opamp in Figure 9-43 goes
from 0 to 250V in 50ms. This means that the gradient is as follows:

Gradient = D _ 250_3 =5000
dt  50E

Therefore, substituting this into the expression for the output
voltage, we get

AWy =—1E° x1E* x5000 = -5V

VOUT = _CRINRF

If we examine the output voltage trace, Outl in Figure 9-43, we see that
apart from some ringing at the beginning of the trace the output voltage is
the expected -5V.

We can further test the analysis of the differentiating Opamp by
applying a sawtooth waveform that swings between 1 and -1 volts at a
frequency of 50Hz. This means that the periodic time for the waveform
will be 20ms. This in turn means that the voltage would go from -1V to 1V,
a change of 2V, in 10ms. Then go from 1V to -1V in the same time of 10ms.
Therefore, we can calculate the gradient as follows:

Gradient = % =200
10E

In the first 10m, the gradient is positive, then in the second 10ms, the
gradient is negative.
We can then use this to calculate the output voltage as follows:

Viur ==Crn Ry d% =—1E x1E* x200=—0.2V

This would be during the first 10ms, then during the second 10ms, the
output would swing to +0.2V. When we simulate the circuit, we can use
the transient analysis to display the input and output voltage over the first
50ms as shown in Figure 9-43.
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Figure 9-44. The Output of the Differentiating Opamp to a Sawtooth
Input Voltage

Figure 9-44 shows that we do get a square wave output when the
input is a sawtooth waveform. Also, we can see that when the gradient of
the input is positive, the output is -198.94mV. When the input gradient
is negative, then the output is +201.06mV. This is very close to what we
expect and so confirms our analysis of the differentiating Opamp. It also
agrees with the statement that differentiation is the opposite of integration.
There is some ringing on the output, and that is something we can deal
with, but that’s for a different book.
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The main use of the integrating and differentiating Opamp is with
analog control circuits that use a PID controller: proportional, integral,
and differentiating control circuit. The proportional control can be
implemented using the basic inverting Opamp.

The Gain of the Differentiating Opamp

As we are using a capacitor in the circuit, then the expression for the
voltage gain will have some frequency-dependent element in it. As always,

we can say
V _ VOUT

Gain V
IN

This is the type of expression we want to end up with. As the circuit is
basically an inverting Opamp, we can start by stating

V —
Iy =2 ana 1, = Lour
ZF

IN

With the differentiating Opamp, we can say

Zy= .1 and Z ,,; = R,
jooC

This means we can express the two currents as

v -V,
I, = {N =V, joCand I, =—2L
F
joC

Therefore, we can say

_Vour

VINja)C =
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This means we can rearrange this for the voltage gain as

O .
Your _ g (jec
KN g (Jw )

This means that as the frequency changes from zero to infinity, the
voltage gain will change from zero to infinity. However, that would only
happen if the Opamp was ideal in that the Opamp itself does not have its
own frequency dependence. We have seen that a realistic Opamp works, to
some extent, as a low pass filter. This action will then counteract the gain
response of the differentiator, and the actual Bode plot we get will look like
that shown in Figure 9-45.
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Figure 9-45. The Bode Plot for the Differentiating Opamp Circuit
Shown in Figure 9-42
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During the low frequencies, from 0 to around 10kHz, the response
follows the expression for the voltage gain. However, after that we can see
how the low filter aspect of the Opamp takes over and the gain falls.

The differentiating Opamp is not normally used to add any gain; it is
used to speed up the response of a system to a sudden change in the input.
In this way, the output is proportional to the rate of change at the input.
This means that if the input changed from say 0V to 1V in a nanosecond,
then the output should shoot to a maximum, ideally in an instant, and as
the input stayed at 1V that is, the input did not change, the output should
return to zero. Well, we know no voltage can change in an instant, and
the change will be controlled by the time constant of the circuit, which,
with the differentiator, is the product of CR seconds. We can best test this
concept by applying a square wave to the input of the differentiator. The
square wave is shown in Figure 9-46.

Figure 9-46. The Square Wave Input and the Ideal Response
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We are using a square wave with 50/50 duty cycle at a frequency of
50Hz. Ideally, we want the output to be a maximum when the input went
from 0 to 1V as this is the point of maximum change. Then it should fall
to zero, ideally at an instant, as the input is now undergoing zero change.
Then, some 10ms later, we want the output to go to a maximum again
as the input is again undergoing a maximum rate of change. However,
it should be a negative maximum to differentiate from the first change.
The output should then return to zero waiting for the next change at the
input. This means the ideal output voltage would look like that shown in
Figure 9-46; this is to the square wave shown in Figure 9-46. This would
suggest that we should have a time constant of zero seconds. However,
that is impossible, and you should also appreciate that we would get
ringing on the output. This is because if you imagine you are running
at full pelt and you were told to stop, it would take time to stop, and you
would have passed the point, so you would have to come back. The output
voltage would do the same sort of thing. One thing we must do is ensure
the voltage had returned to zero before the input undergoes the next
sudden change. With the 50Hz 50/50 square wave, this means the voltage
must have fallen to zero in less than 10ms. From our work with electrical
analysis, we know that it will take approximately 5Tau, that is, 5 time
constants, for the voltage to settle down. This can be seen if we look at
the waveforms from the simulation of the circuit shown in Figure 9-42, as
shown in Figure 9-47.
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Figure 9-47. The Waveforms for the Differentiating Opamp Shown
in Figure 9-42

Using the Outl trace, which is the output voltage of the Opamp,
shows that when the input went from 0 to 1V, the output went initially
to -12V. The negative is due to the inverting action of the Opamp. The
voltage then starts to ring until it settles down close to 0V after 5ms. The
time constant for the circuit is CR sec = 1ms. This means that it does take
approximately 5 time constants, as expected, to settle down. Note the
capacitor will eventually charge up to the DC of the input voltage. This
means in the first 10ms, the output voltage would settle down to -1V. In the
second 10ms, it would settle down to +1V.

The only way we can improve the response of the Opamp is to reduce
the time constant. This can be done by reducing the value of either the
capacitor or the resistor. However, we need to be aware of the current
flowing through the components of the circuit. The resistor will control
how much current is flowing through the components, so we may need to
keep that rather high. This means we would normally change the value of
the capacitor.
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The Instability of the Differentiating Opamp

This basic differentiating Opamp suffers from instability problems. This
can be seen if we simulate the circuit while supplying it with a 1v sine wave
at 15kHz. The output of the differentiator is shown in Figure 9-48.
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Figure 9-48. The Instability of the Basic Differentiator

The output voltage is shown as trace Outl. The instability is quite clear
to see. A circuit that combats this instability is shown in Figure 9-49.
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Figure 9-49. The Improved Differentiator

I will leave the analysis of how this circuit works to another book; that
would be a book dedicated to just Opamps. When we simulate the circuit,
the waveforms obtained are shown in Figure 9-50.
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Figure 9-50. The Output of the Improved Differentiator
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It’s not clear what the output voltage is, but it does show us how much
more stable the output is. If we zoom in on just a few cycles, we can see the
output more clearly. This is shown in Figure 9-51.
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Figure 9-51. Just a Few Cycles of the Output

This shows that the output is a cosine which is the differential of the
input. There is attenuation, not amplification, but that analysis is for
another book.

The Voltage Comparator

When we started this look into Opamps, we said that there is one use

of the Opamp when configured in its open-loop configuration. This is
because we said the Opamp cannot distinguish between a 150mV and a 5V
difference voltage; the output would be the same, that is, the voltage rails.
Well, there is one application where we might be able to use the Opamp in
its open-loop configuration, that is, as a comparator. The basic circuit for
the comparator is shown in Figure 9-52.
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Figure 9-52. The Opamp As a Comparator

In Figure 9-52, there is none of the output feedback to the input of the
Opamp. Thus, the Opamp is configured in the open-loop configuration.
The circuit will simply compare one of the inputs with the other. In this
example, we are comparing V, with V3, and as soon as V, is less than V;,
the output would swing to the negative rails at a maximum of -13.89. If
V, went above V;, then the output would swing from the -13.89 to +13.89.
In this way, we can use the Opamp to compare a varying voltage with
a set reference, and when it has reached or really just gone past it by
around 150pV, the output voltage would swing from one voltage rail to the
opposite rail.
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Figure 9-53. A Possible Application of the Opamp Comparator

Figure 9-53 shows a possible application of the Opamp as a
comparator. In this circuit, we are testing to see if the voltage V4 has
become just that 150uV greater than V3. When that happens, the output
voltage would swing from the negative voltage rail to the positive rail. This
could be used to turn on a pump when the water level in a container has
gone above a set point and start to empty it.

Exercise 9.9

Briefly explain why the negative supply to the Opamp can be tied to 0V and
briefly explain what the main considerations are in choosing the value for
the resistor R;.

The Opamp As a Subtractor

Earlier, we looked at the summing Opamp where the output of the Opamp
was related to the summing of the inputs. We will now complete this
journey into studying the Operational Amplifier with a quick look at a
subtractor circuit. The circuit is shown in Figure 9-54.
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Figure 9-54. The Opamp Subtractor Circuit

Vour will be 3V.

V,. Using the voltage divider rule, we can say

With this circuit, it is normal to make all the resistors to have the same
value, 2k, in this case. In this circuit, the output will be equal to V4 - V3.

Using the value shown in the circuit, this means that the output voltage

The way it works is that due to the virtual short circuit, Vx will equal

which we will call Iy, is

1-3

e =—1mA

This means Vy = 3V. This means that the current flowing through Ryy,

This means the current must be flowing out from pin 2 into V3. This
means that the same current must be flowing out from Vout toward

VX. This means that the output voltage Vo can be calculated as

VOUT =1 R, +Vy
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But I = Iy = 1mA. Therefore, we have

=1EZ2F*+3=5V.

VOUT

As all four resistors have the same value, then the voltage gain is simply
“1” This is because the voltage output is simply the difference voltage:

v,

our

S

This assumes the voltages are numbered as in Figure 9-54.

Summary

In this chapter, we have studied the Opamp and analyzed how it works in
its five major configurations. We have used some basic maths to derive the
expressions for the output voltage and the gain of the Opamp. We have also
looked at how the Opamp can be used to carry out some mathematical
operations and so show how it got its name. I hope you have found this
chapter both interesting and informative.

In the next chapter, we will look at how we used the Opamp and also
the BJT in two very useful applications such as oscillators and active filters.
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Oscillators

In Chapter 9, we looked at the Operational Amplifier or Opamp. In this
chapter, we will study oscillators starting with the multivibrator and ending
with some Opamp oscillators. We will learn how the oscillators work and
how we can analyze their operation using complex numbers.

Multivibrators

There are many applications when electrical circuits use a signal

that changes state at a regular interval. This has led to many different
circuits that can be used to create this variety of signals. We will start our
investigation of these types of circuits with a look at the multivibrator series
of circuits. These types of circuits use resistor-capacitor combinations to
create the time period between turning on and off transistors and so swing
the output between states.

The Monostable

The monostable was probably one of the first circuits that fell into the
bracket of multivibrators. The circuit for the monostable is shown in
Figure 10-1.
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Figure 10-1. The Monostable Circuit in the Multivibrator Series

We will use a transient analysis to show what is happening around the

circuit over the first 500ms after triggering the circuit. As its name suggests,

the monostable circuit has one stable state. This means we can force the

output to change from its stable state, but it will eventually return to its

stable state. The waveforms shown in Figure 10-2 should help us to see this

action. We will investigate how the circuit works.
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Figure 10-2. The Waveforms of the Circuit Shown in Figure 10-1

At the initial switch-on, we can see that the base of T, is connected
to V¢ via the resistors R; and R,. These two resistors will set the current
flowing into the base of T,. The voltage at the base of T, will be clamped
to around 0.7V by the base emitter diode in T,, which means T, will be
turned on. This will connect the collector of T1 to around 0V. This would
give a path for the capacitor C, to charge up via T, and R;. However, one
end of the capacitor is connected to the collector of T, and the other end
is connected to the base of T,. This means that when the voltage across C,
reaches around 0.7V, T, turns on. This takes the collector of T, to around
0V, which in turn takes the base of T, to around 0V, which turns T, off.

This is how the circuit reaches the stable state. With the circuit shown
in Figure 10-1, the stable state is when the transistor T, is turned on and
T, is turned off. In this state, the voltage at Outl, the collector of T,, will
be close to 0V. The voltage at Out3, the collector of T,, will be at V¢, 12V

459



CHAPTER 10  OSCILLATORS

in this case. The base of T, will be approximately 0.7V; with Tina, it will
be around 0.655V. This means there will be 12 - 0.7 = 11.3V across the
capacitor C,.

Now if we force T, to turn on, this will force the collector of T, to go
to around OV. This is done 692ms after turning the circuit on. See the
trace VG1 in Figure 10-2 when the voltage at VG1 goes down to -1V. This
is confirmed by OUT3 going down to 0V, as we have just forced T, to
turn on; see Figure 10-2. The circuit has been in its stable state for some
700ms, so there would have been 11.3V across the capacitor C,, with the
collector end of C, being 11.3V more positive than the other end. As we
can’t change the voltage across a capacitor instantly, as we have to either
charge or discharge a capacitor to change the voltage across it, then this
means that the base of T, will go to around -11.3V. This can be confirmed
by measuring the voltage for the trace OUT2. We can see that it does fall
to around -11.3V when T, is forced to turn on. This forces T, to turn off
and connect the base of T, to VCC via R; and R, again keeping the base
at around 0.7V, keeping T1 turned on. This will allow the capacitor C,
to charge up toward V via the transistor T, and Rs. However, when the
voltage across C, gets to around 0.7V, the transistor T, turns back on again
which turns off T}, and the circuit enters its stable state again. The trace
OUT2 does confirm this; see Figure 10-2. It is the time it takes for the
capacitor C, to charge up to around 0.7V from the starting voltage of -11.3V
that dictates how long the output voltage, at the collector of T,, stays high,
that is, in the unstable state of the monostable.

One point worth noting is that when T, is turned on, the capacitor C,
charges up via T, and R; toward V. at the node “V,”; the voltage at node
“VB” will be 0V. However, when the voltage at “V,” reaches 0.7V, T, turns
on and T, turns off. This means the current path via T, has gone. The
capacitor “C,” now charges up through R, and the base emitter junction
of T, toward V. This will allow the voltage at node “V3” to go to V¢, 12V
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in this case, and the voltage at node “V,” to stay at 0.7V. This means that
the current flowing through C, must change direction, instantly. This can
happen with capacitors but not with inductors.

The trigger circuit that is used to turn T, on and force the circuit out
of its stable state is made up of C;, R, and the diode D,. The source VG1 is
used to apply the pulse that triggers the circuit. The capacitor C, in series
with R, creates what is termed a differentiator circuit. A test circuit for the
differentiator is shown in Figure 10-3.

C1 200n

@ e :[j)mmsk

Figure 10-3. The CR Differentiator Circuit

The circuit is really a simple series CR circuit, and the output voltage
is taken from across the resistor. From a study of DC transients, which this
trigger circuit relates to, we can use the following concepts.

We know that at all times we can say

Vo =V + 15
1
V.=—\idt
=2l
Ve, =iR
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This means that using Kirchhoff’s Voltage Law, we can say

1. .
Ve, :E'[ldt+lR

We can see that there are two terms on the RHS, and at first you
might think that the current “i” is common to both terms. However, it

“usn

is not common as one is simply “i,” but the other is the integral of “i”
Therefore, we need to change the equation if we are to transpose it. There
are basically two approaches we can use to transpose this equation; one
uses Laplace transforms, and the other uses calculus. Both approaches
have their benefits, and, really, we as engineers should be able to use both

methods. First, though, we should discuss what Laplace transforms are.

Laplace Transforms

If we have an expression, as we do now, where the variable we are trying to
look at is in both an algebraic term and a differential or integral term, then
we will have problems trying to isolate it. This is where we can make use of
Laplace transforms. Laplace transforms were initially invented by a French
mathematician called Pierre Simon Laplace. They are used to help solve
differential equations. The transforms consist of a table which shows how
the common time equations have their own individual Laplace transforms.
We will use them now to help analyze the triggering circuit shown in
Figure 10-3 and derive an expression for the current “i”

The input voltage, applied to the series CR circuit shown in Figure 10-3,
is a simple pulse that will go from 0 down to -1 and stay at -1 for 5ms. To
transpose the expression, because there is an integral term in it, we need
to move into the Laplace domain. This means taking the Laplace of the
three terms.
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To help with this analysis, it would be better to view the pulse voltage
as two separate step inputs to the circuit. The first step input takes the
voltage down from 0V to -1V. The second takes it up from -1V to 0V. This
means that both steps are a 1V step, the first going negative and the second
going positive. This would allow us to take the following Laplace transform
of each of the terms. Using the standard Laplace transforms, shown in the
appendix, we can say

L{ a Step input} =

L{ljidt}zlf
c SC

L{iR}=iR

U<

The term i is the Laplace of the variable we are transposing for, which

is not the general term “x” but the current “i.”
Therefore, the expression for the circuit is

1. .
Ve, :E'[ldt+lR

The Laplace expression is

:L7+7R
SC

Y| <

We can now treat this as an algebraic equation and take the i outasa
common factor.

This gives
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Combining the terms in the bracket into a compound fraction, we have
v T 1+ SCR
S SC

Now dividing both sides by the fraction in the bracket gives us

SC vV

i= X —
1+SCR S

This cancels down to

146
1+ SCR

i =

If we now divide the top and bottom of the RHS by the term “C,” we get

14

I =

l+SR
C

Now we can divide the top and bottom of the RHS by the term “R,
and we get

This can be written as
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We now have to take the inverse Laplace of the terms to go back to the
time domain, which gives

“sn

This means that the time equation for the current in the circuit “i” is

,-:Ke‘é
R

This is an exponential decaying expression in which the current

V
starts off at its maximum value of i = — and slowly decays away toward 0.

The expression includes a time constant “tau” given the symbol “t” The
exponential term relates to the standard exponential decay expression:

e T

u=n

Relating this standard expression to the expression for the current “i,
we can see that

7 = CR seconds

It will normally take about five time constants for the circuit to settle
down to its steady state conditions, either its maximum value or zero. In
the CR circuit, shown in Figure 10-3, the value of the capacitance is 200nFE
and the resistance is 5kQ2. This means that the time constant is

T=CxR=200" x5 =1lms
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This means that the current in the circuit will take approximately 5ms
to fall to 0OAmps.

The Output Voltage of Circuit 10.3

The output of this circuit, shown in Figure 10-3, is taken from across the
resistor “R,” Therefore, as we know the voltage across the resistor is simply
iR, we have the expression for Vy as

t t

V,=iR :%e’a xR=Ve

This means that the expression for Vi is

t
Ve=Ve

The Voltage Across the Capacitor V;

Again, applying KVL to the circuit shown in Figure 10-3, we can say
V=V.+V,
where “V” is the voltage applied to the circuit. Then, transposing

this for V¢, we can state an expression for the voltage across the
capacitor “V¢” as

Ve=V-V,
We can use the previous expression for Vi, and substituting it gives

1
V.=V Ve
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We can take the “V” out as a common factor to give the following

t
chV(l—e CR]

This is the standard expression for the voltage across the capacitor as

expression:

itis charged from a DC voltage source “V.” This assumes there is no initial
voltage across the capacitor.

If we now look at the expression for Vi and if we call this the output
of the circuit, we can then call this Vyyr. This means that the expression
for Voyuris

t

Vs =Ve &

our

We can use this expression to see how the circuit, shown in Figure 10-3,
will respond to the pulse input. Firstly, we will see how it will respond to
the negative edge of the pulse. This will be viewed as V = -1. Therefore,
putting this into the expression for Vqyr and using the values for C and R
from that circuit, we get

t
- —1000
V.. =—le ® =—lg "

ourT —

To enable us to see the full decay of the output voltage, I have set the
pulse width to 5ms in time. This should enable us to see the output voltage
fall to -1V, then climb back up to 0V, ending at 0V when time = 5ms.

Now the input voltage will itself swing back up from -1V to
0V. However, the circuit will simply see this as a step input of 1V. The
output voltage would then follow this expression:

t

_ 1.7 CR _1.,-1000¢
Vour =1e < =le
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This means the output voltage will swing up to 1V, then start to decay
back to 0V, ending up at Ov after another 5ms, that is, when time now
equals 10ms. The output voltage as well as the input voltage and the
voltage across the capacitor are shown in Figure 10-4.

L el
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Figure 10-4. The Voltage Waveforms for the Circuit Shown in
Figure 10-4

We can see that the output voltage, shown as Outl in Figure 10-4, does
follow the two expressions for the Vyr. Also, Out2 in Figure 10-4 does
show the voltage across the capacitor. This does show the capacitor is
charging up during the first 5ms and then discharging during the second
5ms. This is what we expect from the CR circuit shown in Figure 10-3,

The Triggering of the Monostable

How, then, does this simple circuit, shown in Figure 10-3, trigger the
monostable? The diode “D1” is there to ensure only the positive going
voltage at the output of the CR circuit is actually passed onto the base of
T,, thus turning it on and forcing the output to change from its stable state.
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The action from then on until the monostable returns to its stable state has
already been described.

The Time the Output Is High

We have stated that the output stays high as long as the transistor T, is
turned off. The voltage at the base of T, is controlled by the charging circuit
for C,. This capacitor charges up toward V via the resistor Rs. We can
analyze this charging time using the test circuit shown in Figure 10-5.

[’] R2 5k

= voc 12 4|< T2 NeN

—— C220u

“ RS 100k

Figure 10-5. The Test Circuit for the C2R5 Charging Circuit

The circuit in Figure 10-5 is a basic CR transient circuit, and this
time we will use calculus, instead of Laplace transforms, to derive the

expression for how the capacitor charges up. We know that at all times
we can say

Vee =V +V5
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We need to transpose the expression for the voltage across the
capacitor. The following text will use calculus to transpose this equation.
From our work with the integrating Opamp in Chapter 9, we can say

CV, =[idt

Therefore, if we differentiate both sides, we can say

dV,
dt

i=C

wsn
1

This current “i” is the current flowing through the resistor R, in the CR

circuit shown in Figure 10-3. This means we can say

dv,
Ve =CZCR+V,
cc dt C

Subtracting V. from both sides gives

v,
Ve =V, =CZCR
cc C dl

If we divide both sides by RC, we get
Vcc — Vc _ %
RC dt
If we multiply both sides by “dt,” we get
Vee Ve dt=dV,
RC
If we now divide both sides by Vi — V, we get

L —
RC Vee = Ve
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If we now integrate both sides, we get
P J'; dv,.
RC Vee = Ve

These are two integrals, one integrated with respect to time “t” and
the other integrated with respect to V. To make the integrals useful, we
need to put in some limits of integration. The lower limit will be the initial
values, which for time “t” is zero and for the capacitor voltage “V” is, in
this case, also zero. The upper limits will be for time just “t” and for the
capacitor voltage will be V¢,p. We will use Veyp to differentiate it from the
variable of the integral V... Putting these variables in, we have

Vear 1

LI —dar,
ORC 0 VCC_VC

Using the standard integrals to carry out the integration, we get the
following; see the table of standard integrals in the appendix.

t

] Lol

0

Putting the limits in, we get
L[ Ve (cn (Ve ~ V)~ (0 (Ve ~0))
RC RC cc CAP cc

This simplifies to

t
el ~In(Vee =Veyp ) +in(Vee)
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If we multiply both sides by -1, we get

t

In(Vee =Veyp)—In(Vee ) = =

When subtracting logs, we can divide the terms as follows:
| Yee Vew |__ 1
Vee RC

Taking the inverse In of both sides, we get

Now multiplying both sides by V¢, we get

L
RC

Vee =V,

cap = Ve

Now subtracting V. from both sides, we get

t
_ - _ " RC
Vear =Vee +Vece

Now multiplying throughout by -1, we get

t

_ _ RC
Vear =Vee =Vece

Taking V out as a common factor, we get

t
Vewr =Vee [1_6 ch
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Now replacing the term V,p with Vi and V¢ with V, we get

t
chV[l—e ch

This is the same standard expression that shows how a capacitor
charges up over time. When two approaches produce the same result, it

should give you confidence the work is valid. The term e *¢ will eventually

decay down to zero, and so the voltage across the capacitor will settle down
to the supply voltage “V” It will take approximately five time constants, that
is, 5 tau, for the capacitor to charge up the supply voltage “V”

The Charging of a Capacitor
with an Initial Voltage

The expression we have derived earlier works if there was no initial voltage
across the capacitor. However, with the monostable multivibrator shown in
Figure 10-2, the capacitor C,, which sets the time the output stays high, will
be charging up toward V. from an initial voltage of around -11.3V; see the
preceding analysis of the circuit shown in Figure 10-1. Therefore, we need
to modify the derivation as follows:

We can start from the same integral which states

L dt = J.; ch
RC Vee = V¢

However, we need to change the initial value for the capacitor
integral to accommodate the fact that the capacitor is starting from some
voltage that is not zero. We will call that initial voltage V. The integral
now becomes
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lcap 1 VCAP 1
'([ R_Cdt: r;[ Vee =Ve

dv,

Using the standard integrals to carry out the integration, we get

{é} =[tn(Vee - Vo) ]

0

Putting the limits in, we get
L S =(~in(Vee =Veup)) = (=In(Vee =V4))
RC RC cc c4apP cc 0

Therefore, we have

_L_nVCC_VCAP
RC Ve =V,

Taking the inverse In, we get

t
Vcc — VCAP " RC

—e RC
Vcc - Vo
Multiplying both sides by V. — V,, we get

t

— RC
Vee =Veur =Vee —Vee
From this, we can say

t

Vear =Vee — (Vcc -V )eiRiC
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Replacing the term V¢,p with Vi and Vi with V, we get

!

Ve :V_(V_Vo)eiﬁ

This means that the capacitor C, will charge up toward the V¢
according to the expression

t

Ve =Vee _(Vcc _Vo)e_E

We can use this expression to determine the time the output voltage
will stay high. This will be the time it takes the capacitor C, to charge up
from around -11.3V to around 0.7V, as it will be then that T2 turns back on
sending the output voltage back down to 0V, the stable output, and turning
T1 off. We can transpose the expression for time “t” as follows:

t

Ve =Vee _(VCC _Vo)e_ﬁ

Subtract V. from both sides:

Now multiplying throughout by -1 gives

t

Vee =Ve = (VCC -V )e_ﬁ
Now dividing both sides by (V¢ — V) gives

Vcc — VC “2e

—e KC

Vcc _Vo

475



CHAPTER 10  OSCILLATORS

Taking In of both sides, we get
m[zz;z;jz_g;
Vcc - Vo RC
Now multiplying both sides by -RC, we get

t:_Rcm(zggzgj

CC_VO

Knowing the capacitor will charge up via the resistor R5 and putting
the values in, we get

£ =—100E°20 in[ 22297 ) _1 455
12--113

If we look at Figure 10-2, we can see that the output voltage, trace Outl,
stays high for approximately 1.44s; see cursor B - A. This does confirm that
our workings are correct, and we can use the expressions we have derived.

I make no real apologies for taking you through these derivations. I feel
it is essential that engineers realize that we can use maths to prove some of
our concepts. I also want to show you that it is not that difficult a process, it
just takes a bit of practice and a reason for doing it. l hope you can see that
going through these types of mathematical proofs also reinforces some
of the basic concepts of electrical analysis. That is another benefit we get
from doing this type of work.

The analysis of the monostable has been very detailed, but there has
been a lot that I wanted to show you. I hope you have found it informative
and useful. The concepts we have learned will be used in the following
analysis we go through.
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Exercise 10.1

1.

Design a monostable that forces the output to

stay high for 500ms when the value of C2 in
Figure 10-1is 1pE

2. Calculate the value of C1 if we were using a value

of 25k for R5 and we wanted the output to stay high
for 1.5s.

The Bistable Multivibrator

The next circuit we will look at is shown in Figure 10-6.

e [ s Dose  [aoo
C|1 40u VF
& [
VF2 VB P VA
e
T1 INPN :l ! K T2 INFN
ve VD
i I 1
Figure 10-6. The Bistable Multivibrator

As its name suggests, this circuit has two stable states, which basically
means the output will switch between being high and low, and so it will produce

a square wave type signal at the output. They are not ac type square waves as
they do not change polarity, and that's why we don’t call it an oscillator.
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The main difference between this and the monostable circuit is that
both transistors have a CR circuit controlling the voltage at their bases.
Also, there is no need for a triggering input as it switches between stable
states itself. It is possible to have two outputs taken from the circuit, one
from each of the collectors, and they will be in antiphase with each other.
The associated waveforms from the circuit are shown in Figure 10-7.
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Figure 10-7. The Waveform for the Bistable Multivibrator

The trace VF1 is the output from the transistor T,, and VF2 is the output
from T,. The voltage at the base of T, is shown as trace Out2 and at the base
of T, is shown as Outl. When T, is turned on, the capacitor C, charges up
via the resistor R3 and T,. When the voltage across C, reaches around 0.7V,
T, turns on and so drives the base of T,, that is, point VC on the circuit,
to around -11V, thus ensuring T, is turned off. The reason why the base
of T, goes to around -11V is that while T, was turned on the voltage at
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VC went down to around 0.7V, while the voltage at VA went to 12V. This
means there was around 11.3V across the capacitor C,. We can see from
the Out?2 trace in Figure 10-3 that we cannot change the voltage across a
capacitor instantly. Therefore, when T, turns on and forces the voltage at
VA to go close to 0V, then to maintain this 11.3V across C,, the voltage at VC
must go lower than VA by approximately 11.3V. This ensures the voltage

at VA, which has just gone down to 0V, is still 11.3V more positive than the
voltage at VC.

Now that T, is turned off and T, has turned on, the capacitor C; now
charges up from around -11.3V toward V.. However, when the voltage at
VCreaches around 0.7V, T, turns back on and forces the voltage at VB to go
to around 0V. Then, because the capacitor C, has now around 11.3V across
it, the voltage at VD is driven to around -11V. This forces T, to turn off. The
cycle starts to repeat automatically, and so we get the two stable states at
the outputs of the circuit.

The time constant of R, and C, controls how long the output at VA, that
is, VF1, is at OV. Then the time constant of R; and C, controls how long the
output at VA is at V. We have derived an expression that describes how
the voltage across a capacitor changes with time when the capacitor has an
initial voltage across it. In this bistable circuit, we can see that we charge
the capacitors up from around -11V, not OV. The expression that describes
how the voltage changes over time is

1

Ve =Vee _(VCC _Vo)éE

The term Vj is the initial voltage across the capacitor. The derivation of
this expression has been done earlier in this chapter. The expression can
be rearranged for time “t” to show

,Z_Rcm(uj

cc I/()
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We should be able to use this expression to determine how long it
will take for the CR circuit to reach the 0.7V, which is needed to turn the
transistors on. Using the CR circuit made up of R; and C, which charges up
when T, is turned on, we can calculate how long it will take to turn T, on
and T, off. This will be the period of time during which the VF2 voltage at
the collector of T, is low, the space time of the square wave. Putting these

values in, we get

t=—40"° x5 xIn M
(12——11)

t=-0.2xIn(0.4913) = 142ms

If we look at the traces shown in Figure 10-8, we can see that the time
period that VF2 is low is 138.52ms. This is pretty close to our calculated
value. Note, this selecting the voltage at VF2 as the squarewave output.
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Figure 10-8. The Output Traces Showing the Outputs of the
Bistable Circuit

The time period that the voltage at VF2 is high, the mark time of the
square wave, is controlled by the time constant of the CR circuit C, and
R, as the capacitor charges up via T,. We can use the same expression to
calculate the time the voltage is high as

t=-40"° x4’ xIn —(12 ~07)
(12—-11)

t=-0.16x1n(0.4913) = 114ms

When we use the cursors to measure this time period, we get a value
of 111ms. This is again close to what we have calculated. This does help to
confirm the expression for the circuit.
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You might think that creating a 50/50 duty cycle would be quite an easy
task as all it requires is that the CR time constants made up of R;, C, and
R,, C, are the same. However, when you make the two time constants the
same, the circuit could crash. Therefore, using empirical design, I suggest
the closest value to 5k value for R, would be 4.7k.

Exercise 10.2

1. Design a bistable multivibrator to produce a 5kHz
square wave using 10pF capacitors when the mark
time was 75% and the space time was 25% of the
total periodic time of the square wave.

2. Redesign the circuit to produce a 20% mark time at
a frequency of 10kHz using capacitors with a value
of 20pF.

The Phase Shift Oscillator

This is the first of the real oscillator circuits that we will look at. An
oscillator will produce an output that swings both positive and negative,
and this differentiates it from the bistable we have just looked at. We will
restrict the analysis of oscillators to those that use the Opamp. This is
because it is easier to set the gain of the Opamp, and they produce a more
reliable oscillator output.

The Requirements of the Oscillator Circuit

To analyze the oscillator, we need to understand its requirements. These
are identified as follows:
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The oscillator should keep itself going, and so the
input must come from the output in some form of a
feedback signal.

This feedback signal must be fed back in such a way
that it will help the circuit maintain the output at its
steady state values.

This means it must be fed back in phase with
the output.

This means the overall phase shift across the circuit
must be 0 degrees.

Normally, as we are using the inverting input of the
Opamp, then the output would be 180° out of phase,
that is, in antiphase with the input.

This means we should add a further 180° phase shift in
the feedback path to bring the feedback back in phase
with the input.

Also, as the feedback circuit which produces this

180° phase shift it will inevitably attenuate the signal
before it gets to the input of the oscillator, the oscillator
should have its own gain that recoups the loss from the
feedback circuit.

This concept of what the oscillator circuit should do
can be represented in the block diagram shown in
Figure 10-9.
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Overall Gain of Complete Circuit =1

Overall Phase shift = 0°

Oscillator Circuit
Output
AV gain = to feedback attenuation. >

v

Phase Shift 180°

Feedback Circuit

Attenuation ‘Fatt’

Phase shift 180°

Figure 10-9. The Block Diagram of an Oscillator Circuit

You should appreciate that there is no input to the oscillator, only an
output. The input is simply some of the output fed back to the oscillator.

The Phase Shift Oscillator

There are two main oscillator circuits we will look at. The first is the phase
shift oscillator, and the basic circuit is shown in Figure 10-10. The second is
the Wien Bridge oscillator, which we will look at later in this chapter.
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Figure 10-10. The Opamp Circuit for the Phase Shift Oscillator

The basic inverting Opamp will normally produce a 180° phase
difference between its input and its output. This means the feedback
circuit must produce a further 180° to create a full 360° phase shift or 0° at
the input. The feedback circuit is made up of the three CR combinations
of C, with R;, C, with R,, and C; with R,. Before we look at the three
combinations in the feedback path, we will look at a single RC circuit to
see how it brings about this phase shift. The basic CR circuit is shown in
Figure 10-11.
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VG1 VOut

@ ]

Figure 10-11. A Single CR Phase Shift Circuit

This is actually the same as the high pass filter circuit we have looked at
in Chapter 6 and indeed the differentiator circuit we looked at in Chapter 9.
The circuit can be put to many different uses, and producing a phase shift
is the one we will be looking at now.

The circuit will simply divide the input signal between the capacitor
and resistor. However, because the capacitor is a reactive component,
and its impedance varies with frequency, whereas the resistor is a passive
component, and its resistance does not vary with frequency, then the
division of the input signal will vary with the frequency of the signal. In
Figure 10-11, the output is taken from across the resistor. The input voltage
“Viy” is the VG1 signal. We can create an expression that shows how the
two components divide the input signal using the voltage divider rule as
follows:

out — 1
R—-j—
oC
I feel I should explain how I am referring to the impedance of the
capacitor. I am using “complex numbers” as they can be used to represent
phasor quantities. I am sure we use that name “complex numbers” to try
and show how clever we are. However, they are not complex, and we will
study more about how we can use them in Chapter 11. I am using the term

us=n

j” to show that the capacitive impedance appears on the vertical axis of
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a phasor diagram; it’s on the negative part of the vertical axis. The term
“o” is just a shorthand way of writing 2xf, that is, ® = 2xf. The resistor goes
on the positive horizontal axis. This means that there is a 90° difference
between the capacitor and the resistor. However, this is the maximum
phase difference we can have between them.

Really, we can use complex numbers to represent the phasor quantities
that exist with most electrical quantities and components. This means that
most quantities and components have a magnitude, their measured value, and
an angle, their phase value, associated with them. With resistors, being the only
nonreactive component, the angle is 0, and so we don’t need to state it with
them. This is because with resistor the current flowing through it is always in
phase with voltgae across it. However, with all other values and components,
we should always state the angle as well as the value, or magnitude, as they are
all phasor quantities. I hope this explains the way I have stated the expression
for v,,.. Note, I am using lowercase symbols as these are ac values.

If we now divide both sides by v;,,, we get

vr)ut _ R
vl'n - J 1
oC
\% . . . . «
The term -2~ is known as the gain or in this case as the “transfer
v,

m

function (TF)” of the circuit. It can be used to show how the input is
transferred by the circuit, or system, to become the output. We will use the
TF to show how the circuit produces some phase shift.

Itis normal in a transfer function to have a numerator that has a value
of 1; we will see why later. Therefore, we must divide the top and bottom by

R or multiply the top and bottom by% which does the same job. This gives

R><l

TF = R
| | 1
Rx——j—x—
R oC R
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Canceling out where we can gives

TF:;]
1-j——
]a)CR

This is the division of two complex numbers as we can say 1 = 1 +jO:

1+ 50

1
1-j——
]a)CR

TF =

These two complex numbers can be converted into their polar format,
which would make the division easier. Converting rectangular to polar can
be shown as being

a+ jbrectangular =~ a* +b> (Tan™ 2}
a

where
Na’ +b is the magnitude

and

(Tan™ é) is the associated angle
a

With respect to the numerator of our transfer function, we can say that

“a” =1 and “b” = 0. With respect to the denominator, we can say “a” = 1 and
1
upn _

oCR’
Changing the transfer function in this way gives
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NI +0° (Tan™ = 1<0>

1
1_7
\’ _ﬁ <Ta”ll a)CR> a)CR {Tan coCR>

To carry out this division, we must divide the two magnitude parts

and subtract the two angle parts. This means that the transfer function
now becomes

1
TF = —(Tan™ ———)

5 1 2 oCR
P -
( a)CR)

We have stated that the maximum phase shift we can produce is 90°.
However, this can only happen if the resistive value was 0. If R was 0, the
®CR would be 0, and the angle would become

—Tan™' - % =—Tan' —0=90

It is not possible for the resistor to have a value of 0, so we cannot
create a CR circuit that has a phase shift of 90°. If we could, then we would
only need two such phase shift CR circuits. The only other shift we could
use would be a phase shift of 60° as we want the phase shift for each CR
circuit to be the same throughout. This means we use three such CR
combinations as 3 x 60 = 180.

This means the angle part of the transfer function must equate to 60°.
The Tan of 60 is 1.732 radians. We must use radians and not degrees as we

U ”

are using “w” to describe the angle. This means that the term

1
—— must equal 1.732
oCR
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For this to happen, we must know the values of o, C, and R. The value

of ® depends upon the frequency of oscillation we want. In this example,

we will choose a frequency of 8kHz. This means that

®=2x71x8 =50,265.5

The units for this value would be Radians or Rads.
If we choose an arbitrary value of 100nF for the capacitor, then we have

;=1.732

oCR

which means

1 1

R= = - =114.86
1.732x@C  1.723%x50265.5x100

LetR=115Q.
If we simulate the CR circuit, shown in Figure 10-11, with the values

calculated, we get the traces of the input and output waveforms as shown

in Figure 10-12.
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Figure 10-12. The Input and Output Waveforms of the CR Phase
Shift Circuit

The two cursors are being used to measure the time difference

between the output, which is the smaller of the two waves, and the input.

The time difference is shown as being approximately 20.65ps. This time
difference can be used to calculate the phase difference as follows:

Phase Difference = time difference x 360 x Frequency
Therefore, we have

PD=TDx360xF =20.65°x360x8 =59.472

This is very close to the expected phase shift of 60°. Also, because the output
waveform reaches zero before the input, then the output waveform is leading
the input waveform, which gives the required phase shift of +60°. Note, the two
negative signs in the expression for the angle make the angle a positive value.
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One other parameter we can see from the display in Figure 10-12 is the
voltage gain that can be calculated as
_ v, Peak to Peak 1

Vouin = =—=05
"y, Peak to Peak 2

This shows that the CR phase shift circuit actually attenuates the
input signal. Using the magnitude part of the transfer function, we can
determine the magnitude of the TF as follows:

’TF| _ 1 _ 1 1

2 > 112993
QR g ——
©CR 50265.5x1007° x115

These readings and calculations should confirm the analysis of the

1
2

single CR phase shift circuit is correct and that we can now go on and
apply a similar analysis to the complete feedback circuit.
The complete feedback circuit is shown in Figure 10-13.

c I1 B c I5 ¢
_ —
12 14
vin R| 1 Rl v2 [] R1 vout

I

Figure 10-13. The Three-Stage Feedback Circuit

You might be forgiven for saying that the circuit shown in Figure 10-13
is not the same as the feedback circuit shown in Figure 10-10. This is
because the third resistor, which is R, in Figure 10-10, is not physically
connected to ground, as it is in Figure 10-13. However, we need to
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remember that there is a virtual short circuit across the input terminals
of the Opamp. This means that pin 2 of the Opamp is, to all intents and
purposes, connected to ground which connects R, to ground. Also, it is
the current flowing through R, that flows around the feedback path of the
Opamp, that is, it flows through R,. That is what controls the output voltage
of the Opamp. The current that flows through R, is the same current
as shown as I5 in the circuit shown in Figure 10-13. Therefore, the two
feedback circuits are the same.

We can show that the transfer function for the feedback circuit is

TF = !

N R S B
(@CR) | (wCRY ~ @CR

The derivation of this expression is shown in the appendix.

We can use this expression to determine the phase and the magnitude
of the transfer function. We will look at the phase of the transfer function
first. We are using this feedback circuit to introduce a further 180° phase
shift to ensure that the feedback is fed back in phase with the original
input to the Opamp. If we examine the graph of tan (0), we can see that at
180° the value of tan (180) = 0. This means that the “j” term of the transfer
function must equal 0. This means that

L _6
(oCR)’  @CR

Therefore
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Therefore, we can say
1=——— =6(aCR)’

Therefore, we can say

(a)CR)2 =lor ~=6
6 (oCR)
This means that we can say
oCR = l
6
From this, we can say
1 1
Jo= 2k \s

This can be rewritten as

1

= X —
Jo 27CR 6

Therefore, the frequency at which the feedback circuit will produce the
required phase shift of 180° would be

1

Jo= 27CR6

To determine the magnitude of the feedback circuit, we can again use
the concept that with a phase shift of 180° we can say
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I 6
(a)CR)3 oCR

Putting this into the expression for the transfer function, we can say

1

5
-2 40
(a)CR)2 /

TF =

This would produce a magnitude of

77| —
1- % +0°
(oCR)
From before, we know
1 -6
(oCR)
Substituting this in, we get
1 1 1

TF|= = =—

Ji-sxey (297 2

This shows that the feedback circuit will attenuate the signal by a

factor of 29. This means that to ensure the overall gain of the oscillating

circuit is unity, then the gain of the actual Opamp must be 29 or really just

a little bit larger than 29. The gain of the Opamp in the circuit shown in
Figure 10-10 is

L R3Sk 3043
sn "R R, 115
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If we use the values of the components in Figure 10-10, we will be able
to calculate the frequency that the circuit will oscillate at. The values from
that circuit mean that C = 100nF and R = 115. Therefore, we can calculate
the frequency of oscillation as

1 1

= = =5.65kHz
21CRJ6  2x7x1007° x115%x/6

1

If we simulate the circuit and measure the display of the output
voltage, we should be able to determine the frequency of the oscillator. The
output voltage waveform is shown in Figure 10-14.
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Figure 10-14. The Waveform of the Output Voltage of the RC Phase
Shift Oscillator
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We can use the two cursors to measure the periodic time for the
waveform, and from the display, we can see that the periodic time “T” =
186.66s. Using this value, we can calculate the frequency as follows:

fete L 535
T 186.67E

This is very close to the calculated value. This should give us some
confidence in the theory explained here of how the CR phase shift
oscillator works. One thing I should mention is that in real life the
oscillator should get enough of an input voltage from stray noise that could
be induced in the wiring of the circuit. However, with the simulation, it
may be necessary to provide the noise by switching the switch down to the
1V battery momentarily so as to trigger the oscillator into action.

Exercise 10.3

1. With respect to the phase shift circuit shown in
Figure 10-11, design the circuit to produce a phase
shift of 75° using a resistor value of 2.2k.

2. Design an RC phase shift oscillator that has a
frequency of 1200Hz using the existing 100nF
capacitors.

The Wien Bridge Oscillator

This is another oscillator that uses the Opamp to provide some gain
in the oscillator. The circuit for the Wien Bridge oscillator is shown in
Figure 10-15.
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Figure 10-15. The Wien Bridge Oscillator

The principle of operation for the oscillator is the same as the phase
shift oscillator in that some of the output is fed back to the input, and the
overall gain of the oscillator circuit should be unity or 1. However, the
Opamp is being operated in its non-inverting configuration, and the phase
shift in the feedback circuit should be 0°. To see how this is brought about
and what the gain of the Opamp must be set to, we could analyze the

feedback circuit shown in Figure 10-16.
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11
 — 11
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L
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Figure 10-16. The Feedback Circuit for the Wien Bridge Oscillator
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Using the voltage divider rule, it can be shown that the transfer

function is

0+ joCR

TF = 2,22
1-0°C°R” +3joCR

Exercise 10.4

As an exercise, see if you can derive the expression for the transfer

function. My solution is in the appendix. As an aid to get you started, you

can represent the feedback circuit as shown in Figure 10-17.

21
=T

22

vout

vin N

-

Figure 10-17. The Representation of the Feedback Circuit
The impedance Z, is

Z =R, —j—
(O]

The impedance Z, is the parallel combination of R, with C,:

1
R, x—j——
4 Ja)Cz
Z,= I
R —j——
4 ](DC2

499



CHAPTER 10  OSCILLATORS

The purpose of asking you to practice this sort of work is not to torture
you, but to try and help develop your ability to use mathematics as a way of
proving your theories and ensuring your analysis stand up to investigation.
This is a skill that is essential for good engineers. So do try it, take your
time, and you might just surprise yourself.

The Attenuation and Phase Shift
of the Feedback Path

Using the expression for the transfer function, we could develop an
expression for the attenuation and phase shift of the feedback path. We
know the feedback path will attenuate the signal from our work with
the phase shift oscillator and also because the circuit uses only passive
components.

To help develop this expression, it might be best to change the format
of the complex numbers from their current rectangular format to their
polar format. This would give us

)

3wCR
1-w’C*R? )

0% + (aoCR)2 (Tan™ (a)CRj

TF =

\/(1 ~@*C*R*) +(30CR) <Tan1[

If we consider the angle part of the complex number on the
numerator, we have

angle =(Tan™ [w_ﬁ'R}
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I hope you can appreciate that any number divided by “0” will produce
a result of infinity, co. If you are not sure, then try this. Let 0 = 1E'%, a
very, very small value. Then infinity = 1E', a very, very large value. Then
use your calculator to divide 100/1E'®. You should get 1', a very, very
large value.

That being the case, then if we examine the graph of Tan (6) we should
see that when (0) = 90°, then Tan (0) = infinity. This means that the angle
associated with the numerator must be 90°. Knowing that when we divide
complex numbers in their polar format, we simply subtract the angles.
Then this means that the angle associated with the denominator must also
equate to 90° to give 90 - 90 = 0. This means that

3wCR

—————— must = infinity ©
1-0’C’R’ inity

This will happen when the denominator equates to 0. Therefore,

we can say

1-0’C*R*=0
This means that

1=0’C’R? =(wCR)’

Therefore, taking the square root of both sides, we can say

1=wCR
From this, we can say
1
/o= 27CR

This then is the expression we can use to determine the frequency of

oscillation if we know the values of C and R.
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If we now consider the magnitude of the transfer function, we can say
0* +(oCR)’
\/(1 ~*C*R*) +(30CR)’

7=

Exercise 10.5

Complete the simplification of the transfer function to show that the
magnitude of the transfer function will result in an attenuation of 1/3. As a
hint, you should remember

1-w*C*R*=0

It only requires three more steps. Good luck.
The solution is in the appendix.

The Gain of the Opamp

Knowing that the feedback circuit attenuates the signal by a 1/3, then
this means that the gain of the Opamp should be just a bit more than “3”
Knowing that the gain of the non-inverting Opamp can be calculated as

Then using the values from the circuit, we have

3
y :1+2.05

gain 1 3

=3.05

Also, using the values from the circuit, we can calculate the frequency
of oscillation as
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1 1
= = =79.58Hz
/o 27CR  2xmx1°®x2?

If we simulate the circuit shown in Figure 10-15 and use the
oscilloscope to measure the output waveform, we will get the display as
shown in Figure 10-18.

pEpGdraag THFE~O0NHLRY» (i)
10.00— B
5004
=
G
~' 000
5}
@
O -
- \/ \J
-10.00 r T : T
0.00 10.00m 20_00m 30 00m 40 00m 00m
Selected Curves | AN Curves
A 8 8-A Frequency and §
x[a.r?m ]r.!la _ x:l13_53m _|y:§_p !a.— x 12.81m y:0 1: 78,08 |

Figure 10-18. The Output Voltage of the Wien Bridge Oscillator

Using the two cursors, we can measure the periodic time which was
12.81ms. Using this value, we can calculate the frequency as

1
=——=78.06H:
Jo 12.81E7° z

This does agree with our calculations.
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Exercise 10.6

1. Design a Wien Bridge oscillator that has a frequency
of 1kHz using a 50nF capacitor.

2. Design a Wien Bridge oscillator that has a frequency
of 10kHz using a 500nF capacitor.

The 555 Timer

The next device we will look at is the 555 timer. It does not actually
produce a waveform that goes both positive and negative, so it might be
wrong to call it an oscillator; however, we looked at the multivibrator at the
beginning of this chapter, so we should look at the 555 timer.

This is an integrated circuit or IC, which can be used as a monostable,
that is, a device which has one stable state at its output, either low or high,
and as an astable, that is, a device which produces a free running square
wave at its output. To appreciate how it works, a study of what the eight
pins are used for would be helpful. The pin out is shown in Figure 10-19.

J —

[ ¢ 8]

Figure 10-19. The 555 Timer IC
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The Pins of the 555 Timer

Pin 1: This is used to connect the IC to the ground.

Pin 2: This is the trigger input. The output at pin 3 of
the chip is normally held at ground or logic low, usually
between Ov and 0.4v. The output will go high, that is,

to Ve - 1.7V, when the input at the trigger, or pin 3,
goes down from V. to approximately 1/3 of V. For
example, if Vi was 12 volts, then when the voltage

at this pin drops to 4V or less, the chip is triggered,

and the output at pin 3 will go high, that is, V¢ - 17v,
therefore 10.3V; if V¢ is 12V. Note if the trigger input is
held low for a time longer than a period determined by
the external CR components, then the output will stay
low until the trigger input is driven high again.

Pin 3: This is the output of the chip, and it can be made
to switch high, for a set period of time, before returning
to its stable state of logic low. Or it can be made to
produce a square wave output at a frequency and
mark to space ratio determined by the CR components
around the chip. Note the output is normally capable
of sourcing 200mA, that is, delivering 200mA to a load,
or sinking 200mA, that is, providing a path for up to
200mA to flow through the chip to ground.

Pin 4: This is the reset pin, and it can be used to reset
the output by driving the voltage at this pin low, that is,
to a voltage between Ov and 0.4v. This pin can be used
to reset the output regardless of the states at any of the
other pins. If this pin is not to be used as a reset pin,
then it can be held high by connecting to V.
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506

Pin 5: This is the control voltage input pin. By applying
a voltage between 45% and 90% of V, it is possible

to vary the timing of the device independent of the
external CR network. This controls the chip in the
monostable mode and so controls the width of the
pulse independent of the CR network. When using

the chip in the astable mode, this control voltage can
be varied from 1.7V to V. to enable control of the
frequency of the square wave at the output. In most
cases, this pin is not used, and so it should be grounded
normally via a capacitor to prevent noise affecting

the chip.

Pin 6: This is the threshold input. It is used to reset the
output back to logic low when the voltage at pin 6 rises
to 2/3 of V. Therefore, if Vo was 12V, then when this
pin rose to 8V, the output would reset to a logic low. It
should be noted that for the timer to work at all, there
must be a minimum current of 0.1pA flowing into this
pin. This concept sets the maximum value of resistance
connected between V¢ and this pin.

Pin 7: This is the discharge pin. There is an internal
NPN transistor, and when this is turned on, it is used
to provide a discharge path to ground for the timing
capacitor connected to this pin.

Pin 8: This is the V. pin. This pin can be connected to
avoltage supply from 4.5V to 16V. This makes the timer
very adaptable to a range of supply voltages.
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The Timer Used As a Monostable

The stable state of the 555 timer is logic low. When triggered, the output
goes high and stays high until the voltage at the discharge pin, which is
connected to the threshold pin, reaches 2/3 of V.. In this case, when

Ve = 5V, the output would stay high until the threshold voltage reached
3.33V. Figure 10-20 shows a circuit we can use to test the basic operation of
the timer when configured as a monostable.

g R1 1k

Rk

2

—— C110n
VG 2 ;
| 2300

1

Figure 10-20. The Basic Monostable

The basic idea of the monostable circuit is that it has one state that
it wants to stay stable in, which is with the output on PIN3 at around
OV. It can be forced out of that state temporarily by driving the voltage at
the “trigger input” down to around 0V. In this circuit, we are using the
VG1 voltage source to drive the trigger input down to 0V. To achieve this,
the VG1 source starts off at 5V. It stays at 5V for 48ms, then changes to
0V. The voltage stays at OV for the next 2ms. The voltage then repeats the
cycle forever. Applying this voltage to the trigger input would force the
monostable out of its stable state, which is at around 0V, and send it to
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around Vg, that is, 5V. The monostable stays in its stable state of around 0V
until the trigger pulse goes down to around 0V. This then forces the output
out of its stable state and sends it to around +5V.

The capacitor C, is connected to the disc and threshold pins of the
monostable. It tries to charge up toward V¢ via R,. When the capacitor
reaches around 3.3V, that is, 2/3 of V¢, the output resets and returns to its
stable state of around 0V. The output will remain in this stable state until
the trigger input is again forced to go to 0V. In this case, this is at 50ms later.

Figure 10-3 shows the voltage waveforms we are interested in:

e OUT1 is the output on pin 3 of the timer. We can see
that, because the trigger input, VG1, starts off at 5V,
the output stays low as the 555 timer has not been
triggered.

e OUT2is the voltage at the threshold and disc pins of
the timer, pins 6 and 7. The internal transistor at the
disc pin is currently turned off, and so the capacitor
C, is allowed to charge up via the resistor R, toward
V¢e. This means the voltage at the threshold pin starts
to rise as the capacitor charges up. When this voltage
gets to 3.32V, as shown in trace OUT2 in Figure 10-3,
the output of the timer switches back to its stable state,
as shown by the OUT1 trace in Figure 10-3. At the same
time, the internal transistor, in the timer, turns on to
provide a path to earth so that the capacitor C, can
discharge. When the transistor turns on, there is very
little resistance between the capacitor and ground, and
so the capacitor discharges almost instantly.

e VGl is the voltage applied to the trigger input.
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Using this triggering action, we can see that the timer does want to
stay in the one stable state of 0V at its output. We can force the output to
change from this stable state for a set period of time. After which it does
return to its stable state, waiting for the trigger to go to 0V once again. We
can see that the timing of this set period is set by the time it takes for the
capacitor, C,, to charge up to 3.32V, that is, 2/3 of the V. The charging of
the capacitor is controlled by the time constant set by the CR combination
of C, and R;. With Figure 10-20, this is set to 1k x 30pF = 30ms. From our
work with analog electronics, we know the voltage across the capacitor, C,,
and so the input to the threshold pin follows the expression

t
VC=V[1—e CRJ

Putting the values in, we have

t
v, =5(1—e SOmsJ

We can transpose this expression to determine the time this voltage
will take to reach the 3.32V required to send the output back to its stable
state of OV.

The expression for this time is

t= —CRln(l - &j
vV

Putting the values in, we get

t=-30E ln(l - %) =32.7ms
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This means that 32.7ms after the output voltage rose to 5V, it would
return to the stable state of around 0V.

If we look at Figure 10-21, we should see that all the preceding
predictions are confirmed by all the traces displayed. Also, using the
readings of the two cursors, we can confirm that the output voltage stays
out of its stable state, at around 5V, for 32.77ms. This is very close to the
time period we have calculated.

EE | RERINAQSY  TEE~0ORNNIIaY~

4.00- 9 8§

Outl [
0.00
4.00-

Out2 M
0.00
3.00
0.00 |

0.00 50.00m 100.00m 150.00m 200.00m
Time (s)
Selected Curves | Al Curves
A B BE-A
x |48.09m | )‘:EO | x: 80.85m |¥{20.7m ]aq- x 32.7Tm y:20.7Tm

|

Figure 10-21. The Three Waveforms of the 555 Timer Set Up As a
Monostable when the CR Setting Equals 30ms

To further confirm that the circuit works in this way, we can change
the capacitor C, to 10pE This would change the CR constant to 10ms.
Therefore, using the expression to determine the time the output voltage
remains high, we get

=—10E" ln(l — %j 10.98ms
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Figure 10-22 shows that this calculation is correct, that is, the two
cursors show that “b” - “a” =11.06ms.

o8 |[pmracg T e~0 KRRy |

4.00— 8 8
Out
0.00
4.00—
out2 / / /\
0.00. /
5.00
0.00 v v . v \
0.00 50.00m 100.00m 150.00m 200.00m
Time (s)
Selected Curves Al Curves
A _ _ 8 B-A
x: Il-tS.Cer ] yi3.59 | x: fEé.'r'{rE'_']v:;'ﬁb}m |as| | x 1.08m y:-3.57

Figure 10-22. The Display of the Waveforms with C = 10uF
and R = 1kS2

Exercise 10.7

Design a monostable using the 555 timer that can be forced out of its stable
state for a period of 150ms. Your company wants to use the 50uF capacitors
it has a surplus off.

The Basic Astable

To change the monostable into an astable circuit, which will use the

555 timer to create a square wave at its output, we simply need to keep
triggering the 555 timer, that is, keep sending pin 2 to below 1/3 V¢c. The
simplest way of doing this is to connect the varying voltage across the
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capacitor C, to the trigger as well as to the threshold pin. The test circuit for
this arrangement is shown in Figure 10-23.

+

‘[%15

L VF1
3 'd

—— C110n L

Figure 10-23. The Basic Astable Test Circuit

There are now two resistors controlling the charging and discharging of
the capacitor. As the capacitor discharges via R, and the internal transistor
that provides the capacitor with a path to ground, then R, controls the
discharge time. Once discharged, the internal transistor turns off and
allows the capacitor to charge up toward V¢ via R, and R,. Therefore, R,
and R, control the charge up time for the capacitor.

The charge up time of the capacitor controls how long the output is
high, that is, the mark time of the square wave. The discharge time of the
capacitor controls how long the output takes to return to its stable state,
the logic low or space time of the square wave. Therefore, R, and R, control
the mark time, and R, controls the space time.
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Note the capacitor C, is just to prevent any noise from upsetting the
control voltage input pin.

The frequency of the output is set by the following expression taken
from the datasheet for the 555 timer:

1.44
Jo T oA
(R1+2R2)C
Therefore, with the circuit values shown in Figure 10-23, the frequency
of oscillation is
1.44

Jo= (1£° +2E3)10E’6 = A8Hz

The datasheet for the 555 timer states that the mark time can be
calculated using

Marktime = 0.69(R1+ R2)Cl1

Putting the values for the circuit into the expression gives us

Marktime =0.69(1E> +1E*)10E"* =13.8ms
This is confirmed by the trace VF1 as shown in Figure 10-24. With
this simulation, we are using the voltage pins within TINA to allow us to

measure the voltages in question. We will study how to use TINA in more
detail in Chapter 12.
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Figure 10-24. Trace Showing the Mark Time of 13.8ms

With respect to the space time, using the datasheet, the space time
is set by

Spacetime = 0.69R2C

Putting the values in, we get

Spacetime = 0.69x1E* x10E™ = 6.9ms
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Figure 10-25. Trace Showing the Space Time

Figure 10-25 confirms the setting of the space time. Knowing that
the periodic time can be determined by adding the mark and space time
together, this gives a periodic time of

Periodic Time= M + S =13.8ms + 6.9ms =20.7ms

This agrees closely to the measurement in Figure 10-26.
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Figure 10-26. Trace Showing the Periodic Time for the Square
Wave Output

Figure 10-26 shows the periodic time for the square wave to be
20.92ms. Therefore, using the expression to determine the frequency
of a waveform knowing the periodic time “T,” we can calculate the
frequency to be

1 ;3 = 47.8H:z
T 20.92E

This agrees closely to the frequency calculated using the expression for
the frequency taken from the datasheet.

Creating a 50/50 Duty Cycle Square Wave

It is not essential that the duty cycle of a square wave should be 50/50, but
it would be useful if we could do that. To create a 50/50 duty cycle square
wave, we need to make the mark time the same as the space time. If we
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keep the value of the capacitor constant, then it is the resistor values that
control these periods. We can rearrange the expressions for mark time and
space time to derive expressions for the resistors R, and R, as follows:

Marktime = 0.69(R1+ R2)C
_ Marktime —0.69R2C
0.69C

S R1

Spacetime = 0.69R2C
_ Spacetime
0.69C

Now, substituting the expression for R, into the expression for

R,, we can
Marktime — 0097 Spacetimex C
Rl= 0.69C
0.69C
- Rl= Marktime — Spacetime
i 0.69C

This means that it is impossible to get a true 50/50 duty cycle as
to make the mark time the same as the space time would result in R,
being 0Q.

A compromise that is given in the datasheet is to get close to 50/50,
we must let R, be between R2/8 and R2/5. At lower frequencies, let R, be
closer to R2/5, and at higher frequencies, let R, be closer to R2/8. Note this
is without changing the value of the capacitor.

Example 1:

When f = 500Hz, let space = 1ms, that is, half the periodic time.
Therefore, when C = 1uF, we have

) Spacetime  1E -

= =1449.27
0.69C 0.69x1E™°
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Therefore, using

_R2_1449.27
5

R1 =289.86

Figure 10-27 shows the trace of the output from the 555 timer using the
component values calculated earlier. The mark time is shown as 1.21ms,
and if you used the simulation to measure the space time, you should get
avalue of around 1.24ms. This does confirm that we can achieve close to
a 50/50 duty cycle, but the output of the 555 timer is not very accurate.
However, if your application does not require a very accurate frequency,
then this simple timer can be quite useful and easy to set up.
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x[xare. yjea ] | {=[iz= ¥iesa las| = 13 Y. - T Wt L]

Figure 10-27. The Trace Showing the Mark Time of the 50/50 500Hz
Square Wave

Example 2:
When f = 50kHz, let space = 10ps. Therefore, when C = 1nF, we have
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_ Spacetime  10E -

= — =14.49%
0.69C 0.69x1E
Therefore, using
r=R2_1449 ek
8 8

The display of the oscilloscope is shown in Figure 10-28.

OSCILLATORS
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Figure 10-28. The 50kHz Oscilloscope Trace

I'have changed the capacitor value to 1nF as if we kept it at 1uF, the
value of the resistors would be too low, that is, R2 = 14.49Q and R, =
1.81Q. This would suggest that at high frequencies, use low values for

capacitor C,, and for low frequencies, use high values of capacitance.
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Exercise 10.8

1. Design a 555 timer that can produce a 1Hz square
wave with a mark time of 666.67ms, using a 10pF
capacitor for C,.

2. Design a 555 timer that can produce a 50kHz
square wave with a mark time of 11ps, using a 1nF
capacitor for C,.

Summary

In this chapter, we have looked at some multivibrator circuits, such as the
basic CR transistor circuits and the 555 timer. We have also looked at how
we can use the Opamp to create two common types of oscillators. We also
had a peak at some of the challenging mathematics we use to analyze the
circuits. I hope you have found this interesting and informative and it has
spurred you on to learn more.

In the next chapter, we will look at filter circuits. We will start with the
passive filters and then move on to the active filters.
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Filters

In Chapter 10, we looked at multivibrator circuits and oscillator circuits.

In this chapter, we will look at filters. We will study both passive and active
filters, learning how they work. We will restrict the analysis to the basic low
and high pass filters as filters can be a book on its own.

We will use the response of filters to show what complex numbers are
and how they can be related to the argand or phasor diagram and circuit
impedances, explaining how we can use them to analyze electrical circuits.

We will look at Bode plots and how we can create an approximation to
a Bode plot, called “an asymptotic Bode plot.”

I feel I should warn you that there will be a lot of work, using complex
numbers, to derive the transfer function for the filters. If engineers are
going to understand how circuits work, so that they can design them, then
the ability to be able to derive the transfer function, for any system, is an
essential skill they need to learn. When it comes to any phasor quantity,
and really all electrical quantities are phasor quantities, then it is essential
that we can use complex numbers to help describe the phasors.

I hope that after studying the derivations in this chapter, you will
appreciate that complex numbers are not overly complex and that you can
use them, along with some basic rules of electrical theory, to analyze the
circuits you come across. Of course, you can skip the derivations and just
use the transfer functions, but I hope you do stick with it and learn this
useful analytical skill. You never know, you might find that you can do it
yourself and enjoy it.

© Hubert Henry Ward 2024 521
H. H. Ward, Mastering Analog Electronics, Maker Innovations Series,
https://doi.org/10.1007/979-8-8688-0245-4_11
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Filters and Passive Filters

A filter is a circuit that prevents signals of unwanted frequencies from
being passed onto a load, that is, a circuit, which wants to use the signal.
For example, a hi-fi system would not want any noise, picked at the

input, to be passed onto the amplifier and so out at the speakers. In this
case, as noise is normally of a higher frequency than the normal audio
range of frequencies, we humans will not hear it, but electric noise can
damage electrical signals. Then a low pass filter could be used to filter out
the noise.

A passive filter circuit is one which does not use power from the supply
to add power to the signal the circuit is using, whereas the active filters,
which we will look at later in this chapter, use amplifiers that add power
to the signal. Passive filters are circuits made up with passive components
which are resistors, capacitors, and inductors. The resistor can also be
classified a nonreactive component, whereas capacitors and inductors are
reactive components. Capacitors and inductors cause a reaction when a
voltage is applied across them to force current to flow through them. This
means they cause a reaction to the current flowing through them. With a
capacitor, the current leads the voltage, ideally by 90°. With the inductor,
the current lags the voltage, ideally by 90°. However, with the resistor, the
voltage and current are in phase with each other. We will find this concept
useful when we analyze the passive filters.

The CR Passive Filters

The circuit for the first filter we will look at is shown in Figure 11-1.

522



CHAPTER 11 FILTERS
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Figure 11-1. The First CR Filter Circuit

We need to develop the expression for the transfer function as it will
help describe how the system, in this case, the CR filter circuit, will transfer
the input to becoming the output. To derive the transfer function, we can
use the voltage divider rule. However, before we do that, it might be useful
to represent the circuit as two impedances. Indeed, we could do that for
the first four passive filters we will look at. This configuration is shown in
Figure 11-2.

Z1

=1
z2

vin vout

Figure 11-2. Representing the Passive Filter with Two Impedances

Using the voltage divider rule, we can say

v — vinZZ
"7 +Z,
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Now dividing both sides by v;,, we get

Complex Numbers and Phasor Quantities

It might be useful to explain how we can express the impedances using
complex numbers. To do that, we need to appreciate that all impedances,
including resistance, are phasor quantities. You should appreciate that
phasor quantities have magnitude and direction or magnitude and an
angle describing the direction. This is the difference between “speed” and
velocity. Speed is a scalar quantity as it does not have a direction; it just has
a value. However, velocity is a phasor quantity as it has a value, magnitude,
and direction.

We can draw phasor quantities on a phasor diagram, called an argand
diagram, and describe them using complex numbers, which are not
really overly complex; believe me, they are not. A typical argand diagram,
showing all three impedances of R, XL, and XC, is shown in Figure 11-3.
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XL Direction of rotation

Real axis
Reference angle 0

3

Figure 11-3. A Typical Argand Diagram of the Three Passive
Components

Figure 11-3 is an attempt to try and show the phase relationship
between the three main passive components and how we can represent
them on a phasor or argand diagram. The two axes of the phasor diagram
are the “real axis” and the “j or imaginary” axis.

The length of the arrow depicts the magnitude of the impedance, and
their placing on the phasor diagram depicts their phase relationship with
respect to the reference, that is, the real axis.
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The resistance is shown as being in line with the real axis as the angle
associated with resistance is normally “0” That is why we do not normally
consider the angle when dealing with only resistive circuits. This agrees
with the concept that the current flowing through the resistor is in phase
with the voltage across it.

The inductive impedance, represented by the “XL’ term, is on the
+j axis, which means a pure inductance impedance is 90° ahead of the
reference. Note, we are talking about impedance, not current or voltage.
We will see later that this agrees with the principle that current flowing
through the inductor lags the voltage across it.

The capacitive impedance, represented by the “XC” term, is shown
as being on the -j axis, which means a pure capacitive impedance is 90°
behind or lagging the reference. We will see later that this agrees with
the principle that current flowing through the capacitor leads the voltage
across it.

The relationship between voltage and current and impedance can be
explained using Ohm’s Law as

v _ e
: H©)

With this complex division, we simply divide the two magnitudes,
identified by the term within the two lines, |[Magnitude|, and simply
subtract the two angles. This means the current can be expressed as

i=M(9 -0.)

g

If we apply this to a pure inductor with an impedance of

| X, [¢90)
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then the current flowing through can be calculated using

M M
i, =L (0—90) =L (~90)
X X,

Hence, the current lags the voltage by 90°. This assumes that the
voltage is the reference given the angle “0” This is normal in electrical
analysis as we get nothing without a voltage.

If we apply this to a capacitor with an impedance of

|X C | < - 90>
then the current flowing through can be calculated using

M L1 0--90) = il (90)

IR [ X

Hence, the current in a capacitor leads the voltage by 90°.

It is normal to use complex numbers to represent any impedance
or phasor quantity, and all electrical quantities are phasor quantities.
That being the case, it would be useful to represent the three passive
components as phasor quantities using their complex number
representation.

There are two ways of writing complex numbers.

One is in rectangular or coordinate format, which in general is

a+ jb
that is, “a” along the real axis and “b” along the j axis as shown in

Figure 11-3.
The other format is in polar format, which in general is

0)
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“u_.n

where “r” is the magnitude or length of the phasor and “0” is the
associated angle which positions the phasor on the argand diagram. The
angle is sometimes referred to as the argument of a complex number.

If we consider the resistance “R,” we can see it has a length of “R,
which means its magnitude in polar format is “R.” As it is sitting on the
real axis, which is the reference, and has an angle of “0’, then the angle
associated with the resistance is “0” Therefore, in polar format we have

Resistance = R{0)

If we consider the coordinate format, we can see that the end of the
phasor is at a distance “R” from the origin, and it has a “0” coordinate on
the “j” axis. Therefore, in coordinate or rectangular format, we can say

Resistance =R + jO

I prefer to use the term “coordinate format” as it describes the format
better than rectangular. This is because the coordinate format states the
coordinates of the very end of the phasor on the phasor diagram.

If we consider how we can convert from coordinate format to polar and
polar to coordinate format, you might be able to see that the two formats
equal each other as they should do. Using the general format, we can
convert from coordinate format to polar using

a+ jb=vNa’ +b* (Tan™ 2)

a

Really, this is simply using Pythagoras to determine the magnitude and
trigonometry to determine the angle.
Then converting from polar to coordinate format, we have

r{0) = rCos(Q) + jrSin(Q)
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We can again use trigonometry to prove the conversion from polar to
coordinate format.
Using these conversions, we can show that

R+ jO=+R*+0* (Tan" %) = R(0)

Now if we consider the pure inductive phasor, we can see, using

“us=n

coordinate format, the real component “a” is zero. Also, the “j” component

is +XL. Therefore, for the pure inductor, we can say

Pure Inductive Impedance X, =0+ jX,

In polar format, this would be
Pure Inductive Impedance X, = X, (90)
Intuitively, we can see that the length of the phasor is “XL,” and its

position is on the +j axis, which is 90° ahead of the reference. Also, we can
convert the coordinate format to polar using

X
0+ jX, =/0> + X,>(Tan™ (#j) =X,(90)

We should remember anything divided by “0” equals infinity and
Tan"'(Infinity) = 90°.

Therefore, bearing all that in mind, I hope you can appreciate how we
can express the impedance of the capacitor “XC.”

X, =0-jX. =X, (-90)

Hopefully, this explanation has given you some insight into using
complex numbers. Apart from some small challenging aspects, which we
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might have to consider later, complex numbers are not overly complex as
we will see when we use them to describe the action of these passive filters.

We should now continue with the analysis of the passive filter shown
in Figure 11-1. The impedance Z, is that of the capacitor, which means we
can express Z, as

1
Z, =0—j—
1 ]a)C

The impedance Z, is that of the resistor, which means we can
express Z, as

Z, =R+ j0

If we now consider the addition of the two impedances, that is, Z, + Z,,
this can be expressed as

o1 . o1
ZI+Z2 :(O—JRJ'F(R'FJO):R—]R

We simply add all the real terms together and all the imaginary terms
together separately.
Therefore, the transfer function for Figure 11-1 is

S
R-j—
oC
It is normal to create a transfer function that has a numerator of unity,
thatis, 1. It will become clear why we do this as we progress. Therefore, in
this case, we must divide the top and bottom of the transfer function by

“R” Another way of doing this would be to multiply both top and bottom

by %, which is mathematically the same as dividing by “R.” This would give
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Rx% 1
TF = 1Y 1 o 11 B
IR VS S s
]a)C R R ]a)C R
This now results in

el

1-j——

]a)CR

This is now a division of two complex numbers, especially if we
rewrite it as

1+ 50
1

1-j——
]a)CR

TF =

We need to convert this into polar format as it’s easier to divide in
polar. Therefore, we get

VI +0® (Tan™ (?))

TF

1

2 _—
I+ b (Tan™ _oCR )
oCR 1

which gives

1(0)

1? +(—1j (Tan™ (—1}
oCR oCR

TF =
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Note, when dividing two complex numbers, we simply divide the two
magnitudes and subtract the angles.
This gives

We can separate the transfer function into its two parts of magnitude
and angle as follows.
The magnitude is

[7F|=

The angle is

An Asymptotic Bode Plot

We can produce a Bode plot that will show how the circuit reacts to a range
of different frequencies. This could be done if we had a frequency analyzer
or with a simulation using an ECAD package such as TINA. However, if we
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do not have access to a practical circuit or an ECAD package, we could use
some values to produce a straight-line approximation and that might be
enough for what we need. The posh name for such an approximation is “an
asymptotic Bode plot,” and we will go through producing one now.

We will need some values, namely, two or three values for the
frequency; we will use three to draw the asymptote. However, we cannot
actually produce any values for the magnitude or phase, as they both
depend upon the value of “w’, which is a shorthand way of writing 2xf,
and so we need to know the frequency. Except, if we choose some
obvious values for the frequency, we will be able to draw the plot quite
quickly and accurately enough for our needs. The first two values we will
choose are the two extremes of the frequency spectrum, that is, 0Hz and
a frequency of infinity. The third value is a little less obvious until you
realize what we are trying to do with these filters. We are trying to filter
out unwanted frequencies, and the basic idea of these filters is that we
filter out frequencies that are lower than a set value, as in a high pass
filter, or are above a set value, as in a low pass filter. For example, a high
pass filter will only allow frequencies that are higher than a set value and
reject all frequencies that are lower than that set value. However, you must
appreciate that the circuit cannot simply block the frequencies that are
lower than this set frequency. They will still be passed onto the output,
but the power level will be too low for them to be of any use. This begs the
question: What power level is too low? Well, that is where the benchmark
of the “half power point,” which we have mentioned in Chapter 6, comes
in. We say that any frequency that has a power level that is less than half
the maximum power will be deemed useless and will not be of any use
at the output of the filter, even though it will be passed on. It will be as
though it has been filtered out. So, before we can look at the transfer
function using all three frequencies, we need to understand this half power
point. The frequency at which we reach this half power point is called the
frequency of cutoff, that is, f..
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The Half Power Point Benchmark and the
Frequency of Cutoff

This half power point uses the ratio of power out divided by power in.
However, when applying it to a Bode plot, we use dBs as the unit for this
ratio. The power ratio in dBs can be expressed as

P
Power ratio =10log (P%’”J

in

Then knowing at this cutoff frequency the power ratio will be %,
we can say

Power ratio =10log (%J =10x-0.3010 =-3 dbs

We can relate this half power point to the voltage gain of a system or
current gain using

V.

mn

Power ratio =20log (hj

Power ratio = 2010g(l?—”’]
i

in
This is because power can be calculated as

2 )
Cove
Power =vxi=—=—
R R
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Therefore, using the third rule of logs, the power of “2” can be brought
down and multiplied into the log. Hence, we get 2x10 = 20 in the 20Log.

When the ratio of

out __

<
~

then we have

Power ratio =20log (%j =20%x-0.1505=-3.01dBs

This is the same as the half power point, and so the frequency of cutoff
will be when the magnitude of the transfer function is
1

V2

7| -

As we have ensured, the numerator of the transfer function was “1,
and the square root in the denominator, for this transfer function, was

2
()
oCR
Then the term in the square root will equal two, which is what we want

for the half power point, when we have

1

TF|=
| | V1+1

This will be when
2
[_;j 1
oCR
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This will be when

oCR =1

From this, we can say

2n f.CR=1

This then means that the cutoff frequency “f.” is when

1
~ 27CR

J.

For the asymptotic Bode plot, we do not need to calculate the actual
frequency; we just need to know that the magnitude of the transfer
function will be at the half power point when we are at the frequency when
the term

oCR =1

We can now calculate the magnitude as

|TF|= L _ L _0707

Ji+1 2

The angle “0” can be calculated as

0= —(Tan_l( lj) =—(Tan™ (—1)) =45°

1

Therefore, at the cutoff frequency, the transfer function is

TF =0.707 (45)

We now have our three frequencies we will use to draw the asymptote
for this CR filter shown in Figure 11-1; they are as follows:
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1. When f=0, the lowest value
2. When f = infinity, the highest value

3. When fis the cutoff frequency, the frequency at
which the output reaches the benchmark of the half
power point

We will calculate both the magnitude and angle at these frequencies
starting with f = 0Hz.
Asf=0, then

0=2nf=2rx0=0

This means that

oCR=0
Therefore, the magnitude is
]TF| = 1 = 1 = 1 = 1
1Y 1Y Jl+o o
) 0
oCR
which gives
|TF|=0

We should remember that anything divided by “0” will result in a value
of infinity. Also, one divided by infinity will produce a value of 0. This is a
little difficult to prove, but if you use your calculator and define the value
of “0” as 0 = 17 and infinity as oo = 1 and then try the calculations out on
your calculator, you should get the correct appropriate results.
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If we now consider the angle “0’, we have
0 =—(Tan™' L \=—(Tan™ (—lj) =—(Tan™ —())
oCR 0
Therefore, we have
6 =90°

Therefore, when f = 0Hz the transfer function is

TF = 0(90)

Next, we will let f = infinity.

Exercise 11.1

As an exercise, see if you can calculate the magnitude and angle of the
transfer function when f = infinity and so show that when f = infinity

TF = 1{0)

Finally, at the cutoff frequency, the transfer function is

TF =0.707 (45)

Using these three values, we can create the asymptote of the Bode plot
except that we must express the magnitude in dBs. This is done using

20log (|TF|)

When f = 0, the magnitude is 0 and so we have

20L0g(0)
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To do this, let 0 = 1*° and infinity = 1%.

20Log (1) =-100 dBs

Really, the log of “0” is -infinity.
When f = infinity, the magnitude is “1,” so we have

20Log (1) =0dBs

We have already shown that at the cutoff frequency the magnitude in
dBs is -3dbs.

This means we can now create the Bode plot. The typical Bode plot for
the passive CR filter shown in Figure 11-1 is shown in Figure 11-4.

dés
Fe

LogF

Figure 11-4. The Asymptotic Bode Plot for the CR Filter in
Figure 11-1

The asymptote is drawn as the two straight lines shown in red in
Figure 11-1. There is a small section of curve drawn in black. This is to
try to show how the real Bode plot would vary from the approximation
plot. I hope you can see that the approximation only varies from the
real plot around the frequency of cutoff “f.” Around that frequency, the
approximation is in error by about the value of -3dBs. This is because the
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approximation shows that at fc the gain is 0dBs, whereas we know it should
be -3dBs. That is why we call this error the 3dB error. However, apart from
that, the approximation does show us what we need to know, and that

is that this filter is a high pass filter, as any frequencies below the cutoff
frequency “f.” will be of no use as their power content will be below the
benchmark of the half power point.

One thing we should appreciate is that the gradient of the slope in the
approximation is constant at 20dBs per decade. If we could show it on the
plot, the slope would be starting at minus infinity as that is the result of the
log of infinity.

If we give the CR filter shown in Figure 11-1 some value such as
C =100nF and R = 1kQ, we should be able to calculate the frequency of
cutoff, fc. Then we can simulate the circuit in TINA and see if the frequency
response does follow the approximation as shown in Figure 11-4. The
frequency of cutoff can be calculated as follows:

1 1
" 27CR 27 x100E~° x1E?

f. =1.591kHz

When we simulate the circuit and conduct a frequency analysis, the
Bode plot can be created as shown in Figure 11-5.
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Figure 11-5. The Simulated Bode Plot for the CR Filter in Figure 11-1

Figure 11-5 shows the results of the simulated Bode plot. From it, we
can see that the maximum gain of the CR filter is 0dBs, that is, a gain of
one. This must be correct as there is no amplification in the circuit as it just
uses passive components. Also, it shows that the gain falls by 3dBs to be
-3dBs at a frequency of 1.6kHz. This is close to the calculated cutoff
frequency of 1.591kHz. If we examine the phase plot, we also see that at the
cutoff frequency the phase is 45° again, close to what we have calculated.

The overall shape of the Bode plot in Figure 11-5 does agree closely
to the approximated Bode plot shown in Figure 11-4. If we examine the
gradient of the simulated Bode plot, we can see that it is close to the
estimated 20dBs per decade as stated for the asymptote we have drawn up.

These measurements should suggest that the theory we are using is
correct.
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The RL Filter

The circuit for the next filter is shown in Figure 11-6.

R1

-
S Out1

+

C./) VG1

L1

e

Figure 11-6. The RL Passive Filter

Comparing this to the two impedances shown in Figure 11-2, we can
see that Z, is an inductive impedance, which means Z, can be expressed as

Z,=0+ joL
Also, we can see that Z, is simply the resistor. Therefore, we can
express Z, as

Z =R+ j0O
Adding the two impedances together, we can say
Z,+Z,=(R+j0)+(0+ joL)=(R+0)+ j(0+wL)=R+ joL

Using these expressions, we can express the transfer function as

0+ joL

TF =
R+ joL
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Now dividing the top and bottom by jwL or multiplying the top and

bottom by _L, we get

JjoL
0 JjoL
joL joL

TF =
R joL
+—

joL joL

Canceling out where we can gives

1
TF =
R
I+—
joL
We need to appreciate that
R 1 R
_ =X —
jolL j oL
However, it can be shown that
1 .
—==J
J

The proof of this involves the use of the complex conjugate, and this is
shown in the appendix.
This now means the transfer function becomes

_r
R

1-j—
Ja)L

TF =

Converting this to polar so that we can easily carry out the
division gives
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VI +0® (Tan™ (?j)

TF

R

2
12+(—R) (Tan™ 7610]‘ N

ol

Therefore, carrying out the division and separating it into magnitude
and phase, we have

ik

Phase =—(Tan™' (—i}
oL

We can use the expression for the magnitude to derive an expression
for the cutoff frequency as we know, at the cutoff frequency, the
magnitude must be

1
TF|=—
rFl-—
This would happen when
R
ol

The expression for the cutoff frequency f is

R

Je= 2rL
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We can now evaluate the transfer function when f= 0 and when f =

infinity so that we can draw an asymptotic Bode plot.

When f =0, we have

ol =0
Therefore, we have

7F|=

The phase shift is

Phase=—<Tan'l[—ij> =—<Tan‘1(_£
ol 0

]) =90°

When f = infinity, the magnitude of the transfer function will be

1 1

\/12+(‘i)2 o

The phase of the transfer function will be

=1

7| -

Phase =—(Tan™ (—E} =0°
(e 0]

We now have all three values, and we can draw the Bode plot as shown

in Figure 11-7.
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The Asymptote

Figure 11-7. The Asymptotic Bode Plot for the RL Filter in Figure 11-6

This is the same as the asymptote shown in Figure 11-4. That is
because, just like the filter circuit shown in Figure 11-2, the RL filter shown
in Figure 11-6 is a high pass filter. Using the expression for the cutoff
frequency and knowing the value of R was 1kQ and L was 1mH, then the
frequency of cutoff “f.” can be calculated as follows:

R IE
2nL  2m x1E

c

— =159.154kHz

We can calculate the phase of the filter at the cutoff frequency as
follows:

Phase =—Tan™ [—ij)
oL

Then knowing at the cutoff frequency, we have

R
— =1then phase = —(Tan""' (-1)) = 45°
— p ( (-1
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Simulating the circuit and creating the Bode plot gives us the display
shown in Figure 11-8.

o B 3 ke ] o e o i 5 [
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Figure 11-8. The Bode Plot for the RL High Pass Filter

From the Bode plot shown in Figure 11-8, we can see that ata
frequency of 159.54kHz the gain of the filter is -3dBs, which is the expected
benchmark figure. Also, the phase has come down from 90° at 0Hz to
44.93° at the cutoff frequency. These two measurements do confirm our

calculations and theory.

Exercise 11.2

As an exercise, derive the transfer function for the two passive filter circuits
shown in Figure 11-9 and so confirm they are as stated. Then using a
resistor value of 2.2kQ for each circuit, calculate the value of capacitance
in circuit “a” and inductance in circuit “b” so that they both have a cutoff
frequency of 10kHz. State what type, low pass or high pass filter, they are.
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R1 1k L11m
LN

ij vei  a L ctw C_é e b i

Figure 11-9. The Two Passive Filter Circuits for Exercise 11.2

Circuit a
Use the following hint:
LN
/ oC  joC
1 .
—===J
J

You should be able to show that the transfer function is

Fo_ L
1+ joCR

Phase =—Tan™" (wCR )}

Circuit b
You should be able to show that the transfer function is
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Active Filters

There are many more passive filters that we could look at such as the
following:

Band stop

Band pass

The notch filter
Symmetrical M filters

However, it would require a book devoted to filters to cover them all.
So, we will leave the passive filters now and start our investigation into
active filters.

The main disadvantage of passive filters is that they attenuate the
frequencies we want to use. Active filters use an amplifier, usually an
Opamp, so they can retrieve the signal level we lose with passive filters and
even add some gain to them.

As with passive filters, there are a range of responses we can get from
the design of an active filter, and they are

e Low pass

e High pass
e Band pass
e Band stop

However, as this is only an introduction into filters, we will restrict our
investigation into low and high pass filters.
There are three distinctive designs of active filters, and they are

e Butterworth
e Chebyshev

¢ Bessel
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Again, we will restrict our analysis to the Butterworth filter, as it would
take a book just to look at all the filters. The first circuit we will look at is
shown in Figure 11-10.

FOut1
é VG le a ~ gl
| T 5 OPf uAT741

.||__‘_‘_‘4

Figure 11-10. A First-Order Low Pass Filter

I hope you can see that this uses an Opamp that is configured in the
non-inverting configuration and that the gain is unity or “1” Really, this is
a passive filter with an amplifier added to it, but with this circuit the gain of
the amplifier is “1”

I hope you can see that the transfer function of the passive
components is

1
"1+ joCR

The expression for the cutoff frequency is

1

Je =5 cR

The expression for the phase would be

Phase =—(Tan™ (a)CR ))
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Putting the RC values from the circuit into the expression for fc and the
phase gives us a cutoff frequency of 159.15Hz with a phase of -45°. If we
simulate the circuit, we will get the Bode plot as shown in Figure 11-11.

2H pEHrAQAY TELLE~0OMNIRAYNS «2
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Frequency (Hz)

Phase [deg]

Selected Curves Al Curves
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x||ss 15 | ¥i-2.01 x (15915 |yiasm | x0 yA2 0

Figure 11-11. The Simulated Bode Plot for the Circuit in Figure 11-10

We can see from the Bode plot that the -3.01dB point is at a frequency
of 159.15Hz. The phase shift at that frequency is -45.01°. These values both
agree closely with our calculations.

Now we will see what happens now when we apply some gain to the
non-inverting Opamp. The circuit to evaluate this is shown in Figure 11-12.
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+
=Viis
R1 1k
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T5 OPf uA741
Ra 1k
—
: [] Rb 1k| -
+
=V215

Figure 11-12. The First-Order Low Pass Filter with Gain

The Opamp has now got some voltage gain. The expression for the
voltage gain is

I am using the letters “a” and “b” to try and avoid confusion with the
actual resistors in the circuit. I hope you can appreciate that the expression
for the voltage gain of the Opamp is the same as the transfer function for
the Opamp. This means that this active filter is made up of two sections,
the passive filter circuit and the Opamp. When determining the transfer
function of a circuit with more than one section, we can simply multiply
the functions together. This would give a transfer function for the active
filter in Figure 11-12 as
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1 R s
TF =| ———— |x| 1+ =% |=—2—
1+ joCR R, 1+ joCR

If we put the values for Ra and Rb into the transfer function, it will

now become

2
1+ joCR

Now we can add some gain to the filter circuit; we will see what
happens when we have a wide band of frequencies that we want to pass
onto the output. For example, we will design a low pass filter that has
a cutoff frequency of 15kHz. This is close to the upper end of the audio
range, especially my upper limit. If we use a typical resistor value of 2.2k,
then we can calculate the value of the capacitor as follows:

1 1

= = =4.83nF
2 fR 2w x15E° x2.2F°

Changing R, and C, to those values and simulating the circuit gives us
the Bode plot shown in Figure 11-13.
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Figure 11-13. The Bode Plot for the First-Order Low Pass Filter with
a Gain of Two and Cutoff Frequency of 15kHz

When using a Bode plot, we need to remember the gain is plotted in
dBs. To express voltage gain in dBs, we use the expression

=20Log ( gain) in dBs

vgain

The maximum dBs on the Bode plot would be

20Log(2)=6.02dBs

u_n

Cursor “a” shows the maximum gain on the Bode plot is 6.02 dBs.
We can now use cursor “b” to measure the frequency at which the gain
reduces by 3dBs. Cursor “b” shows that the frequency when the gain
falls to 3.02dBs is 14.94kHz. This is close to the desired cutoff frequency
of 15kHz we have designed the filter to have. One thing that differs from
this Bode plot and that for the passive filters is that the roll-off at the
high frequency does not show a constant gradient of 20dBs/decade. This
is because the Opamp has its own natural high-end roll-off, and this
increases the gradient at the higher frequencies.
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Exercise 11.3

Design a low pass active filter that has a cutoff frequency of 10kHz when
the resistor R is 4.7kQ. Let R, and R;, both be set at 1k<.

The First-Order High Pass Filter

The circuit shown in Figure 11-14 is a high pass first-order active filter.

=Vi15

|| 3
C110n .
+ ]gs ) “Out
@ i [ oei
14 OPf uA741
/ Raitk
[] Ro 1k| -
. =
=V215

Figure 11-14. The High Pass First-Order Active Filter
The gain of the Opamp is still set to 2 using resistors R, and R,. That
being the case, we can show that the transfer function of the filter is
TF = ; x2=TF = #
l—j—— 1—j——
7 oCR 7 oCR

The cutoff frequency fc can be calculated using
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1 1
" 27CR 2 x10E° x4.7E

f. —3.386kHz

When we simulate the circuit, the Bode plot created is as shown in
Figure 11-15.
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Figure 11-15. The Bode Plot for the High Pass Filter

Cursor “b” shows that the maximum gain is the 6dBs we expect.
Cursor “a” shows that when the gain has fallen down the 3dBs, that is, 3dBs
down from the maximum, the frequency is 3.38kHz. This is close to the
calculated cutoff frequency.

Figure 11-15 shows one issue with using the basic 741 Opamp as
an active filter. We can see that when the frequency reaches around the
500kHz mark, the gain starts to fall off. This is because the Opamp itself
can be viewed as a low pass filter. Due to the internal circuitry, the gain will
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fall off at higher frequencies. Some datasheets show this as an FT figure,
which is the frequency of transition. This is the frequency at which the
Opamp undergoes a transition, as it stops being an amplifier and starts
being an attenuator. This is similar to what happens with the BJT amplifier,
and it does restrict the overall bandwidth of the Opamp.

High-Order Active Filters

I'have described the active filters we have looked at so far as being first
order. It is now time to explain what I mean by this. If you consider what
you would expect from a filter, such as a low pass filter, you could say
that the filter should amplify all frequencies up to the cutoff frequency
with the same gain. Then all frequencies above the cutoff would be
stopped completely. The ideal response of the filter would be as shown in
Figure 11-16.

Gain in dBS
fc

Logf

Figure 11-16. The Ideal Low Pass Filter Response

We have seen that the response of the first-level filters is not vertical,
as it is with the ideal frequency response shown in Figure 11-16. The
simulated Bode plot response shown in Figure 11-11 has a gradient of
20dBs per decade of frequency. So, a first-order filter does not come close
to the ideal frequency response. As an attempt to improve the filter’s
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drop-off rate, we could add more filter sections to the filter. The first attempt
was to add another section to the passive filter as shown in Figure 11-17.

R1 1k
-
—."out1

@ \JG:I,,/' L c11591n

Figure 11-17. A Low Pass Passive First-Order Filter

I hope you have been able to derive the transfer function for the single
RC low pass passive filter shown in Figure 11-9. We will look at the filter
again here. The transfer for the circuit shown in Figure 11-17 is

1
"1+ joCR

TF = . (Tan™ (wCR))

1+(@CR)’

Just to confirm that the transfer function is correct, we can evaluate the
transfer function using the following values for the components shown in
Figure 11-17. We could then simulate the circuit and use the Bode plot to
confirm our calculations. We will evaluate the transfer function when
f=5kHz, C=15.91nF, and R = 1kQ.

1
TF

- —(Tan™ ((27: xSE*x15.91E™ ><1E3))>
2
\/1 n (27r xSE*x15.91E”° ><1E3)
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TF = 1 (Tan™ (0.5))

V1+0.25

TF =0.8944(-26.57)

We need to express the magnitude of the transfer function in dBs as
this is the unit the Bode plot uses. As we are using a voltage gain to derive
the transfer function, then we convert the magnitude to dBs using

V.

mn

20Log(ﬂj = 20Log (0.8944) = —0.969 dBs

Exercise 11.4

Calculate the magnitude of the transfer function when f = 12kHz and so
show that it would be -3.87 dBs.

After simulating the circuit shown in Figure 11-17, we could produce
the Bode plot shown in Figure 11-18. The gain at 5kHz and 12kHz is shown
as being the same as those calculated earlier.
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Figure 11-18. The Bode Plot for the First-Order Low Pass
Passive Filter

The Second-Order Filter

We can change the circuit shown in Figure 11-17 to a second-order filter
by adding another CR filter to the circuit. This arrangement is shown in
Figure 11-19.

R1 1k R2 1Kk
— P outt — o
X VG c1 1594"/ —— 21591n

Figure 11-19. The Second-Order Low Pass RC Filter
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To derive the transfer function for the two-stage passive filter shown in
Figure 11-19, we need to extend the analysis to accommodate the loading
effect of the second stage on the first. To help with that, we will use the
circuit shown in Figure 11-20.

R1 1k Il I3 R2 1k
«— «—
vR1 12 vR2
W
+ ——
VGt @ _ C11591n —— 21591 —
vin vl vout

Figure 11-20. The Two-Stage Passive Low Pass Filter

This is a second-order filter, and so hopefully we should see an
improvement of the filter’s response. The approach to deriving the
transfer function is to use Ohm’s Law to develop relationships between
the currents, voltages, and impedances. When trying to derive a transfer
function for an electrical system, we want to end up with the expression

TF = You
V.

This means that we want to end up with expressions that have only
the terms v, and v;, in them. This means we must relate all the interim
variables to the terms of v, and v;,. This will be our first in-depth analysis
of an electrical circuit. You should take your time reading it and try to
appreciate all the steps. I will try to explain all the steps, but it is a difficult
balance between writing too much and leaving some steps out. I hope I
have got the balance right.

561



CHAPTER 11 FILTERS

It is usually best to start the furthest end away from the input, so we
will look at the output voltage, v,,, and the current, i3, in the circuit shown
in Figure 11-20.

The volt drop across a component can be calculated by multiplying
the impedance of the component by the current flowing through it. The
current “i3” flows through the capacitor C,. The impedance “XC” of the
capacitor can be calculated as

xooj L 1
oC  joC

We can replace the term jo with'S as this is an accepted approach that
takes us into the Laplace domain.
Using that replacement, we can say

1

vut:Z3

’ SC
If we divide both sides by %, we can say

1
13 _vout _E

When dividing by a fraction, we simply invert it and multiply:

i=v,SC

We could have simply multiplied both sides by “SC,” and we would
have the same result.

We can also express “i;” in terms of the volt drop across R,. Note, in
the circuit we have made R, = R, = R. The volt drop across a component is
simply the voltage at one end minus the voltage at the other end.

Using this approach, we can say the volt drop across R, is v, — Uy

Using Ohm’s Law, we can say
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[ =

==

This means that the current flowing through a component is equal
to the volt drop across the component divided by the impedance of the
component. Using this concept, we can say

vl — vout vl _ ¢

out

R R R

L=

We now have two expressions for “i;’; so we can equate them to each
other as follows:

N _Yu _, o
R R out

A v, SC+ You
R R

Taking v, as a common factor on the RHS, we get
1
oy lsc+—
R R

Now multiplying both sides by “R” gives

V=V, (SC + %)R

v, =V, (SCR+1)

Therefore, we get
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which we can rewrite as

v, =V, (1+ SCR)

Now that we have an expression for v, in terms of v,,,, we can now

us n

move on to consider the current “i,” We can say

1
V1+E

)
When dividing by a fraction, we simply invert it and multiply,
which gives
i, =v,SC
Now we can substitute for v, in this expression with the expression for
v, from before:

i, =v,, (1+SCR)SC

i, =v,,(SC+S*C’R)

Now we can derive an expression for the current i, as follows:

Now using Kirchhoff’s Current Law, we can say
I =i, +1i,
Substituting with the expressions for the three currents, we can say

He (v, (SC+SCTR)) + (v,,5€)
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If we add the term % to both sides, we get

out

% = (v, (SC+ S*C*R)) +(,,,5C) +v—1;

If we now multiply both sides by “R,” we get

out

y, = [(v (SC+S$°C?R))+(v,,5C) + %}R

We can now expand the “R” into the outer bracket, which gives

V= (Vo (SC+ S*C*R)) R+ (v, SC) R+,

out

Now expand the “R” into the smaller brackets, which gives

v,y =V, (SCR+S*C*R* ) +v,,SCR+v,

m out

We need to replace the term v, with the expression for v, in terms of v,

from before. This gives

v, =V, (SCR+ S*C*R* ) ++,,SCR +v,, (1+ SCR)

We now have an expression that relates all the interim variables to the

terms of v;, and v,,. We can now use this to derive the expression for the

transfer function.

We can take the term v,,, out as a common factor from the

RHS. This gives

V=V, | (SCR+SC*R*) + SCR+(1+ SCR) |
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Collecting all the like terms gives

V,, =V, [1+3SCR+S*C’R* |

Now we can substitute back by replacing the “S” with jw. This gives

v, =V, [1 +3jwCR + (ja))2 CZRZ}

We know that

2

(ja’)2 = j’0’ and j* =—1lherefore(ja))2 =—w

This uses the fact that
J =~—1therefore j* = -1
This is a difficult concept to appreciate, but using “j” in this way
allows us engineers and mathematicians to determine the square root of
a negative number, which is something we do come across especially in
control engineering.
Therefore, collecting the real terms and the j terms gives

v, =V,, [ 1- 0’ C*R* +3joCR]

in — Yout

vout

We can now finally arrive with an expression for -+, which is the

. V.
transfer function: "
vout _ 1

v, 1-0’C’R*+3jwCR

m
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We can convert the denominator to polar format using the following
relationships:

a+ jb=~Na’ +b* (Tan™ (2}

a

a+jb a=1-w*C’R> b=3wCR

Putting these values in, we get

—_— 1 ~ 1
_1—w2C2R2+3ja)CR_\/ 22\ 2 ( 3wCR
1-w*C*R*) +(30CR) (Tan™| "
( ) ( ) ( 1— ’C2R> )
1 [ 3wCR
= - (2 )

\/(1 ~@’C*R*) +(30CR)’

Therefore, the transfer function for the second-order passive RC filter
circuit shown in Figure 11-20 is
1 =
TF = - —(Tan
\/(1 ~’C’R*) +(30CRY’

3wCR
1-w*C*R? )

So, we have gone through a lot of work to get to the transfer function.
However, I hope that after reading through it carefully, you will see that
it is not too complicated, and you should be able to do this kind of work
yourselves; you just need to take your time and check your work as you
progress.

We can now use some different frequencies to try and confirm the
expression is correct. First, we will use a frequency of 5kHz.
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When f = 5kHz
oCR = 0.4998
(@CR)’ =0.2498
TF = 1 (Tan (3><0.4998j>
J(1-0.2498)" +(3x0.4998)’ 1-0.2498

1

= —(Tan™"(1.999))
J0.5628+2.248 (1.999)

TF =0.5965(—63.435)

Expressing the magnitude in dBs gives

20Log(0.5965) = —4.49 dBs

When f = 10kHz
®CR =0.99965
(@CR)" =0.99931
TF - 1 (Tan” [3 % 0.99965 }
\/(1 ~0.99931)" +(3x0.99965)’ 1-0.99931

TF =0.3333(-90)
In dBs, we have

200.3333=-9.54 dBs
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Exercise 11.5

Calculate the magnitude of the transfer function when f = 15kHz.

There is a problem when calculating the angle of the phasor with the
calculator as once you have gone past the 90° mark, the calculating gives
you the wrong angle.

When you completed Exercise 11.5, the expression for the angle would

p [ 4:4985
1-2.248

This would give an angle of 74.495° or 1.3 Rads. We should have some

have produced

idea that this would be the wrong angle as at f = 0 the angle would be 0°.
Then when f = 5kHz, the angle was -63.435°, and when f = 10kHz, the
angle was -90°. This should suggest that as the frequency increased, the
angle went further negative. Also, if we simulate the circuit and examine
the Bode plot produced, as shown in Figure 11-22, we see the angle does
increase negatively as the frequency increases. Indeed, at a frequency of
15kHz, the angle from the Bode plot is -105.5°; see Figure 11-22.

To understand why the angle should be -105.5 and not the +74.495, we
need to convert the polar format of the transfer function to the rectangular
or coordinate format. This is done using the following relationship:

r{0) = rCos(G) + jrSin(Q)

Therefore, as an example, we will convert the complex number in polar
format to coordinate format:

TF =0.214(—(105.5))

0.214(—(105.5)) =0.214Cos(-105.5) + j0.214Sin(-105.5)
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Therefore

0.214 (—(105.5)) =-0.0572—-0.2062

Whenever the complex number has a negative real term, we must add
L(b
180 to the calculated angle that —Tan™" (;] results in. Also, you should

note that 180 + 74.5 = 254.5, and that this is the same as -105.5.
Really, it would be useful to sketch the complex number as a phasor on
the argand diagram. This is shown in Figure 11-21.

+J The calculated but wrong filter
4
1
!
1
1

-Real +Real

The correct phasor

g

Figure 11-21. The Argand Diagram for the Complex Number

TF =0.214(~(105.5))

You do really need to practice using complex numbers and phasor
quantities. This aspect will require some experience with drawing the
phasors on an argand diagram. Some calculators allow you to conduct a
complex division by expressing them in coordinate or polar format. If you
can use your calculator in this way, your calculator will solve this issue
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for you. However, not all calculators have this ability, and the way to use
your calculator in this way varies too much. The method I describe in the
chapter works on any calculator, but you need to be aware of the issues as
described here.

We can now simulate the circuit shown in Figure 11-17 and use
the Bode plot to confirm the calculations. The Bode plot is shown in
Figure 11-22.

2ERGINA_’AY THL e~ O RV M (T
0.00

-20.00

-40.00-

Gain (dB)

-60.00

-80.00
20.00+

-30.004
-80.00

Basiis \

-180.00 T T T T T 1
1.00 10.00 100.00 1.00k 10.00k 100.00k 1.00M

Frequency (Hz)

Phase [deg)]

Selected Curves Al Curves

Ly — - - 8 B-A Frequency and §
x ||5x ¥y1338 x [ |wi-108.31 ] x0 y82.13 o

Figure 11-22. The Bode Plot for the Second-Order Passive Circuit

We can see that at 15kHz the reading from the Bode plot does agree
with our calculations. An important response we can see from the Bode
plotis that the gradient of the first section, shown as the green trace, has a
gradient of 20dBs per decade, which is what is expected, but the gradient
of the second section, shown in brown, is 40dBs per decade. This is a
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steeper response and shows that the higher-order filter is an improvement.
However, the disadvantage is that the attenuation is greater. Therefore,

we could counter this disadvantage by using an active filter with some
gain added.

The Second-Order Active Filter

We can use the Opamp to provide some amplification to counteract the
attenuation of the higher-order filter, and the first circuit we will look at is
shown in Figure 11-23.

11
=va1s 11
T C11591n
R1 1k R2 1k
— uas 2 P
: £
VG1 2 s
! 2 -
— OP1 uAT41 A
Ts] %
o4 Ra 1k
3] |
[] Rb 1k L
.
= V415

Figure 11-23. The Second-Order Active Filter

The circuit uses a non-inverting Opamp, and the gain is set using

R I’
v =l+—==1+—-=2
gain 13
14
We can use the circuit shown in Figure 11-24 to try and derive the

transfer function for the second-order filter.
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A 4

[
[

LAl V2 V3

@ Vi [] . Cé Vout

Figure 11-24. The Filter Circuit with Feedback Around the Non-
inverting Opamp

To begin with, we should understand that the double-headed arrow,
shown in light green in Figure 11-24, is to signify the virtual short circuit
across the input terminals of the Opamp. The resistors R, and R, are what
are used to set the voltage gain of the Opamp. If we assume R, and R, have

the same value, then we can say

This means that because of the virtual short circuit across the

terminals of the Opamp, then we can say

v

out

2

V, =V =

Now we can look at the currents flowing around the circuit, and we
start by applying Kirchhoff’s Current Law (KCL). Applying this to the node

atV;, we can say

L =1 tL
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We can now apply Ohm’s Law to express these currents in terms of
their associated volt drops. Therefore, with respect to i;, we can say

""" R R R
j<te %
R R

R R
ph_w
>R R

Finally, looking at i3, we can say

. vl _vout

l
XxC

Knowing that, we can express XC as
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When dividing by a fraction, we can simply invert and multiply,
which gives

iy = (v1 -V, ) xSC=v,SC~-v, SC
Therefore, we have
i, =v,SC-v, SC

We can replace all references to v, in the expression for the currents

1V . . . .
with "7’” The only current expression with a reference to v, is the current i,.

Therefore, we can say

. vl vout R
SR
Therefore, we have
L=
R 2 R
which gives
vl vr)ut
iy =———%
R 2R

Now we need to remove the term v, from the current expressions.
If we look at the small section of the circuit, as shown in Figure 11-25

we should be able to derive an expression for V, in terms of V1.
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i2

Vi v2 V3

[
IS

- +

- ¢ [] . @ Vout

Figure 11-25. The Small Section of the Filter Circuit

We should be able to see that the voltage v, is divided by the RC circuit

to produce the voltage v,. That being the case, we can say

R+—
SC

If we multiply the top and bottom of the fraction by SC, we get

1
1+ SCR

=y X

v,

This then means we can say

v, =V, (1+SCR)

However, we have already shown that

v

out

2

Vv, =
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Therefore, we can say

v = 2 —(1+ SCR)

This means we can replace all references to v, in the expression for the
currents. In this way, we can say

ilz%— 2 (1+ SCR) + R

Therefore, we have the following expressions for the three currents
with reference to v, and v, only:

o v Ollf
iy == (1+5CR)

and

= 2o (14 SCR) -
2R 2R

and

out

jy = Yo 2 (1+SCR)SC -, 5C

We have now removed all references to the intermediate variables, v,
and v,, and are left with just v, and v,,, which is what we wanted.

So, using the expressions for the three currents and applying them to
KCL, we can say

— 2t (14 SCR) = 22 (14+ SCR) -~ + Yot (1 4+ SCR) SC —v,,SC
2R 2R 2R 2
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OK, we need to take a deep breath and just check what we have written
is correct. Then when we are ready, we can first expand the brackets. This
will give

Vl—M—MSCzthMSC—M+MSC+M(SC)2R—vaC
R 2R 2 2R 2 2R 2

Now, after checking this expression, we can collect all like terms on the

RHS. This reduces the expression to

ﬂ_ﬂ_ﬁgczﬂ(gc)zlg
R 2R 2 2

Now add 22 4 Y2 §¢ 0 both sides and simplify the expression to
ﬂ:ﬂ(gc)2R+M+MSC
R 2 2R 2

Now multiply the whole expression by 2R, which will remove all the

denominators in the expression as follows:

2v, =v,, (SCRY' +v,,SCR+v,,

out

Now take the term v, out of the RHS as a common factor. This gives

v =v [(SCR)2 +SCR + 1}

Now divide both sides by the term in the bracket. This simplifies the

expression to

2v,

in _

(SCRY +SCR+1

vaut
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Now divide both sides by v;,, which gives
2
v, (SCR)' +SCR+1

vout _

This means we have

2
© S2C2R* + SCR +1

v

out

vin

FILTERS

If we now replace the term “S” with jo, we go back into real time, and

this gives
2
Vi, (jo) C*R*+ joCR+1

vout _

Asj*=-1, we can say

vout _ 2

v —0’CR*+ JoCR+1

mn

Therefore, we have

You _ 2
v. 1-0’C’R*+ joCR

m

In its full complex form, we have

Vour _ 2+ 50

v, 1-0’C*R*+ JoCR

m

This is the transfer function for the circuit shown in Figure 11-23, the

second-order low pass active filter. Therefore, we can say

2+ 0

TF =
1-®’C*R* + joCR
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Converting this into polar format gives

2(0)

2 2 _ oCR
\/(l—a)zcsz) +(G)CR) (Tan I(I_Q)ZC'ZRZJ>

TF =

If we carry out the division by dividing the magnitude parts and
subtracting the angles, this then equates to

TF = Z (~(Tan" (—“’fRz 2j>>
\/(1—w2C2R2) +(aCRY’ I-0’C°R

We can check the expression by using some different values for the
frequency “f” as follows.

When f = 5kHz

oCR =0.4998

(wCR)” =0.2498

1-(@CR)’ =0.75017

(1-(wCrY )2 —~0.56276

\/(1 ~@*C*R*) +(CRY =0.9014

We can now evaluate the magnitude of the transfer function as follows:

| TF |= 2 =2219

\/(1 ~@*C*R*) +(wCR)’
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Converting this into dBs gives

| TF |=20Log(2.219) = 6.923dBs

We can calculate the phase using

Phase =—(Tan™ (%J) =—Tan™ ( 0.499 j =-33.63°
1-0°C°R 0.75017

If we simulate the circuit and create the Bode plot as shown in
Figure 11-26, we can see that the simulated result at f = 5kHz agrees with

the calculated results.

20 RGENAAY TEFLENOMNMMNIRBY~
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Figure 11-26. The Simulated Bode Plot at f = 5kHz
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We can repeat the calculations at a frequency of f = 10kHz:

®CR =0.99965

(@CR)" =0.99931

1-(oCR)’ =6.90327*

(1-(wcR)’ )2 —4.76547

\/(1 ~@*C*R*) +(CRY’ =0.99966

|TF |= 2 =2

\/(1 ~@*C*R*) +(aCRY’

In dBs, it gives

20Log(2)=6.02dBs
We can calculate the phase using

Phse= () (05225

—— =-89.97°
1-0’C’R’ 6.90327* )

We can repeat the calculations at a frequency of f = 30kHz:

®CR =2.99896
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(wCR)" =8.9938

1-(wCR) =-7.99379
(1-(wCrY )2 ~63.9

(1-0*C*R*) +(wCR)’ =72.8044

\/(1 ~@’C*R*) +(wCR)’ =8.5378

| TF |= 2 =0.23425

\/(1 ~@*C*R*) +(wCR)’

In dBs, this is

20Log(0.23425) =-12.61dBs

We can calculate the phase using

Phase =—(Tan™ % \=—Tan™ 299896 =20.56°
1-w°C°R —7.99379

However, because the rectangular format has a negative real term, then
we must subtract 180° from this, which gives an angle of

20.56 -180 =-159.44°
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This is another side to the issue of simply using the inverse Tan to
calculate the phase angle. It is always a good idea to express the complex
number in coordinate format and sketch the phasor on a phasor diagram.
This will allow you to know how the angle you have just calculated relates
to the correct angle of the phasor. It will take some practice to gain some
experience.

Again, if we use the Bode plot from the simulated circuit, we see that
the simulated results are close to the calculated results.

Exercise 11.6

As an exercise, use the expression for the transfer function to calculate the
magnitude, in dBs, and the phase of the transfer function when f = 7kHz
and f = 20kHz.

TF = 2 5 (—(tan™ (%})
\/(1—m2c2R2) +(aCRY’ I—0’C'R

The High Pass Second-Order Active Filter

The circuit we will use to analyze the high pass second-order active filter is
shown in Figure 11-27.
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|
I
. C11591n | “outt

VG1 > ;
(f ) R2 1K IoP1,

Figure 11-27. The High Pass Second-Order Active Filter

We are using the ideal Opamp available in TINA, as it is a simpler
circuit to build. Also, our mathematical model will be closer to that of
TINA’s, as TINA’'s model for the non-ideal Opamp is much more accurate
than our transfer function, as it accounts for the imperfections of
the Opamp.

Exercise 11.7

Using the feedback model of the high pass filter, shown in Figure 11-28,
derive the transfer function for the high pass second-order active filter.
Assume that R, = R,,.
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Figure 11-28. The Feedback Circuit for the High Pass Second-Order
Active Filter

4
W

You should be able to show that the transfer function is

1
TF = 2 —(Tan™ a)—(iR )

We can evaluate the transfer function when f = 5kHz as follows.

The magnitude of the transfer function is

2
[1_(wC{R)2] (o)

Converting this to dBs gives

=0.5547

20Log(0.5547)=—5.119dBs

We can calculate the phase using
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Phase = (—(Tan"' % VW=—Tan™ (_—i] =-33.69°
1—
(coCR)

2

If we changed the expression for the transfer function into its
coordinate format, the transfer function would be

2 ny 2
(coCR)2 wCR

ey ) ()

The process to express the transfer function in this rectangular

2—

TF =

format involves using the complex conjugate. The process is shown in the
appendix.
If we let f = 5kHz, then evaluating the transfer function would give

TF =-0.46194 + j0.3077

At this frequency, the phasor would be in the second quadrant, which
means we need to add 180 to the calculated value of -33.69, giving us the
correct phase of 146.32°.

When F = 30kHz, we have

2
[“(mizefj (oce)

Converting this to dBs gives

=2.1069

20Log (2. 1069) =6.473dBs
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We can calculate the phase using

1
Phase = ((Tan"" G’—C’f V) = —Tan_l(

~0.33345) _ 0 <o
0.8888

(oCR )2

If we let f = 30kHz, then evaluating the transfer function in rectangular
format would give

TF =1.9725 + j0.74

This would be in the first quadrant, and so the angle of 20.56° is
correct.

These calculations can be confirmed by creating the Bode plot from
the simulation as shown in Figure 11-29. The 5kHz frequency on the
magnitude, cursor “a,” confirms that the gain is -5.13 dBs. The 30kHz
frequency on the phase, cursor “b,” confirms that the phase angle is 20.56.
The Bode plot also confirms that the circuit is a high pass filter.
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Figure 11-29. The Bode Plot for the High Pass Active Filter As Shown
in Figure 11-26

Exercise 11.8

As an exercise, use the expression for the transfer function to calculate the
magnitude, in dBs, and the phase of the transfer function when f = 7kHz
and f = 20kHz.

The Butterworth Filter

If we simulate the circuit shown in Figure 11-27, we can display the Bode
plot as shown in Figure 11-30.
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Figure 11-30. The Bode Plot for the Circuit Shown in Figure 11-27

There are some interesting things we can see from the Bode plot
shown in Figure 11-30. Firstly, the gain of the low frequencies, just before
the cutoff frequency, has an unusual rise for those between 1.1k and
10k. Ideally, the gain should be flat over the frequencies below the cutoff
frequency. Also, if we look at the frequency when the gain had fallen to
3.02dBs, which is 3dBs down from the maximum, we see it is a frequency
of 12.58kHz. However, if we use the expression for this cutoff frequency, we
do not get that value.

1 1
2rxCxR 27 x15917° x1P

£ =10kHz
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We can see that there is some gain as at the low frequencies the Bode
plot has a value of 6.02dBs. We can confirm this agrees with a gain of two,
which is what the Opamp has been set to as

20L0g(v,,, ) =20Log(2) =6.021dBs

We need to do some work with this active filter as we need to get a
flat response for the Bode plot, and we do need to be able to calculate the
frequency of cutoff. Thankfully, there has been a lot of work conducted
by engineers with a lot more experience than me, and we now have an
active filter termed “the Butterworth filter” This was first designed by an
engineer named Stephen Butterworth in 1930. This is based on his work
involving using the polynomials that can be derived for the filters of order
“n” The expression for determining the gain of the Opamp using these
polynomials is

The term « is the coefficient of the “S” term in the appropriate
polynomial. Some of the polynomials are given in Table 11-1.
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Table 11-1. The Polynomials for
Some of the Order of Filters

Filter Polynomial
Order “n”
1 S+1
2 S2+1.414S+1
3 S+1)(S?+1S5+1)
4 S%+1.8485+ 1)
2

S2 + 0.74568 + 1)

S+1)(S?+1.6185+ 1)

(
(
(
(
(S2+0.6185 + 1)

Stephen Butterworth realized that the gain of the Opamp had a
dramatic effect on the response of the filter. We can use this table to
calculate the required gain of the Opamp to gain the flattest response of
the filter in relation to the order of the filter. We are designing a second-
order filter, and from the table, we can see that the value for “o” is 1.414,
that is, the coefficient of the “S” term in the quadratic equation. Using this

value for “a,” we can calculate the required gain value that we need to set
the Opamp to. This is done using

Ve =3-0 =3-1.414=1.586

The expression for the gain of the non-inverting Opamp is

R

_ a
Veain =1+
b
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Therefore, we can say

1.586=1+&

Therefore

—=1.586-1=0.586

b

= | =

If we let Rb = 1k, then the value for Ra is

R, =R, x0.586 = 1E* x 0.586 = 5862

If we now change R, to 5862 and simulate the circuit, we will get the
Bode plot as shown in Figure 11-31.

-

pHlpRfaag TLFE~ONR LY~ (2
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-40.004 —\
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-290.00
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Figure 11-31. The Bode Plot for the Filter with the Gain Corrected
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We can see from Figure 11-28 that the response is very flat over the
required frequency range. The maximum gain of 4.01dBs does agree with
the calculation:

Veain = 20L0g(1.586) =4dBs

The frequency when the gain fell by 3dBs to 1.01dBs is at 9.99k. This
agrees with the calculated cutoff frequency from before. We can also use
the Bode plot to confirm the gradient of the roll-off has been improved to
give a roll-off that is now 40dBs per decade.

This does suggest that the Butterworth filter does work well. There is
still the problem of the low transition frequency, FT, of the 741 Opamp.
It does mean we need to use an Opamp that has a very high transition
frequency.

A Third-Order Butterworth Filter

We will design a third-order filter, and just to show you that a better
Opamp would help with the high-frequency roll-off, we will use the ideal
Opamp from within TINA. This will reduce the schematic as we do not
need to add the supply rails. If we look at Table 11-1, we can see that the
third-order filter uses a first-order expression multiplied into a second
order. This means we can use two Opamps, the first organized as a first-
order filter and the second as a second-order filter. We know that for the
second-order filter, the gain must be set to 1.586. We need to use the table
to set the gain of the first-order filter. From the table, we can see that the
coefficient of “S” is 1, which means that “«” = 1. This means that the gain of
the Opamp must be set to 2, that is, 3-1, which means we need to make
R, =R, = 1k. Therefore, the circuit of the third-order filter is shown in
Figure 11-32.
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Figure 11-32. A Third-Order Low Pass Active Filter

To allow us to change the gain of the second-order filter, to achieve
a flatter frequency response, we need to modify the transfer function for
the second-order filter and then the third-order filter by including the
variable “A” to represent the ratio of the two gain resistors Ra and Rb. In the
previous derivation of the second-order transfer function, we simply let
Ra =Rb = 1k. Introducing this variable aspect into the design, we have

— Rb
R +R,

Doing this, we can derive the following transfer functions.
For the second-order filter, we have
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i3 c
> 1]
R il i2 R Ra
— = = < B —
V1 V2 V3

C—‘é Vout

First, express the three currents in terms of v, and v,,,.

i, = Av,,SC

v, —V \% v
- 1 out __ 1 out __ _
== EE =SCv, -SCv,,

1
c SC

98]
a
o)
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v, =V, (1 + SCR)
v, = Av,, (1+ SCR)

iy=Av

out

(1+SCR)SC -v,,SC

Now apply Kirchhoff’s Current Law, which means
i, =1, +1,
v, Av,,(1+SCR)

m

=Av SC+ Av

(14 SCR)SC —v,,,SC
R R

Now multiply throughout by “R” to remove the denominator on
the LHS:

v, —Av, , (1 + SCR) =A4v SCR+ Av,, (1 + SCR)SCR -v,,SCR

Now add the term Av,,,(1 + SCR) to both sides:

v, = Av,,SCR+ Av,, (1+SCR)SCR-v,,SCR + Av,, (1+ SCR)

Now expand the brackets:

FILTERS
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v, =Av, SCR+ A4v, SCR++Av

out

(SCR)" ~v,,,SCR+ Av,,, + Av,,SCR

Now collect all the like terms:

v, = Av,, (SCR)’ +34v,,SCR-v,,SCR+ Av,,

m out

Now take v, as a common factor on the RHS:

— [A(SCR)2 +3ASCR — SCR + A]

Now factorize the terms 3ASCR — SCR:

— [A(SCR)2 +(34-1)(SCR) + A}

Now divide both sides by the term in the bracket:

vin

A(SCR)’ +(34-1)(SCR)+ 4

out

Now divide both sides by v;,:

Y 1

out __

v, A(SCRY +(34-1)(SCR)+ 4

Now divide the top and bottom of the fraction by “A”:

1

vout _ A

Vin (SCR)2+(3—D(SCR)+1

Now replace the Laplace “S” term with jo:
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1

Vour _ 4
v (ijR)z+(3—;j(ja)CR)+1

Knowing j? = -1, we have

1

vaut _ A

Vn _(wCR) + [3 —D(J'OOCR) +1

Now collect the real terms and the j terms:

1
You _ A
Vin wCR ( 1) a)CR
A
Therefore, the transfer function is
1
TF = 4 1
a)CR ( j a)CR
A
For the third-order filter, we have
2
A

TF =

1—(4 - ;)(a)CR)Z + j[(4 - DwCR - (wCRY}

This transfer function assumes that the two gain resistors, R, and R, for
the first-order filter have the same value, giving the numerator of the first-
order filter the value “2”
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Exercise 11.9

Ifyou feel confident, see if you can derive the expression for the general
third-order filter using the variable “A”

This means that we can derive the transfer function for the circuit
shown in Figure 11-32.

This circuit uses the polynomials shown in Table 11-1 where the
first-order coefficient is “1” and the second-order coefficient is 1.414. This
means the gains of the two Opamps can be set as follows.

The first-order filter:

gain=3-o0=3-1=2
The gain of the non-inverting Opamp is

Ra
vgain = 1 +
Rb

We need to let R, = R;, so let both = 1kQ.
For the second-order filter, we have

gain=3-o0=3-1.414=1.586

To achieve this, let R, = 586Q and Rb = 1kQ.
The transfer function for the third-order filter shown in Figure 11-31 is

3.1721

TF = 2 3
1-2.41396(wCR)’ + j| 2413960CR ~(wCR)' |

The expression for the magnitude is

3.1721

[TF =
J

{(1 —~2.41396(wCRY’ )2 +(2413960CR ~ (@CR) )2}
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The expression for the phase is

[ 2.413960CR —(oCR)’

Phase =-Tan™ >
1-2.41396(wCR)

Exercise 11.10

Evaluate the expression for the magnitude and phase of the third-order
filter when f = 5kHz and 15kHz. Hint, you will need to be very accurate in
your calculations.

Adding More Gain

When we use the Butterworth polynomials to try and achieve the
maximally flat frequency response for the active filters, we cannot apply
any value of gain with the actual filters. However, we can achieve a larger
overall gain for the signals by adding an Opamp just to amplify the output
of the active filter. An example of this is shown in Figure 11-33.

|1
I

C115.91n
R1 1k R2 1k \
) .
\ VG2 P
s 1 e
C -z oP1
w .
~ ,+'Ra 586
O 4

H ij'kf"“”””""_ ” R4 1k

Figure 11-33. A Second-Order Active Filter with Added Gain
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This circuit has the basic Butterworth second-order filter with a

gain set by
gain=3—-o =3-1.414=1.586

The final Opamp is just there to add more gain of a factor of two. This
means the overall gain of the filter and amplifier is

Overall gain=1.586x2=3.172

In dBs, this is

20Log(3.172)=10.027dBs

This can be confirmed from the Bode plot for the circuit.

Exercise 11.11

Design the following active filter circuits:
1. A first-order circuit with an overall gain of four

2. A third-order circuit with an overall gain of six

Higher-Order Filters

The circuit shown in Figure 11-34 is that of a basic fourth-order filter
using the Butterworth polynomials to set the gain of the two Opamps.
The coefficient of the first Opamp is 1.848, which means the gain for that
Opamp is set as follows:

gain=3—-o =3-1.848=1.152
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The gain of the non-inverting Opamp is

R
vgain = 1 + —
b
Therefore
1+ & =1.152
Rb
Therefore
& =0.152
R

The simplest way to achieve this is to let R, = 152Q and R;, = 1kQ.
The coefficient for the second Opamp is 0.7456, which means the gain
would be

gain=3—-0 =3-0.7456 =2.2544

Therefore

2" =2.2544-1=1.2544

b

The simplest way to achieve this is to let R, = 1.2544kQ and R, = 1kQ.
That is how the gain resistors of the Opamp were set.
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Figure 11-34. A Fourth-Order Active Filter

When we simulated the circuit, we could confirm that the gradient of
the Bode plot was around 80dBs per decade.

Exercise 11.12

Use the Butterworth polynomials to design a basic fifth-order filter.

Summary

In this chapter, we have introduced passive and active filters. We have
learned how we can use complex numbers to derive the important transfer
functions for the circuits we have looked at. We have studied how to create
higher-order filters and apply the Butterworth polynomials to achieve

a maximally flat frequency response. In the next chapter we will look at
some basic aspects of how to use the ECAD software TINA.
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Using TINA 12

In this chapter, we will look at how to use the ECAD software TINA 12. As
we work through the book, we will use this software to simulate the circuits
so that we can test the theories that are covered in this book. This chapter
will help you learn how to use some of the basic aspects of this software,
and we will also look at some of the more specialized aspects that we might
use in this book. This chapter is not intended to be a manual for using
TINA, but after reading this chapter, you should be able to carry out all the
simulations discussed in this book.

What Is ECAD and TINA 12

ECAD stands for Electronic Computer-Aided Design, and TINA 12 is

just one of many pieces of software you can buy to use in the design of
electrical and electronic circuits. I am not saying it is the best software,

as there will be pros and cons for any of the software available to you.
However, I have used TINA while teaching electrical and electronic
engineering, and I found it more than sufficient for every aspect of what I
was trying to teach. At around £100 for the basic software, it is one of the
more affordable pieces of software while giving you more than enough
to start your career as an engineer. Even the demo version, which is free
to download, will be enough for you to use alongside most, if not all, the
simulations in this book. With the demo version, you are allowed 31 runs
of the software, on separate days, before you need to buy it. With this demo
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CHAPTER 12 USING TINA 12

version, there are no major restrictions in what it can do except there is a
limitation on the number of nodes in the circuits you can simulate. This
will mean that some of the larger circuits won’t run in the demo software,
and also you can'’t save your files. However, you should be able to simulate
most of the circuits and get a good appreciation of what the book is about.

Having TINA 12 at your disposal is simply like having a full electrical
and electronics lab at your disposal. You can have almost any component
you want at any value. You also have any piece of test equipment you could
ever want at your disposal. You even have some specialist analysis tool that
would be difficult to have anywhere else. However, to be fair, this is only
what you would expect from any industrial standard ECAD software.

The other ECAD software programs I have used are Proteus and Multisim.

These are very good ECAD software, but they do come at a price. It is up
to you what software you eventually end up buying. However, as this book
uses TINA 12, to simulate all the circuits in this book, I think it would be
useful if I showed you how to use the most common aspects of the software.

Running the Software

The software can be downloaded from www.tina.com. You will have to
register your request for the demo version, but that should not put you off.
Assuming you have successfully downloaded the software, you need to

click the Tina icon as shown in Figure 12-1.

L) m
rmt =i
inke) (64! (e1id)
Figure 12-1. The Program Icon for Tina
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You may be presented with a registration window or run as a demo.
You may have to choose to run the software as administrator. The
program should then open up with the main editing window as shown in
Figure 12-2.

[ i - Seboile b =W
Fie 88 lniot Vorw dewbysa inbmsctos TAM Tosh Help
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S sty | Sarwors | Souroes | semconciasors | psosecvons | spoe acron | Gotes | miptaps | Lage s | snpasns|_sr | ansioleece | sguc

Main menu bar

Current Component Bar Main leon Bar

Component Categories Bar

Main Drawing Area

L]
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Figure 12-2. The Opening Screen

There are four toolbars on the main working window of TINA. These
are identified in Figure 12-2 as

e The Main Menu Bar: This is where we can select the
following options.

o File, Edit, Insert, View, Analysis, Interactive, T&M
Tools, and Help

e The Main ICON Bar: This has some graphical icons for
the open, save, and other commands.

e The Current Component Bar: TINA splits the different
components that you can use into different categories.
When a category has been selected, the components in
that category are shown in this menu bar.
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o The Component Categories Bar: This is where
TINA allows you to select one of the many different
component categories that TINA uses.

Note, these are my names that I have given to the menu bars. This is so
that I can refer to them in the following text.

Creating Our First Test Circuit

The first circuit we will look at creating is the simple CR high pass filter. We
will use this test circuit to show you how to run an ac analysis to produce

a Bode plot. The first thing we will do is find the two components. This is
in the “Basic” component category for TINA. Therefore, we must click the
mouse of the word “Basic” on the component categories bar. The current
category bar should change to that shown in Figure 12-3.

Eh o

T Tl L
#QWs ® rssTH o - Q- i, ot L]
+| 6| ¥| 6| ¥ ¥l=| b+ |=|=2PH 2 |{~| & |@]|5¢| =}

Figure 12-3. The Basic Current Category Menu Bar

We are looking for the resistor symbol; this is the seventh icon on the
current category bar.

I feel I should point out that TINA allows you to choose from two sets of
symbols for the components you use. You can choose either the USA ANSII
or European DIN. I prefer the European DIN set of symbols. To choose the
set of symbols you want, you need to click the “View” tab from the main
menu bar. When you do that, a menu will drop down, and you must select
the “Options” tab from it as shown in Figure 12-4.
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Figure 12-4. The Drop-Down Menu from the View Tab

When you select the Options tab, the “Editor Options” window will
appear as shown in Figure 12-5.

Figure 12-5. The Editor Options Window
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You will be able to see the Component Symbol Set in the top left-
hand corner. While we are looking at this window, we should set the base
function for AC. It defaults to the mathematical base of cosine. However, I
use the sine function as the base function for my ac analysis, so I suggest
you change it to sine here.

If you click the mouse on that resistor icon, you will select the resistor
symbol from the current component menu bar. If you move the mouse -
note, you don’t have to click and drag the mouse - you will see that the
symbol for the resistor follows the mouse around the main drawing area.
Now, with the mouse in a suitable position, simply click the mouse and
the resistor will be dropped in the place the mouse is pointing to when you
clicked the mouse. You should see that the resistor is still red, which means
it is still selected. If the resistor turned green, that is, it is deselected, don’t
worry; it just means you clicked the mouse too many times.

Now we want to rotate the resistor to place it in a vertical orientation.
To do this, we simply click the right-hand mouse button while the resistor
is still highlighted red, which means it is still selected. If the resistor is
not red, but green, you just need to click the resistor using the left-hand
button of the mouse. Assuming you have clicked the selected resistor with
the right-hand button on the mouse, a drop-down window should appear
with multiple options. You need to click the left-hand mouse button on the
“Rotate Right” When you do this, the mouse moves through 90 degrees
into a vertical position. However, the text is now vertical, and you may
want to rotate it into a horizontal position. To do this, you must deselect
the resistor altogether by simply clicking the mouse somewhere on the
main drawing area of the screen. The resistor symbol will now turn green
to show that it is deselected. Now click the right-hand mouse button on the
text only, not the resistor symbol. You should now be able to rotate the text
to the right through 90 degrees.
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We will now change the value of the resistor to show you how this
can be done. We can either double-click the mouse button on the whole
resistor symbol or just the text for the component. When you do either
of those procedures, the component flyout window appears as shown in
Figure 12-6.

Label R1
Footprint Name R_AX600_ W200R) OO

-2 -]

(]

Temperature

Temperature [C]

Linear temp. coef, [1/C]
Quadratic temp. coef. [L/C3]
Exponential temp. coef. [%/C]
Maximum voltage (V)

Fault
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i 8
&

3
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Figure 12-6. The Component Value Window

With this window, you can simply change the value of the component.
You can also change the label if you want to. There are various other
parameters you can change for a more detailed simulation. You can also
add a fault such as an open circuit or a short circuit. We will just change
the value to 2.2k as shown in Figure 12-6.

Now we need to add the capacitor. This is done in the same way
as adding the resistor except that the capacitor is the ninth symbol on
the current component menu bar. We can keep the default horizontal
orientation and the default value of 1pF.

Now we need to add the earth or ground. We must do this for all our
circuits as there has to be a reference as voltage needs a reference. The
normal reference for any circuit is ground or earth or 0V. The earth symbol
is the first one on the current component menu bar. I normally place this
on the bottom left-hand corner of the circuit. You will see this when we
look at Figure 12-8.
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The next item we need to add is the signal generator. This is used to
apply a variety of input voltage to the circuit. The signal generator is called
the voltage generator in Tina, and it is the fourth symbol on the current
component menu bar. I normally place this above the ground symbol; see
Figure 12-8.

Connecting Up the Circuit

Now we have all the components we need to wire them together. TINA
does provide us with a grid to help align the components we use. If the grid
is not present in the main drawing area, then if you click the mouse on the
word “View,” from the main menu bar, you should see a drop-down menu
appear. If you now select the word “GRID,” the tick should appear, and the
grid will be turned onto your main drawing area. The grid can help you
align the wire and components as you place them.
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Figure 12-7. The Wire Tool

To start the wire once you have selected the wire tool as shown in
Figure 12-7, move the wire symbol, which looks like a soldering iron, to
where you want to start the wire. Then click the mouse button to connect
the tool and drag it around the circuit, while keeping the mouse button
pressed, to where you want to end the wire. Then click the mouse button
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again to fasten the end of the wire at the required position. You should
be able to move to the end of another component and start wiring again.
However, you may now need to select the wire tool again to complete the
wiring of the components.

Now we have wired the circuit completely, it should look like the
circuit shown in Figure 12-8.
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Figure 12-8. The Circuit Wired Completely

We need to identify where we want to monitor what the circuit will do
in the analysis we will simulate. There are a variety of ways we can identify
the point of the circuit. I have inserted outputs as shown in Figure 12-9.
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Figure 12-9. Using the Insert Output to Add a Monitoring Point on
the Circuit
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However, I find that you sometimes have to move the out wire slightly
to ensure that it makes a connection. An alternative approach would be to
add a voltage pin as shown in Figure 12-10.
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Figure 12-10. Using the Voltage Pin

To do this, you must first change the component categories tab to
“Meters” by simply clicking the mouse button on the tab. The voltage pin
is the first symbol on the now changed current component bar. We simply
place the voltage pin in the same way as any component and use the wire
tool to connect it to where we want to monitor the voltage.

Running the AC Analysis

We are now ready to simulate the circuit and run the analysis we want. This
will be an AC Transfer Characteristics. This will allow us to create a Bode
plot to show how the gain of the circuit varies with a change in frequency.
To select this type of analysis, we firstly click the Analysis tab on the main
menu bar. Then we select the AC Analysis option from the drop-down
menu that appears. Finally, we select the AC Transfer Characteristics from
the flyout menu that appears. This is shown in Figure 12-11.
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Figure 12-11. The AC Transfer Characteristics Option

When we select the AC Transfer Characteristics, the AC Transfer
Characteristics window appears. I have changed the number of points
to 1000 but kept everything else the same as the default. This is shown in
Figure 12-12.

e ————— %
Start R oo |
End frequency (e [pm (X Conced
Number of points 1000 ? ueb
Sweep type =

Linear *  Logarithmic |
Diagram

ampltude Nyquist

Phase Group Delay

v Ampl &Phase (Bode)

Figure 12-12. The AC Transfer Characteristics Window
Once you are happy with the settings, simply click the OK button. The

circuit will simulate, and the Bode plot will appear on the screen. This is
shown in Figure 12-13.

615



CHAPTER 12 USING TINA 12
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Figure 12-13. The Bode Plot

There are two cursors we can use to highlight the plot at a particular
value. I have selected the cursor “a” to highlight the gain value, in dBs, of
the plot at a particular frequency. You can actually type the value that you
are interested in into one of the small windows on the display. In this case,

I have entered the frequency of 150 in the “x” axis window, and the cursor
has gone to that frequency when I pressed the enter key.

Transient Analysis

Another useful analysis that we have used in the book is the transient
analysis. This looks at how the voltage or current at different points in the
circuit changes over time. This is especially useful to see what happens in
the first few milliseconds after a change has occurred within the circuit,
such as being switched on. It enables the software to act like a storage
scope. We will use this type of analysis to examine the voltage rise across
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a capacitor and so confirm the time constant of the DC CR circuit. We will
firstly create the circuit which is similar to the first circuit we created. We
will select the components in the same way and wire them up as before to
create the circuit shown in Figure 12-14.

| -J moname - sche

&nlum\nmwnumtmmm

FCHE b vcFsTH ’ @ fmon - @ s g% F PG

<|w[2]L 3] ¥l e |4 s 5 1, 8 | D] < | 8| =]

Basc | Seaches Meters | Sensers | Sources | Semconauctons | cpselecyons | oo Macrss | Gates | mip-fiops | Loge iosicus | s0pa-ass |_me | sesleg conval | spwcai |

Figure 12-14. The RC Circuit for the DC Transient Analysis

We need to set up the input signal to apply a DC wave that will stay
high for enough time for the capacitor to charge up fully and then go to
0V where it will stay low long enough for the capacitor to discharge. This
means you must have an idea of how long it will take the capacitor to
charge up and discharge. The theory states that it will take 5 Tau, that is,
5 time constants, for this to happen. With the RC circuit, one time constant
is equal to RC seconds. In this circuit, the time constant Tau is

Tau =7 = CR seconds =1E° x2.2E°* =2.2ms

Therefore, five time constants will equal 11ms. This means that we will
need to create a voltage that stays high for 11ms and then low for 11ms. It
will then repeat the cycle. In Tina, this is a general waveform, and to create
it, we need to click the mouse button on the VGI, voltage generator symbol
in the circuit. This will open up the voltage generator window as shown in
Figure 12-15.
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Figure 12-15. The Voltage Generator Window

The default signal is the Unit Step. To change this, we need to click the
mouse button on the small three dots. This will open up the signal editor
window as shown in Figure 12-16.

Lt%%%%%#W$W

Ampitude 21 (V] (A1) 10 .
A Amglitude =2 [V] (A2) 0 |
Time intv. 21[s] (T1) n i
Time intv. 22 5] (T2) 11m |
|| Tmentv. 231 073) l1n .
VIR i |
Time intv. 5 [s] (TS) 11m |
Time intv. 26 [s) (T6) In
Time shift [s] (TS) ]

Mo X o |7 b

Figure 12-16. The Signal Editor Window
The signal type we want is the seventh which has been selected here.
There are seven time settings we need to set, and they are

1. The amplitude the signal should rise to. I have set
itto 10V.

2. The amplitude the signal should fall to. I have set
itto OV.
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The (T1) which is the rise time of the signal. I have
left this at 1ns.

The (T2) which is the time the signal stays high. This
has been set to 11ms.

The (T3) which is the fall time of the signal. I have
left this at Ins.

The (T4) which is the second rise time of the signal.
I have left this at 1ns.

The (T5) which is the time the signal stays low. This
issetto 11ms.

The (T6) which is the second fall time. This has been
left at 1ns.

The (Ts) which is a delay time you might want to
introduce into the starting of the signal waveform.
This has been left at 0.

As you enter these settings, the waveform will be shown in the preview

window. When you are happy with the setting, simply click the mouse
button on the OK button, and the window will close. Then click the OK
button to close the voltage generator window.

We now need to add a voltage pin and place it above the top of the

capacitor. This will allow us to monitor the voltage across the capacitor

We now need to set up the transient analysis. To do this, click the

mouse button on the Analysis tab on the main menu bar and then select

“Transient” from the drop-down menu that appears. The Transient

Analysis Window will appear as shown in Figure 12-17.
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Figure 12-17. The Transient Window

We need to change the setting to those as shown in Figure 12-17. Make
sure you select the Zero initial values option. When you are happy with the
settings, click the OK button.

The default view shows the curves on top of each other. To separate
them, we can click the mouse button on the “View” option on the menu
bar, then select separate curves. The display will change to that shown in
Figure 12-18.

File Edit View Process Help

o8 Rmra’y T

10.00 -

m

5~ 0 sk A
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0.00-
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0.00 10.00m 20.00m 30.00m
Time (s)

Figure 12-18. The TR Results Window
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Using the Oscilloscope

We will use the oscilloscope to monitor the input and output of amplifiers
in the book. We will create a class A stabilized amplifier now to show you
how to use the oscilloscope. The circuit uses four resistors, one capacitor,
and voltage generator which we have shown how to put on the circuit.
The circuit will need a DC supply for the VCC, and the simplest would be
a battery. This is the third symbol on the basic component category bar.
Placing the battery in the circuit and changing the voltage to 15V gives us
the circuit so far as shown in Figure 12-19.

@ oen | Be s 2 OE F PoHn
+J¢JI*IQI®‘1¢I=»I&I+I =]l @lofst]=te [ [ [ ] [ | |

B | s | maetery | sermors | Sonroes | Semconcincsons | Optostecrors | spaon macran | Gotes | #ip s | Loge icy s | angasss |_ar | ansog ool | spect |

Figure 12-19. The Amplifier Circuit So Far

We now need to add the BJT transistor. This can be found on the
“semiconductor menu,” and it is the eighth symbol on that menu bar, the
NPN transistor, that we want. You should place it on the circuit in a suitable
position, then when you double-click the mouse button on the transistor,
the NPN Bipolar Transistor window will appear as shown in Figure 12-20.
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' T1 - NPN Bipolar Transistor

0o oo ursi 1

Figure 12-20. The NPN Bipolar Transistor Window

Again, if we click the mouse button on the three dots, the Catalog
Editor window will appear, as shown in Figure 12-21.

" Catalog Editor S
Library  Tolerance Model
Tna ~] ||+ none General |
Model Model Parameters
Usage: General Purpose NPN
Saturation current  [A] 12.6f
Forw. emission coeff. [] 991m
Rev. emission coeff. [] 91m
Emitter resistance [Ohm] 305m
Collector resistance [Ohm] ; 1
Baseresistance [Ohm] = |10
Forw. early voltage  [V] 52.1
Rev. early voltage [V] 26.1
b-e saturation current [A] 3 23.5f
b~ saturation current [A] 23.5F
Substratesat. curent[A] 10 =

W oo | (X concel | [P pnep |

Figure 12-21. The Transistor Catalog Editor Window
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We can use this window to change the transistor type we want to use. I
have selected the BC108 transistor here. We can use this window to change
the various parameters of the transistor, such as the Beta and internal
capacitance values. Once you are happy with your settings, click OK to
close this window and OK again to close the first window.

We must change the input signal to a sine wave, and to do this, we need
to open up the signal editing window and select the sine wave. We can set
the parameters up as shown in Figure 12-22.

L B ot B B o T

10m

ER

Wk (X e | 7 e

Figure 12-22. Setting Up a Sine Wave Voltage at the Input

Now we will add the oscilloscope. This can be found on the “Meters”
tab; it is the fourteenth symbol on that menu bar. When you click the
oscilloscope, select the three-terminal option from those given and place it
somewhere convenient on the screen. We should connect the oscilloscope
up as shown in Figure 12-23.

623



CHAPTER 12 USING TINA 12
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Figure 12-23. Connecting the Oscilloscope

We now have to set the oscilloscope up and run the simulation. We
need to click the mouse button on the “T&M” option on the main menu
bar. Then select the oscilloscope option from the drop-down menu

that appears. This will open up the Oscilloscope window as shown in
Figure 12-24.

OSC1_Ch1: SmV

Figure 12-24. The Oscilloscope Window
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We need to set the Time/Div option and the Volts/Div option. With
respect to the Time/Div, we really should try and display two cycles of the
waveform we are measuring. This means we need to display two times
the periodic time on the screen. We know that the horizontal width of the
screen has ten divisions. Knowing this, we can set the Time/Div using

Time 2
Div  10f
When f = 8kHz, we have
Time = % =25E° =25us
Div  10x8E

We do not have this setting on the oscilloscope, so we will set the
Time/Div to 50ps.

As to the volts/Div, we know the peak of the input is 10mv, and we have
four divisions to display this on the vertical. Therefore, we must set the
volts/div to 5mV as this is the best resolution we have in that order.

Now we need to select the trigger input for the oscilloscope. This is
done by clicking the “Source” option on the oscilloscope and selecting
channel 1 as shown in Figure 12-24.

Finally, set the source option to “Normal.”

This is really what you should do before you use any oscilloscope;
however, most of us just twiddle the knobs until they get a steady picture
not very good. Once you have set up the oscilloscope correctly, press the
Run button, and the display will change to that as shown in Figure 12-25.
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Figure 12-25. The Oscilloscope Display

Once you are happy with the display, you should press the stop button,
and the display should freeze. Now you can click the second data arrow to
export the display to a graph you can use and save for later.

Summary

In this chapter, we have looked at using some options available to you
within the Tina 12 ECAD software. We will go through these and some
more in the book as we use them. I hope you do find this software useful in
your design work and that you do enjoy using it.

This chapter was not intended to provide you with a manual on how to
use TINA. It was only meant as an introduction to how you can use TINA to
help create and simulate the circuits in this book.
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APPENDIX 1

The Average
Voltage of a Half-Wave
Rectifier

To determine the average of a range of values, we must add all the values
up in the range and divide the total by the number of values in that range.
When it comes to a waveform, we can use integration to add all the values
up and then divide them by the period of the waveform. We need only

do this over one cycle as the complete waveform is a repetition of this

one cycle. Therefore, we can use the following expression to calculate the

average of a waveform:

Average=~["1.d
verage—?jofx X

This means we need to develop the expression f, for the waveform. The
waveform of the output of a half-wave rectifier is shown in Figure A-1.
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Figure A-1. The Waveform of a Half-Wave Rectifier

We can generalize this waveform by saying that it will rise to a
maximum voltage of Vy;.. The vertical axis is in V for volts, and the
horizontal axis is in 0 for angles. We can express the angle in degrees, but
we will use radians. This means the period, which is cyclic, will be 2x. This
is shown in Figure A-1.

We can see that the waveform in part can be expressed using the
sin function. However, this cannot be used for the complete waveform.
Therefore, we must split the waveform up into parts. In this case, we can
split the waveform up into just two parts, which we will call part “A” and
part “B” This means that the expression for the average voltage, which we
will call “Vyuyg,” is

1 2
Ve = EJO PartA + PartB d

We can see that part A exists for 6 = 0 and n. The expression for part A is

V=V,Sin(6)
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We can see that part B exists for 0 = and 2x. The expression for

part B is

V=0

This means that the expression for the average voltage is
1 i . 2
v, = EUOVM sin(0)d6 + [0 d@}

Using the standard integrals, we know

ISin =—Cos

Therefore, we have
1 P
Ve = E[[_VM Cos(9)]o + OJ

Putting the limits in gives

Ve = %[(—VM Cos(ir)) - (—VM COS(O)):I
which gives
Vive = %[(VM ) - (_VM )] = %[ZVM]

Therefore, we can say

This is the expression for the average voltage of the output of a

half-wave rectifier.
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Exercise 3.1

630

1. Using the expression for the voltage across the
capacitor in the CR phase shift circuit shown in
Figure 3-7, determine the time when the SCR
would turn on if the resistor R, was changed to
15kQ. Determine the delay in degrees and radians
as well as time. Calculate the peak of the voltage
across the capacitor. This is with the Opamp buffer
included in the circuit.

2. Repeat the calculation but now with R,
changed to 22k.

Using the general expression for time “t,” we have

JI +(100%CRY’
it | YA UOOTCRY | (00cR)

339

=

1007

Using C = 1E° and R = 15E3, we have

CR=1E°x15E° =15E"

Therefore, we can say

1007CR =100 x15E> =4.7124

Therefore, we can say

JI +(1007CR) =1+4.7124* = 4.8173
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We can also say

Tan™' (100nCR)=Tan ' (4.7124)=1.362

We can also say

v, U +(1007CR)"  07x4.8173
339 339

=9.947ms

Finally, we can say that time “t” is

Sin'(9.9467 )+ 78.02 -3
. ( ) _9936E7 41362, L

1007 1007

This time will be 4.367ms after the start of the cycle of the supply
voltage.

In radians, the delay angle would be 1.362 Radians.

In degrees, this would be

Degrees = Rads@ =1.362x 180 =78.04

T T

When R = 20k, we get the following results.
Using C = 1E° and R = 20E?, we have

CR=1E°x20E* =20E"

Therefore, we can say

100rCR =100 x 20E ™ =6.2832
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Therefore, we can say

JI +(1007CR)’ =/1+6.2832* =6.3623

We can also say

Tan™ (100%CR) = Tan™ (6.3623) =1.4149

We can also say

v, 1> +(1007CR)’
» ( ) 0.7x6.3623 _ |3 137

339 339

Finally, we can say that time “t” is

Sin™ (13.1377 ) +1.4149  13.137E +1.4149
B 1007 - 1007

t =4.5456ms

This time will be 4.5456ms after the start of the cycle of the supply
voltage.

In radians, the delay angle would be 1.4149 Radians.

In degrees, this would be

Degrees = Rads@ =1.4149x 180 =81.07

T T

Exercise 3.2

Determine the average voltage across the load if the resistor R, in the phase
shift circuit was changed to 10k and then 20k if the capacitor was set at 1pF.
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When R1 = 10k, we use

ave = v‘pﬂ(l + cos(oc))
T

o =Tan™' (1007 CR)

The vpeak is the peak of the UK mains at 339v assuming an rms of 240v.
Then

a=Tan" (314.16>< 1E¢ ><10E3): 1.2626

Therefore, we get

ave = ﬁ(1 +Cos(1.2626)) = 70.32v
2r

When R1 =20k, we get
a =1.413 Rads

ave =124.86v

Exercise 3.3

1. Ifthe inductance value in the test circuit shown in
Figure 3-15 was increased to 50mH, calculate the
new angle “f” and the average voltage across the
RL load.
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2. Repeat the calculations if the resistor in the CR
phase shift circuit was increased to 20k, and the
inductance value in the load was reduced to 40mH.

_1| @Op
,Bz—Tan (?j

Knowing f =50 Hz, R = 109, and L = 50mH, we get

Using

-3
B=-Tan™' [%J =—1.004 Rads

a_ . n

We need to calculate the angle “a” using

o=Tan™' (wCR)

where the values of C and R are from the phase shift circuit. Therefore,
C = 1mF and R = 5kQ. Therefore

oc=Tan™' (271 x50x1E % xSE? ) =1Rad

We can now calculate the average of the voltage across the load using

_ 339 r+1.004

_VP_eak +B .
ave = o L Sln(@)d@ e}

Sin (0 ) do
Integrating, we get

A% ea 7+1.004
ave = g—n_"[—Cos(@)]l
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This gives

ave = VPL;"[(—Cos(ﬂ + 1.004)) - (—Cos(l))]

This gives

ave = %[(——0.537)—(—0.5403)]

ave = ﬁ[1.077] =58.11v
2r

Solution for part 2

=-0.8986 Rads

B = —Tan" 27 x40E7
1

The angle “a”:
oc=Tan™ (27: x50 1E x 2OE3) —1.4129 Rad
T+p .

v eai
ave:;—ﬂkj Sln(@)d@

o

_ 339 (7+0.8986

271- 1.4129

Sin(0)d6

Integrating, we get

7+0.8986

ave = VPﬂ[—COS (9)]

271- 1.4129
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This gives

ave = g”—e;k[(—c()s(n +0.8986)) - (~Cos(1.4129)) |

This gives

ave =22 (——0.623)—(-0.157)]

T

ave = ﬁ[0.7802] =42.97v
2r

Exercise 5.1

As an exercise, using the following specification of a V¢ of 22V and a base
current I; of 10pA, assuming the “B” was 100, design a class A stabilized
amplifier using the preceding expressions. My circuit to meet this
specification is shown in Figure A-2.
The expressions we will use are
VCC

Yo =75

Iy =Pl =1001,

1 _ VCEQ _ VCC

R - -
Y Gradient I, 2l

+R

L

V,=I.,%R,

co
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V,=07+V,
1
I _ _ Bleed
P10
IBleed :10X[B
Ve =Vee =V
R — VR]
1
]B]eed
J—
1 1

Voy=—C="2=11
“C 2 2
Iczﬂlg
Therefore
1.=100x10" =1m4
v,
R, +R, = L e Jee _ 2273:11k
Gradient 1., 2., 2xI

Let RL = 101( and RE = lk'

Vey=1oyx R, =1E7 x1E* =1V
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V,=07+V,=07+1=1.7TV

Loy =10x 1, =10x10E™° =100 4

Vi =Vee =V, =22-1.7=203V

Vo 203

R =——=—-=203k
]Bleed 100
v, 1.7
R, = £ =_—— —=18.88%
lyoow =15 1007 =10
The circuit is shown in Figure A-2.
[| R1203k0 r] 3 1060
::::’\.l’l N {\ G
[| R2 18.80k0 L] R4 10 41
"'/VH\A }”\Dﬁvm e
| VM2 165V

Figure A-2. The Class A Amplifier

Your circuit might change slightly as you might split the 11k differently.
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Exercise 5.2

R, = !

IN

11 1
—+—+
R R, 101xR,

1
1_2><7r><FC><R]N

Use the preceding expressions to calculate the high pass filter capacitor
“C,” for the amplifier in the first exercise if the cutoff frequency was 30Hz.
The solution is shown here:

1 1
Ry =47 =" i ——=14.756k
—+—+ T+ T+ 3
R, R, 10IxR, 203 18.889° 101x1

1 1

1: = 3=3595}’ZF
2xmxFo xR, 2xmx30x14.756

Exercise 6.1

Design a class A amplifier to the following specification:
The VCC should be 15V.
The DC quiescent collector current should be 1.5mA.
The DC quiescent emitter voltage should be 1V.

The typical beta value of 100 should be assumed.
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The base current Ib:

1 1.5E7°
I =—< = =15u4
" beta 100 H

The emitter current IE:
I,=1,+1 =15E°+1.5E7 =1.515mA
The collector resistor RE.

The collector voltage V¢
The emitter resistor RC:

1
R ="e - —=660.07
I, 1515
y,=Yee Ve DL gy
2 2
Ro=tee=Ve D78 46k

C

I.  1515E7

The base voltage VB: The currents IR, and IR;.

V=V +V,=0.655+1=1.655V
I, =9%1, =9x15E° =135u4
I =10x1, =10x15F° =150u4

Using this value for Iz,, we can calculate the value for R, as follows:

V, 1655

A 12.259%

2
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Similarly, we can determine the value for R, knowing it is the volt drop
across R, divided by the current flowing through it. This can be done as
follows:

g Ve Vs 15-1655

=88.967k
Ly 150E°¢

The completed circuit with the simulated results is shown in
Figure A-3.

ANZ 1.5mA
+f\{! |
+
AN 1500 [] RC4.62k
R188.97k
AWM 1504
. o S
=vi15 1A/ bo,  THINPN
+ +
.
A \'J v
AMS 1350A VM3 654.28mV VNE 8.07V
R2 12,26k Ij e 60,67
b ’ >
v v
VI 1.65V . VM 1V
Al
l AM 1.51mA

Figure A-3. The Simulated Circuit for Exercise 6.1

Of course, these are nonstandard values for the resistors, but it is more

to show you that the process and the expressions can be used to design a
stabilized class A amplifier.
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Exercise 6.2

With respect to the class A amplifier circuit shown in Figure 6-24, calculate
the following knowing that the DC quiescent Vi voltage is to be around 2V
and the beta is 100:

1. The emitter current

2. The base current

3. The base voltage

4. The output impedance
5. The inputimpedance

6. The voltage gain

Using Ohm’s Law
1= y_ — =2mA
R 1
Using
I, =(B+1)I,
Then
-3
I,= Ir _2E _jggp- 19.8u4

p+1 101

Using
Vy=V,+V,, =2407=2.7V

The Output Impedance
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To ac, the capacitor C, is a short circuit, which means the resistor R,
is in parallel with R;. Note due to the capacitance across the output of the
power supply for V¢, the supply rail V is the same as the ground rail.
These two resistors make up the output impedance, which means the
output impedance is

_ R xR, 3.75E’x500E’

- - =3.722kQ
TR, +R, 3.75E° +500E°

The Input Impedance

Again, because of the various capacitances being a short circuit to ac,
the input impedance is made up of the parallel combinations of R;, Ry,
(Beta + 1)R;.

1 1
RIN_L+L+ 1 1 L 1
R R, (B+1)R, 615E° 15E° (100+1)1FE°
= — ! — —=10.772kQ
16.26E™° +66.67° +9.901E
The Voltage Gain

This can be calculated using the expression

3
Gain = & = 3753E‘ = 3‘75
R 1E

E

Exercise 6.3

With respect to the circuit shown in Figure 6-25, determine the input and
output impedances of both transistors as well as the voltage gain of each
transistor and the overall circuit.
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Starting with the transistor T2 in the two-stage amplifier circuit.

The Output Impedance

This is simply the parallel combination of R7 and R5.
Therefore, we have

_ R xR,  3.5E’x500°

= = _ - =3.722kQ)
R,+R, 3.75E° +500E

our

The Input Impedance

This will be the parallel combination of R3, R4, and R6. We can ignore

the effect of re as there is no emitter bypass capacitor, and so re compared
to the 1k R6 can be ignored if you want to.

1 1 1 1 1 1 1

—=—t+—+

= + + =9.283E"
R, R, (B+1)R, 615E° 15E° 101x1E°

in 3
This means the input resistance Ry, is

R, =— L =10.773%k0
9.283E

Now consider the Transistor T1

The Output Impedance

This is the parallel combination of the input resistance of T2 and the
load resistance of the first transistor. Therefore, we have

2 Ry xRyg _ 3.75E° x10.773E°

- = =2.782k
O R+ Ry, 375E° +10.773E°

The Input Impedance of T1
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As the second amplifier stage is a replica of the first amplifier stage,
then the input impedance of the first amplifier will be the same as the
second amplifier. This means that the input impedance of T1 is

10.773kQ2
The Voltage Gain

To some extent, we can ignore the effect of the internal resistance re as
there is no emitter bypass capacitor. Therefore, the voltage gain of the T1

amplifier is
R 22F°
Vin =——2L =— 3 7223E =-3.722
R, 1E
The voltage gain of T2 is
3
I Rovr _ 2.7823E %)
R 1E

E

The overall gain will be the product of the two gains:

Vaimoveran = —3-7122x—=2.782 =10.355

The Low Cutoff Frequency of the Amplifier

The capacitor will make a high pass filter with the input resistance
of the first amplifier. This means that we can calculate the cutoff
frequency using

1 1

= = Y 3 = 3694HZ
27nCR,, 27 x400E~° x10.773E

fe
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Exercise 6.4

To try and confirm that the Darlington transistor does allow the speaker
to be added to the amplifier without loading the amplifier, the circuit
shown in Figure 6-43 was simulated. The voltage gain was measured
using the oscilloscope and the pk-to-pk output voltage was measured at
574.6pV. The input voltage was a 60mv pk-to-pk sine wave at 8kHz. This
means the circuit actually attenuated the input signal. Use the theories you

have studied to determine the ac impedances of the circuit and so confirm
that this attenuation would happen.

0SC1 1u
Icad chi cal
“ RS 43k
[] R3 9.5k
€3 106u
“ R1 183.45k ©2369.94n
Il I
I 11 SPi 8
C1369.84n
+ 1 I/
Ly L } { Tecie | |

“ R6 57k

[] R4 800

el
R2 18.3%k
@ |
C4106u = [] R8 200

To ac, the capacitors are a short circuit. This means that starting at

the output, the resistor R6 is in parallel with the 8¢ speaker. This makes a
parallel Reops; of
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R6 x RSpeaker 57E3 X 8 _

R —
R,+R

cons1 = TSTE 48

Speaker

This now means that the output impedance of the transistor is the
parallel combination of R;, R;, and Reous;- This means that the output
impedance of the transistor is

1 1
Rour = 1 1 11 1 1 =799
—+—+

R, R Ry, O95E 43 8

The voltage gain of the amplifier can be calculated using the
expression

our

V =
Gain (l" +R4)

e

Assuming re = 262, then we get

7.99
Vi = e =9.67TE"
i (26+800)

This means that the output voltage can be calculated as

Vo = Vig X Vo = 60E™ x9.67TE™ =580.427° = 580.2uv

gain

Exercise 7.1

Design a MOSFET amplifier with the following specification:
VDD =15V
ID =5mA
The minimum gate voltage is 3.19 as we are using the 2N6755 MOSFET.
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Calculate the voltage gain using a value of 3Q for RDSON.

Then add a bypass capacitor if the lower frequency of interest
was 25Hz.

Recalculate the voltage gain of the improved amplifier.

Exercise 8.1

Design a current mirror circuit to source a 3mA current with a VCC of 15V
for the control circuit and a VCC of 9V for the mirror circuit. Determine the
maximum value of the load resistor for the mirror circuit. Assume the beta
of the transistors was 100.

RLMAX -

Vee =Vye 15-0.65

i o =478k

Vee = Ve 9-0.65
1 3E7

C1

R =

LMAX

=2.783k

Exercise 9.1

Design an inverting Opamp for the two following specifications:
1. The inputimpedance is 15k2, and the gain is -4.
2. The gain is -5, and the feedback resistor Ry is 15kQ2.

Solution for part 1 Ry = 15k

14

R
i = R—F therefore,R, = R, xV,,, =15k x4=60k

Gain
IN
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Solution for part 2

R R ’
=—L therefore,R,,, =—- = 5B _
IN Gain 5

3k

V.

Gain

Exercise 9.2

Design a non-inverting Opamp that has a gain of 5 if the value of the
resistor in the position of R, (see Figure 9-19) was 2kQ.

Redesign the Opamp if we wanted to use a 15kQ resistor in the position

of R, (see Figure 9-19), and the gain required was a gain of 4.

Using

1+&
R

2

VGAIN =

Transposing for R;, we have

R =R,(V,

1 Gain

—1)=2E°(5-1)=8k

Transposing the expression for the gain for R2, we have

R 15k
~1 4-1

%

Gain
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Exercise 9.3

Design a summing Opamp to conform to the following specifications. The
supply rail for the Opamps was the normal F15V.

1. Asumming Opamp has the following three input
voltages: V1 =2V, V2 = 0.5V, and V3 = 1V. The input
impedance for each of the inputs should be 5k, and
the voltage gain of the Opamp should be -3.

2. A weighted summing Opamp had the same three
inputs as those in specification 1. The feedback
resistor was chosen to be 9k. The gain for V1 was to
be -1, the gain for V2 was to be -3, and the gain for
V3 was to be -2.

3. Inthe design for specification 1, explain what
the issue would be if the V1 input voltage was
changed to 5V.

Using

Transposing for R3, we get

R, =V

ain

x R, =3x5k =15k

The individual gain will be set using the following relationship:

R

R R
VGainl = FF 4 VGainZ = R_F’ VGain3 = R_F
1 2 3
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Using this relationship, we can say that

R = Ry R = Ry R, = Ry
1 s t%2 s 4\3 s
V VGain2 VGain3

Gainl

Putting the values in, we get

If the input at V1 went to 5V and the others added up to 1.5, then with
a gain of -3 the output would try to go to -3 times 6.5, i.e., 19.5V, which
is above the maximum of the supply voltage, and so we would get an

incorrect result.

Exercise 9.4

Design a differential amplifier that has a gain of 6 when the two input
resistors R, and R, were 3k. Calculate what the expected output voltage
would be if V, was 250mv and V,; was 100mV. Calculate the current I

Knowing the gain can be calculated using the expression

The value of the resistor R4 would be

R,=R,xV,, =3kx6=18k

ain

3
4 BE _ 900mp

our

= (V2 -V )% = (250mv - 100mv)

2
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Using Ohm’s Law, the current IF would be

Vour —=Vy 450E7

I = = =25uA
i R, 18E° H
R 18E°
Ve =V x —=—=250" x — 8 - =214.29mv
R, +R, 3E° +18E
Therefore
-3 -3
I, = 900F 2134.29E —38.0954
18E
Exercise 9.5

Using the same value for the PT100 and the components in the circuit
shown in Figure 9-28, determine the output voltage of the amplifier when

1. T=12°C.

2. T=75°C.

R=R,(1+aT)

When T = 12°C and R, = 100, we get

R=100(1+0.025x12) =130

The difference voltage Vy is

ViR
R+ R,
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Putting the values in, we get

|4 —SX—IOO=2.174V

5 130+100

We can now calculate the difference voltage Vi

Ve =V, =V, =2.5-2.174=326.1mV

Vouw =V x10=326.1E7 x10=3.261V

When T =750C

R=100(1+0.025x75)=287.5

The difference voltage Vy is

_ VR
R, + Ry

B

Putting the values in, we get

V, = _ X100 hoer
387.5+100

We can now calculate the difference voltage Vpgg:

Ve =V, =V, =2.5-1.026 =1.474mV

v, Vo x10=1.474x10=14.74V

our = ¥ pify
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Exercise 9.6

Show that if R, was 1k and R, was 10k, which gives the same voltage gain,
remember we must make R, = R, and R; = R,, the voltage V, would reduce
to 2.489V. Not much difference, but then an error of 11.31mV would
produce an error in the temperature reading of 0.363°C.

This would put a 1k resistor in parallel with the resistor R8 in the
Wheatstone bridge. This would load the resistor and change its value to

100x11k

=—=99.1Q
100+11&

R

This would mean that at 0°C the voltage VB would be

v, = X901 5 460
100+ 99.1

Exercise 9.7

Determine the gradient and the output voltage after 250ps and 300ps if the
following changes to the circuit shown in Figure 9-30 were made

VIN changed to 7.5V
R1 changed to 4.7k

C1 changed to 100nF

Vour == i, _ ,Z'S ~1=-15.957E’
C,Ry  100E”x4.7E

The gradient is —15.957E°.
When t = 250us

Vor =—15.957Et =—15.957E° x250E™° = -3.989v

654



APPENDIX 1  THE AVERAGE VOLTAGE OF A HALF-WAVE RECTIFIER
When t =300us

Vor =—15957Et =-15.957E° x300E~° = -4.787v

Exercise 9.8

Design a sawtooth generator that uses a 5kHz square wave with a peak
voltage of 5V. The pk-to-pk voltage of the sawtooth should be 6V. The
capacitor must be 100nF as the company has hundreds of them spare. The
design should employ a resistor in the feedback path to ensure the output

centers around 0V.

DCI
(pk—to—pk)ZF

CF Ry =

Transposing this for RIN, we have

D, 5

C,(pk—1to—pk)2F 100E”(6)2x5E’

Ry =

To lift the output voltage, we need to add a feedback resistor. The
value of this feedback resistance must be ten times the impedance of the
capacitor at the frequency of the waveform. Therefore, we can calculate the

value of this feedback resistor using

10 10

R. = = 3 —=3.183k
2 fC, 2xxSE" x100E
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Exercise 9.9

Briefly explain why the negative supply to the Opamp can be tied to 0V and
briefly explain what the main considerations are in choosing the value for
the resistor R;.

There is no requirement for the output voltage to go negative. The
main purpose of the resistor R, is to set the base current flowing into the
transistor.

Exercise 10.1

1. Design a monostable that forces the output to stay
high for 500ms when the value of C2 in Figure 10-1
has a value of 50pF.

2. Calculate the value of C1 if we were using a value of
25k for R5, and we wanted the output to stay high
for 1.5s.

Note you should increase the delay period for VG1 to ensure the
capacitor C, has been able to charge up the V.

tz_RCI,,,(uJ

cc_Vo

This can be transposed for R or C. Transposing for R, we get

t

R =
C,[VVJ
Vcc - Vo
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Therefore
-3
R= 500E12 % —13.818k
—50E%In| —=— 21
12—-113
o ! - 212 o = 110.55F
il Vee Ve _25Es,n[—-j
Ve =V, 12—-11.3

As this is a large value capacitor, we need to increase the delay time to
2.8s. The time constant for R1 and C2 is

CR=5E"x110.55E° =0.553s

Therefore, it will take approximately 2.76s for C, to charge up to 11.3V.

Exercise 10.2

1. Design a bistable multivibrator to produce a 5kHz
square wave using 10pF capacitors when the mark
time was 75% and the space time was 25% of the
total periodic time of the square wave.

2. Redesign the circuit to produce a 20% mark time at
a frequency of 10kHz using capacitors with a value
of 20pE

The expression that shows how the space and mark times are
controlled is

t:_mn(u]

cc I/()
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We can transpose this for R as

t
—C’"[Hj
Vcc - Vo

We can calculate the 75% mark time at 5Hz, and we can calculate the

R=

value of time “t” as

t=0.75x% ! =150us
SE

7 =

Using this time, we can calculate the value of R, as

-6
R = 150E _

2
C10E [ 12797
12-11.3

The space time will be

1
t=0.25x% =50us
5E H

T =

Using this time, we can calculate the value of R; as

-6
n S0F _

5
108 m| 12707
12-11.3

When the frequency is 10kHz and the mark time was 20%, we have

mark timet =0.2x ! - =20us
10E
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Using this time, we can calculate the value of R, as

-6
R - 20F _

—20E*ln(12_(”7j

12-11.3

The space time will be

1
t=0.8x =80
10E° s

Using this time, we can calculate the value of R; as

-6
P 80E _

5
_10ES | 12707
12-11.3

Exercise 10.3

1. With respect to the phase shift circuit shown in
Figure 10-11, design the circuit to produce a phase
shift of 75° using a resistor value of 2.2k.

2. Design an RC phase shift oscillator that has a
frequency of 1200Hz using the existing 100nF
capacitors with a phase shift of 60°.

This means the angle part of the transfer function must equate to 75°.
The Tan of 75 is 3.732. This means that the term

b must equal 3.732
oCR
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Transposing this for R, we have

R= ! = ! 5 — =193.8402
3.732x2m fC  3.732x2n x2.2E" x100E

Tan 60 =1.732.
Therefore

1 1
R= = : - =765.7302
1.732x 27 fC 1.732x 27 x1.2E° x100E

Exercise 10.4

As an exercise, see if you can derive the expression for the transfer
function. My solution is shown here. As an aid to get you started, you can

represent the feedback circuit as shown in Figure 10-17.

21
=1

vout

==
Z2

vin

L
V.Z
V — IN“2
ot zZ+7,
Therefore
VOUT — ZZ
I/IN Zl + ZZ
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1

Z, =Ry +—
JjoC,
R, ! R,
oC oC
Z, =R, in parallel withC, = ]0)12 __Jo 21
R4 + R4 +-
]C{)CZ ]C()CZ
R4
JoC,
R4 +- 1
Vour _ joC,
I/IN L
[R3 + - 1 )+ JwC21
]wCl R, +-
joC,
R32R4:Randcl :Cz:CaISO.
VOUT — TF
Viv
R
_JjeC,
R +_L
TF = joc
_R
R 1| G
joC R L
joC
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If we multiply the top and bottom by R + % , we get
jo

R
joC

R+ ! R+ ! + R
joC joC ) joC

Now multiplying the top and bottom by joC, we get

TF =

R
1 1.
R+—— || R+—— |(joC)+R
joC joC

Expanding one of the brackets in the denominator, we get

TF =

R

(R+ja)1CJ(ja)CR+1)+R

TF =

Now expanding the remaining brackets, we get

R
TF =

ja)CR2+R+R+.L+R
joC

Collecting the terms gives

TF = R

JjoCR* +3R +,L
joC

662



APPENDIX 1 THE AVERAGE VOLTAGE OF A HALF-WAVE RECTIFIER

If we now multiply the top and bottom by jowC, we get

B JjooCR
1-0’C*R* +3jwCR

TF

0+ joCR

L TF=— L
1-0’C*R* +3jwCR

Converting this to polar format, we get
©CRZ90
\/(1 ~@’C'R*) +(3wCR)24(

TF =

3wCR
1-’C*R?

Exercise 10.5

Complete the simplification of the transfer function to show that the
magnitude of the transfer function will result in an attenuation of 1/3. As a

hint, you should remember
1-0’C’R*=0
It only requires three more steps. Good luck.

The solution is shown here.
The magnitude of the transfer function is

oCR
\/(1 ~@*C*R*) +(30CR)’

7| -
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Knowing
1-w’C’R* =0
then

oCR oCR

|TF|= = _L
(3a)CR)2 3wCR 3

Exercise 10.6

1. Design a Wien Bridge oscillator that has a frequency
of 1kHz using a 50nF capacitor.

2. Design a Wien Bridge oscillator that has a frequency
of 10kHz using a 500nF capacitor.

1
" 27CR

g

This can be transposed for R as

1 1

= = - T =3.183k
2nCf, 2mxS50E~ x1E
The solution for part 2
! ! =31.83Q

T 20Cf,  2mx500E” x10E°
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Exercise 10.7

Design a monostable using the 555 timer that can be forced out of its stable
state for a period of 150ms. Your company wants to use the 50uF capacitors
it has a surplus of.

The expression for the time period is

t= —CRln(l - Ej
V

This can be transposed for R as

t

—Cln(l — ch
=

R:

Putting the values in, we get

-3
R= 150F 33 =2.75k
—50E° x ln(l - 5]

Exercise 10.8

1. Design a 555 timer that can produce a 1Hz square
wave with a mark time of 666.67ms, using a 10pF
capacitor for C,.

2. Design a 555 timer that can produce a 50kHz
square wave with a mark time of 11ps, using a InF
capacitor for C,.

Marktime = 0.69(R1+ R2)C1
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We can calculate the value of R, using

_ Spacetime
0.69C

2

We need the value of the space time. We know that at a frequency of
1Hz, the periodic time will be one second. Therefore, knowing that the
periodic time is the mark time + the space time, thatis, T =M + S, then
we can say

Spacetime S =1-0.6667 =0.33333

Now we can calculate the value of R2:

0.33333

= 06oxi0E" 5309k

2

We can transpose the expression for mark time to an expression
for R1 as

Marktime = 0.69(R1 + R2)Cl

Therefore

_ Marktime 3
0.69C,

1 2

Putting the values in, we get

0.66667

= EOX10E® 48.309E° =483k
. X

1
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The solution for part 2
When f = 50kHz, the periodic time T is

T= 1 - =20us
f S50E
Therefore
Space time S =20E° —11E™° =9us
Therefore
-6
> = Lﬁg = 13043k
0.69x1E

Therefore

11ES

—13.043E° =2.899k

1

T 0.69x1E"

Exercise 11.1

As an exercise, see if you can calculate the magnitude and angle of the
transfer function when f = infinity and so show that when f = infinity

TF =1(0)

Finally, at the cutoff frequency, the transfer function is
TF =0.707 4(5)

1

ook

77| -
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When f = infinity, ®CR = .

|TF|= : = =1

R

o 1 4 1 -
0 =—Tan [—ﬁ} =—(Tan (—;j Y= —(Tan —(0)} =0

Exercise 11.2

As an exercise, derive the transfer function for the two passive filter circuits
as shown in Figure 11-9 and so confirm they are as stated. Then using a
resistor value of 2.2kQ for each circuit, calculate the value of capacitance
in circuit “a” and inductance in circuit “b” so that they both have a cutoff
frequency of 10kHz. State what type, low pass or high pass filter, they are.

L11m

er VG a L Cl u (\a' o b rH R2 1k
|
Circuit “a”:
Using
L
TF: 22 = ]wc
Z,+7Z, R+L
joC
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Multiplying the top and bottom by jwC, we get
B 1
1+ joCR
Converting to polar format, we get

1

TF =
\/12 +(wCR)’ (Tan™ (“’ﬁ)
This gives
TF = S S (Tan™ (wCR))
I +(wCR)’
This splits to
7= —
I +(wCR)’
The phase is
0 =—tan™ (a)CR)

Exercise 11.3

Design a low pass active filter that has a cutoff frequency of 10kHz when
the resistor R is 4.7kQ. Let R, and R, both be set at 1kQ.

We can calculate the value of the capacitor using

1 1
" 2nfR 2 x10E° x4.7E°

=3.39nF
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Exercise 11.4

Calculate the magnitude of the transfer function when f = 12kHz and so
show that it would be -3.87dBs.
Using

1
77 = 2
1+(wCR)

Putting the values in, we get

1

|TF|= =0.6403

\/1+(27r $12E° x15.91E° x 1E> )2

In dBs, this is

dBs = 2010g(0.6403) =-3.87dBs

Exercise 11.5

Calculate the magnitude of the transfer function when f = 15kHz:

TF = ! (~Tan™ (

\/(1 ~@*C*R*) +(30CR)’

3wCR
—ocr)
The magnitude can be calculated using

1

\/(1 —(wCR)’ )2 +(30CRY’

|7F|=
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Putting the values in, we get

1

|TF|=
\/(1—(27t><15E3 x15.19E° x 1E° )2)2 +(3x 27 x15E° x15.19E”° x1E° )2

|TF|= 1 0.2142

V1.5586+20.236

In dBs, it is

dBs = 2010g(0.2142) =-13.3836dBs

Exercise 11.6

As an exercise, use the expression for the transfer function to calculate the
magnitude, in dBs, of the transfer function when f = 7kHz and f = 20kHz.

TF = 2 ((Tan™ {(U—CR})
\/(1 —(wCRY’ )2 +(wCRY’ !

When f = 7kHz

wCR =21 xTE>x1591E° x1E* =0.6998

(wCR)” = 0.48966

1-(@CR)’ =0.51034
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(1-(wcR)’ )2 — 026045

I7F|= 2 __ 2
J0.26045+0.48966  0.8661

309
In dBs, this is
dBs = 2010g(2.309) =7.27dBs

When f = 20kHz

®CR =21 x20E> x15.91E”° x1E* =1.9993

(wCR) =3.9972
1-(oCR)" =-2.9972
P 2
(1-(wCR)’) =8.9834

2

2
J8.9834+3.9972  3.6029

|TF| = =0.55511

In dBs, this is

dBs =20log (0.55511) =—5.112dBs
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Exercise 11.7

Using the feedback model of the high pass filter, shown in Figure 11-28,
derive the transfer function for the high pass second-order active filter.

Assume that R, = R,,.

IfRa=Rb
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L :lz+l3

n

. VeV W, v,

' Xxc  xc xc
Knowing we can express XC as
1

XC=—
SC

i =v, SC—-ySC

Similarly, with respect to i,, we can say

i, =v,SC —v,SC

i, =,SC - Yo 5
2

Finally, looking at i, we can say

Using KCL, we can say

L :lz'f'l3

v, SC—v,SC = VISC—MSC ol 0 You
2 R R
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Now multiply throughout by R and remove the brackets as we don’t
need them:

v, SCR—v,SCR = v,SCR — VT SCR+v, -v,,
Now adding v,SCR to both sides gives

v, SCR =v,SCR - VT SCR +v, —v,, +v,SCR
Now collect the like terms:

v SCR=v,SCR+v, +v,SCR — VT SCR-v,
Now take v; out as a common factor where we can:

v, SCR = v, (2SCR +1) - %SCR —y

We need to remove the v, term from the expression. From the circuit,
we can see that

Therefore, we can say

1
+E_SCR+1X 1 SCR+1

=v,
SCR

R

R SC R
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However

K
Therefore, we have
" SCR+1
"2 SCR
SCR+1

v, SCR = 2 2T (28CR + 1)—%5&% —y

Multiplying throughout by SCR gives

v, (SCRY == ~2(SCR+1)(2SCR +1)- 2 ~at (SCR) -v,,SCR

Expanding the bracket gives

v, (SCRY =2 2 | (25CR) +3SCR+1] -2 " (SR’ ~v,, SCR

Now multiply throughout by 2:

v,2(SCR)' =v,,[ (2SCR) +3SCR+1]-v,, (SCR)' ~v,, 25CR

Now take vout out as a common factor:

v, 2(SCR) =v,, [[(2SCR)2 +3SCR+1]-(SCRY - 2SCR]
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Now collect like terms:

v,2(SCR)" =v,,| (SCR)’ +SCR+1]

Now divide by the bracket on the RHS:

v, 2(SCR)’
(SCR) +SCR +1

out

Now divide by v;,:
v _ 2(SCR)
v, (SCR)' +SCR+1
Now divide by (SCR)*
vout — 2
vm 1 + L + 1 5
SCR ( SCR)
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Converting to polar format gives

TF = 20
Y , b
1- 3 +(—j (Tan™ oCR N
(oCR) ©CR - 1
(wCR)’
Dividing the complex numbers gives

b

2 1 oCR
TF = = (-Tan | N
1 1Y -
1- . +(—j (wCR)’
(oCR) oCR

Exercise 11.8

As an exercise, use the expression for the transfer function to calculate the
magnitude, in dBs, of the transfer function when f = 10kHz and f = 20kHz.

TF = 2 (~Tan"| —2CR )
1 1Y -5

When f = 10kHz

wCR =271 x10E* x15.91E° x1E* =0.99965
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(@CR)" =0.99931

1 1

——=——=1.00035
oCR  0.99965

1 1

= =1.00069
(wCR)”  0.99931

1
(a)CR)

1- =1-1.00069 =—-0.00069

7=

2
[1— : Jz(—0.00069)2=476.76E‘9

(oCR)’
l 2
(_ﬁj =(~1.0035)" =1.00701
(0]
7| - -
2 2
) *ocr)
1- | —
(oCR) wCR
77| = 2 ~1.99302

J476.76 7 +1.00701
In dBs, this is

dBs = 2010g(1 .99302) =5.99dBs
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When f = 30kHz

wCR =27 x30E°* x15.91E° x1E* =3
2
(oCR) =9

=0.3333

L1
oCR 3

=0.111111

1
(oCR)

1- =1-0.11111=0.88889

7=

2
[1—%} =(0.88889)" =0.79

(oCR)

1 2
(_EJ =(-0.33333)" =0.11111

(0]
= -
2 2
(coCR)2 oCR
I7F| = 2 —~2.1069
J0.79+0.11111

In dBs, this is

dBs =201log (2.1069) = 6.47dBs
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Exercise 11.9

This is an exercise in multiplying fractions, expanding brackets and
factorising terms. We start with the transfer functions for the first order
and second order active filters that are cascaded together to make the third

order filter.
The transfer function for the first order active filter which has been

derived already is.

B 2
1+ joCR

The transfer function for the second order filter with the general term.

Is.

s
1-(wCR)’ +j(3—;)(a)CR)

We can now simply multiply the two transfer functions together to
derive the transfer function for the third order active filter. This is.

1
TF :( 2 } 4 .
LHJOCR )y (ocR)? +j(3—Aj(a)CR)
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When multiplying fractions, we simply multiply the numerators
together and the denominators together. Staring with the numerators

(43

Therefore, the numerator of the transfer function is.

we have.

2
A
There are two terms in the denominator which can be written as.

(1+ja)CR)(1—(a)CR)2 +j(3—%](wCR)j

I hope this makes it easier to see that we are now expanding two
brackets each with two terms in. To try and make it easier to see this we
could write the two brackets out as.

(a+b)(c+d)

To expand the brackets, we simply multiply everything in the second
bracket by everything in the first bracket. This expands to.

(ac)+(ad)+(bc)+(bd)

Where.
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c=1-(wCR)’
d= j[B—%)(wCR)

(1—(wCR)2)+(j(3—%j(wCR)j+(ja)CR—j(a)CR)3)+(j2(3—%J(a)CR)2J
(ac) (ad) (bc) (bd)

We can replace j* with -1 which is in the fourth bracket. This will give.
To help with the next stage we can move the ‘j’ in the second bracket
next to the (wCR), which is legal as 2x3 is the same as 3x2. This now gives.

(1=(ocr)’)+{ (34 ] toc) |+ socr-jocny)-{[3-% Jiocry |

Next, we can multiply the (3 - %j in the second and fourth bracket by

the terms linked to them. This gives.

1-(wCR)’ +3; a)CR—%j ®CR+ joCR~- j(@CR)’ —(3(@@{)2 —%(a)CR)Z)

Now, we can arrange the whole denominator expression in its real and

‘j’ terms which gives.

1

1-(wCR)’ —(S(a)CR)Z A(a)CR)Zj+ 3j wCR —%j ®CR + joCR~ j(oCR)’

(real terms) (‘j’ terms)
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Now, collect the whole numbers of the —(wCR)? in the real terms and
collect the whole numbers of wCR in the ‘j’ terms. This gives.

1—(4(0)(:3)2 —%(wCR)2)+4j a)CR—%j ®CR~ j(wCR)’

Now we can take the (wCR)? out as a common factor in the real terms
and take the j wCR in the ‘j’ terms. This gives.

1-(4-%)(600%)2 +(4—%)ijR—j(wCR)3

Finally, we can take the ‘j’ out as a common factor in the ‘j’ terms.
This gives.

{42 J(wcry + (4% Jocr-(ocry |

This is the denominator of the transfer function. Therefore, combining
it with the numerator of the transfer function gives.

2
TF = A

{4 Joocry' (44 Jocr-(oca |
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Exercise 11.10

Evaluate the expression for the magnitude of the third-order filter when

f=5kHz and 15kHz. Hint, you will need to be very accurate in your

calculations.
— 3.1721
2\? 3)\?
\/[(1—2.41396(a)CR) ) +(2413960CR—(oCR) | }
When F = 5kHz

oCR =27 x5SE* x15.917 x1° =0.4998274

(@CR)’ =0.2498274

(@CR)’ =0.124871
2.413960CR =1.206563

2.41396(oCR)’ =0.603073
1-2.41396(wCR)" =0.39693

2.413960CR — (oCR)’ =1.08169

(1-2.41396(wCR)’ )2 ~0.15755
(2413960CR - (wCR)’ )2 =1.17005

(1-241396(wCR)’ )2 +(2413960CR - (@CR) )2 ~1.3276
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1F =121 5 75304

[1.3276]

In dBs, this is

dBs = 20[0g(2.75304) =8.796dBs

When F = 15kHz

®CR =21 x15E° x15.917 x1° =1.49948

(wCR)’ =2.248447

(@CR)’ =3.371506
2.413960CR =3.619685

2.41396(wCR)’ =5.42766
1-2.41396(@CR)’ = —4.42766

2.413960CR — (wCR)' =0.248179

(1-2.41396(wCR)’ )2 =19.6042
(2:413960CR -~ (oCR) )2 =0.061593

(1-2.41396(wCR)’ )2 +(2413960CR - (@CR) )2 —19.66577
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=121 9153053

[19.66577]

In dBs, this is

dBs = 20[0g(0.7153053) =-2.91dBs

Exercise 11.11

Design the following active filter circuit:
1. A first-order circuit with an overall gain of four
2. A third-order circuit with an overall gain of six

A first-order circuit has a gain of two. This means that we need to add
an amplifier with a gain of two. The circuit for this active filter is shown as

follows.

||-

A third-order filter has a gain of 3.1721; to change this to a gain of 6, we
need to add an non-inverting Opamp with a gain of

=1.8915

in=
&4 71
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The gain of the non-inverting Opamp is

Vegain=1+ i" =1.8915

b

Therefore

R, =0.8915
R

LetRa=891.5Q and Rb = 1k.

A2 1k

,| )
S a2
@

C31581n

: B
|

Exercise 11.12

Use the Butterworth polynomials to design a basic fifth-order filter.
A fifth-order filter can be created from two second-order filters and
one first-order filter. The circuit is shown as follows.
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Complex Number Proofs

This proof shows that
1 .
—=-J
J
This can be written as
1+ /0
0+

We can multiply anything by 1, and it won’t change. Also, we know that
anything divided by itself equals 1. For example:

10_, 2m+l_
10~ 2m+1

We will choose a very particular way of representing the number 1.
We will use something that is called “the complex conjugate.” This sounds
very complicated, but it’s not too complex. If we look at the general

complex number

a+ jb

its complex conjugate is

a—jb

For example, the complex conjugate of

2+ jdis2— j4

We simply change the sign of the j term.

Therefore, as it is normal to use the complex conjugate of the
denominator in the complex division, we will use the complex conjugate
of 0 +j.
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w5l

You can see that we are only multiplying the original division by 1, but

This means we will have

we are creating the value of 1 in a very special way.
We can multiply the two numerators separately and the two
denominators separately:

(1+0)(0—j)=(1x0)+(1x—;)+(j0x0)+(j0x—/)
This gives

—j+0+0+0=—;

Now if we do the same with the denominator, we get

(0+)(0=/)=(0x0)+(0x—j)+(*x0)+(jx—/)

This gives
0+0+0+—,°
However
Ji=-1
Therefore
—jf=—=1=1

This means that the division has now become
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This proves that

(1)[-_1) _(=)
D) (=)
Here, we are using the complex conjugate of the numerator. Note we

don’t need to include the terms that are zero.
This means that we get

—J
—-J
But we know j? = — 1; therefore, we get
-t 1_ 1
-5 =J J

Using the complex conjugate, we can always say
(a+jb)(a—jb)=(a><a)+(a><—jb)+(jb><a)+(jb><—jb)

This gives

(a+jb)(a—jb)=a2 +ajb— jba— j’b’
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This gives
(a + jb)(a - jb) =a’ +b’

This is sometimes called rationalizing a complex number, and we
usually do that to rationalize the denominator of a complex division.

An Example from Chapter 11

We can use the complex conjugate to rationalize this transfer function:

2

R U

(oCR) ” oCR

TF =

The complex conjugate of the denominator is

1- ! +J !
(oCR)" ~ @CR

If we multiply the top and bottom by 1 using the complex conjugate to
create a term for 1, we get

1 1
o]~ Tt

RN U B (U W
(ocr)} " oCR | (acr) " oCR

We know the denominator would produce a? + b? where
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and

Therefore, the denominator becomes

[l‘méRYJ ()

The numerator becomes

Therefore, we get
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A inverting amplifier, 389
superposition rule, 383
voltage gain, 387-391
Vx due to Vy, 385-387
Vx due to Voyr, 384, 385

Active filters
bode plot, 553, 554
distinctive designs, 549
feedback circuit, 586

; tor hih S Amoplifier
f1rst—order1 ig pass,5 2 5_3 . ac signal, 188, 189
irst-order low pass, ) beta, 218

frequencies, 580
half-wave rectifier, 669, 687-688
high order circuit, 557-560
high pass second-

order, 584-589

beta value, 189-194

BJT (see BJT Amplifier circuit)
bleed current, 201
calculations, 217

capacitors, 207-216
non-inverting Opamp, 573 circuit, 183, 184

Ohm's Law, 574 class A stabilized

passive disadvantage, 549 amplifier, 194-198
second-order, 572-584
second-order low pass, 560-572
simulated bode plot, 551, 581

collector current I, 217
DC quiescent voltage, 185
emitter (see Emitter terminals)

third-order circuit, 595 3dbs point benchmark, 334
transfer function, 550, 552 gradient/load line, 198-203
Alternating current (ac) input/output voltages, 219
amplifier, 188, 189 input resistance Ry, 216
electrical current, 31-33 Load Resistor R;, 186, 187
rectification, 45 operational considerations, 184
Alternative analysis peak-to-peak
expression (Vy), 387 measurements, 219
input/output waveforms, 390 resistors R, 206, 207
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INDEX

Amplifier (cont.)
stabilized ac voltage

gain, 204-206

Attenuation and phase
shift, 500-502
Audio amplifier
circuit diagram, 289
Darlington transistor,

282, 283, 286, 288
input/output voltages, 284
simulated results, 285
speaker output, 281

Average voltage/half-wave rectifier
active filter, 669
active filter circuit, 687-688
bistable multivibrator, 657
Butterworth

polynomials, 688-692
class A amplifier, 639
complex conjugate, 689,

691, 692
current mirror circuit, 648
cutoff frequency, 667
Darlington transistor, 646, 647
DC quiescent Vi voltage,

642, 643
differential amplifier, 651
expressions, 639
feedback circuit, 660-663
feedback path, 655
555 timer, 665
general expression, 630-632
high pass filter, 673-678
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input/output impedances,
643-646
inverting Opamp, 648
magnitude, 670
monostable, 656, 665
MOSFET amplifier, 647
non-inverting Opamp, 649
Ohm’s Law, 642
output voltage, 652
passive filter circuits, 668
phase shift circuit, 632,
634-637, 659
simplification, 663
simulated circuit, 641-643
specification, 636
standard integrals, 629
summing Opamp, 650
third-order filter, 685-687
transfer function, 671, 678-680
waveform, 627, 628
Wheatstone bridge, 654
Wien Bridge oscillator, 664
Average voltage output, 63-67

Basic astable test circuit, 512
Bistable multivibrator, 477-482
BJT amplifier circuit
bandwidth, 242-247
class A amplifier
base currents i, 222
bleed current, 224



DC quiescent setting, 222
emitter current i, 222
specification, 222
emitter bypass capacitor
amplifier circuit, 249
bode plot, 249, 251
component, 247
DC quiescent
requirements, 247
resistance Rg, 248
splitting emitter, 250
two-stage amplifier, 253
high pass filter circuit, 242
interstage loading
bode plot, 261
effects, 253
input/output voltages, 257,
259, 260
oscilloscope traces, 262
output impedance, 255, 256
specification, 262-264
thermal voltage, 257
two-stage amplifier, 254
mid-frequency (see Mid-
frequency ac model)

Bohr’s postulates, 4, 5
Butterworth filter

Bode plot, 590, 593

cutoff frequency, 590

fourth order filter, 602-604
gain, 601, 602

half-wave rectifier, 688-692
non-inverting Opamp, 592, 603

INDEX

polynomials, 591
third-order circuit, 594-601

C

Capacitor, 486
Capacitor C,
AC transfer option, 213
bode plot, 212, 214, 216
cutoff point, 210
expression, 210
frequencies, 208
high pass filter, 208, 209, 211
output connection, 215
transfer function (TF), 209
voltage divider network, 207
Common mode rejection
ratio (CMRR), 353
Coulomb, Charles, 3
Covalent bonding, 13, 14
CR transient circuit, 469

D

DIAC
anode/cathode voltage, 121
impedance, 124
output voltage, 128
results, 122
test circuit, 121, 126
triggering circuit, 123
voltage across, 125
waveforms, 127
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Differential amplifier

application, 414-419

diff amplifier, 407
expression, 409-413
feedback current, 408

input terminals, 407
simulated results, 409
temperature transducer, 414

Differentiation (Opamp)

circuit, 440, 441

input and output voltages, 441
instability problems, 450-452
mathematical expression, 440
output voltage, 443

sawtooth input voltage, 443, 444
square wave, 448

voltage gain, 445-449

Diode

anode/cathode, 38
average output voltage, 63-67
biasing, 38
bridge rectifier
circuits, 53, 54
conventional layout, 53
current flow, 56
multicomp, 53
traces, 55
forward biasing, 39, 40
forward circuit, 44-46
full-wave rectification
bridge rectifier, 53-57
center tapped
transformer, 51-53
disadvantage, 52
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half-wave voltage, 63
PN junction, 37, 38
power supply, 57-59
rectification
ac voltage waveform, 45, 46
cathode voltage, 47
full-wave rectification, 50-52
half-wave rectification, 57
integration, 60
oscilloscope traces, 48, 49
smoothing, 59
UK mains voltage, 46
reverse biasing
characteristics, 40, 41
positive/negative voltage, 42
results, 41
scaling process, 42
smoothing capacitor, 67-70
turns ratio, 65-67
Zener (see Zener diode)

Direct current (DC)

electrical current, 28
rectification, 45
transients, 461

Electrical current

alternating current (ac), 31-33
Ampere/Amp, 31, 32
chemical energy, 30, 31
conventional current flow, 27
current flow, 26-28

direct current (DC), 28



ELECTron (see ELECTron)
interpretation, 1
NPN sandwich, 21-25
PNP sandwich, 25
potential difference (PD), 29
root mean square, 33-35
voltage, 29
ElectroMotive Force (EMF), 20
ELECTron
Bohr’s postulates, 4, 5
Coulomb, 3
current flow, 8
ELECTricity, 2, 3
expression, 2
octal rule, 8,9
semiconductors (see
Semiconductor)
valence shell, 5-7
Electronic Computer-Aided
Design (ECAD)
electrical/electronic
circuits, 605
TINA (see TINA 12)
Emitter terminals
amplifier, 168-174
base and collector currents, 170
collector configuration, 177-181
current I, 174-177
peak-to-peak voltage, 171

F

Field effect transistors (FETSs), 291
3dbs point benchmark, 332-338

INDEX

JFET (see Junction/Jug
FET (JFET)
Junction/Jug FET (JFET), 291
MOSFET (see Metal oxide
semiconductor field effect
transistor (MOSFET)
Operational Amplifier
(Opamp), 338

50/50 Duty Cycle Square

Wave, 516-519

555 timer IC

basic astable, 511-516
monostable, 504, 507-511
overview, 504

pins, 505, 506
waveforms, 504, 510

Filters

active, 549-555
argand diagram, 570
asymptotic bode plot, 521, 533,
534, 539, 546
Butterworth, 591-605
complex numbers/phasor
quantities, 524-532
cutoff frequency,
534-541, 544
frequencies, 567
passive (see Passive
filter circuit)
passive circuits, 548
power ratio
benchmark, 534-541
simulated bode plot, 541

Fixed bias amplifier, see Amplifier
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G, H

Gilbert Lewis, 8

Integrals, 471
Integration (Opamp)
ac voltage gain, 434-440
circuit, 418
electrical quantity, 419
feedback circuit, 431
frequency analysis, 438
graph/curve, 419, 420
oscilloscope display, 439
output voltage, 423-425
sawtooth generator, 426-434
standard expression, 421-423
straight-line graph, 420
Internal transistor, 508
Inverting Opamp
designing process, 393, 394
input impedance, 391, 392
input voltage, 393
non-inverting Opamp,
395-399
specifications, 394
test circuit, 394

J

Junction/Jug FET (JFET)
depletion areas, 294
depletion layer, 300
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JFET/BJT, 292
MOSEFET, 310
MOSFET devices, 292
N-Channel and P-Channel,
293, 294
pinch off voltage, 300, 301
semiconductor
analysis, 298-300
symbols, 292
testing circuit, 295-299
threshold voltage Vy, 303, 304
turning on and off, 302-304
Unijunction FET, 292

K

Kinetic energy (KE), 30

Kirchhoft’s Current Law (KCL), 28,
401, 564, 573, 597

Kirchhoff’s Voltage Law (KVL),
27,73, 196

L

Laplace transforms
capacitor V, 466-468
expression, 463-465
inputs, 463
input voltage, 462
output voltage, 466
Pierre Simon

Laplace, 462
voltage waveforms, 468



Metal oxide semiconductor field

effect transistor (MOSFET)
amplifier
class A amplifier, 330
enhancement mode, 324
high pass filter circuit, 331
input characteristics, 326
output characteristics,
327,329
resistors, 330
results, 325, 326, 328
source voltage, 331
construction, 310-312
current flow, 319
depletion mode, 321
depletion-type, 316-318
enhancement mode, 313-316
P-channel, 318-323
voltage waveforms, 314

Mid-frequency ac model

ac model, 237-241

actual circuit, 226

audio (see Audio amplifier)

biasing point
base emitter diode, 264
decreasing R2, 268
increasing R,, 267
input/output traces, 265, 266
load line, 267

class A amplifier, 226

class B amplifier, 269-272

DC quiescent circuit, 274

INDEX

input impedance, 229-233

input resistance, 228, 229

interim circuit, 226, 227

output resistance (Royr),
233, 234

(b+1) parameter, 241

parameters, 228

power amplifier, 278-281

push-pull amplifier, 272-282

Thevenin’s theory, 233

transistor, 227

voltage gain Ay, 234-237

Non-inverting Opamp

ac input voltage, 397
circuit, 395

input impedance, 399
input terminals, 395
resistors, 397
waveforms, 398

NPN junction

biasing arrangement, 133-135
class B amplifier
circuit, 269-272
conventional current flow, 134
depletion layers, 132
diodes, 132
P and N type material
sandwiches, 131
simplified representation, 131
terminals, 133
transistors, 136, 137
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O

Operational Amplifier (Opamp)
alternative analysis (see
Alternative analysis)
comparator, 452-454
constant current
source, 359-362
conventional current flow, 380
current mirror circuit, 362-366
differential amplifier,
341-345,407-418
differentiation, 440-452
feedback path, 379, 380
gain circuit, 356-359
in-line package, 368
input circuits, 372
input impedance (see
Inverting Opamp)
integrated circuit (IC), 367
integration, 418-440
inverting opamp, 379-383
long-tailed pair, 345-352
intrinsic resistance, 351
peak-to-peak voltage, 350
quiescent conditions,
346, 347
resistors, 351
test circuit, 346, 348
transistor array, 345
waveforms, 349
mathematical operations, 399
noise signal
alternative circuit, 354
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amplifiers, 355
differential amplifier, 352
rectifying signal, 352
test circuit, 353
waveforms, 355
offset null inputs, 373-375
open-loop configuration,
369-371, 373, 374
oscillators (see Oscillators)
results, 383
standard symbol, 368
statements, 373
subtractor circuit, 454-456
summing circuit, 400-406
test circuit, 382
unity gain buffer, 378-381
voltage Voyr, 381

Oscillators

attenuation/phase

shift, 500-502
bistable multivibrator, 477-482
gain (Opamp), 502-504
initial voltage, 473-477
laplace (see Laplace transforms)
monostable circuits,

457-462, 468
multivibrator, 473
multivibrator series, 457
phase shift, 482
phase shift oscillator, 484-497
requirements, 482-484
time/transistor T,, 469-473
trigger, 468
wien bridge, 497-500



Oscilloscope, 621

amplifier circuit, 621

display process, 626

menu bar, 623

NPN bipolar transistor
window, 622

sine wave voltage, 623

transistor catalog editor
window, 622

window, 624

P,Q

Passive filter circuits

active (see Active filters)
argand diagram, 525
average voltage, 668
coordinate format, 528
CR circuit, 522-524
frequencies, 522

Ohm'’s Law, 526

phasor quantities, 527

RL circuit, 542-549
transfer function, 530, 532

Passive filters

bode plot, 560, 571
low pass, 558
second order, 561-573

Phase shift oscillator

capacitor and resistor, 486
cursors, 491, 497
feedback circuit, 492-495
high pass filter circuit, 486
Opamp circuit, 485

INDEX

phasor quantities, 487
radians/rads, 490
readings and calculations, 492
resistive value, 489
single CR, 485, 486
TFE 487
waveform, 491
PNP junction, see NPN junction
Power supply unit (PSU), 57

R

Resistance temperature
detector (RTD), 341

Resistor, 486, 487

Root mean square (RMS), 33-35

S

Semiconductor
covalent bonding, 13, 14
devices, 26
diode (see Diode)
elements, 11
Junction/Jug FET
(JFET), 298-300
Pentavalent atom, 15, 16
periodic table, 12
PN junction
awkward process and
expensive, 17
biasing, 18-21
depletion layer, 18, 20
diode, 21
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Semiconductor (cont.)
doping silicon
compounds, 16
EME 20
forward biasing, 20
junction, 17
negative voltage, 18
54RA rectifier valve, 16
SCR/Thyristor, 79
shell arrangement, 10
silicon/boron atoms, 14
trivalent elements, 14, 15
valence shell, 10-13

Silicon controlled rectifier (SCR)

average voltage across

flywheel diode, 105-109

RL load/no flywheel
diode, 110-114
waveforms, 108
buffering
dimmer circuit, 93
output voltage, 94

phase shift circuit, 93, 95-98

waveforms, 94
DIAC, 121-129
flywheel diode, 103-105
gate terminal, 79, 80
inductive load

controlling, 98-102
loading effect, 89-92
one pulse converter

circuit, 82
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gate terminal, 81

input/output voltage, 83

output voltage, 86, 88

peak reverse blocking

voltage, 81

peak voltage, 85

test circuit, 85

thyristors, 81

transfer function, 82-84
Triac, 114-120

Summing Opamp

basic circuit, 400

control system, 406

KCL, 401

Ohm’s Law, 400

output voltage, 402, 404

output voltage Voyr, 400

results, 403

specifications, 406

weighted summing Opamp,
404, 405

T, U

3dbs point benchmark

bode plot, 333

bypass capacitor, 337, 338

high pass filter, 332

input and output
waveforms, 335

MOSFET amplifier, 335, 336

single-stage amplifier, 334



specification, 338

Threshold pins, 508
Thyristor, see Silicon-controlled

rectifier (SCR)

TINA 12

AC Analysis option, 614-616
component value window, 611
drop-down menu, 609
editor options window, 609
electrical/electronics lab, 606
opening screen, 607
oscilloscope, 621-626
program icon, 606
test circuit, 608-612
toolbars, 607
transient analysis

DC CR circuit, 616

signal editor window, 618

time settings, 618

transient window, 620

TR results window, 620

voltage generator

window, 618

wire and components, 612-614

INDEX

characteristics, 137
common base
configuration, 138-142
current characteristics, 148
cutoff/saturation regions, 148
emitter terminals, 158, 159
input current Iy, 159-163
output
characteristics, 164-168
ICBO (common base leakage
current), 153-155
Input characteristics, 141
ocilloscope traces, 152
Ohm’s law, 142
output characteristics, 145-148
symbols/acronyms, 136
TRIAC
model parameters, 116
semiconductor makeup,
114,115
symbol terminals, 114
test circuit, 116, 117
voltage across, 119, 120
Trigger circuit, 461

Transfer function (TF), 487

Transient analysis, 458
Transistors \
active region, 147 Valence shell, 5-7
alpha a/beta B, 155-158 Voltage waveforms, 508
alpha o/current
characteristics, 143 W, X, Y

amplifier circuit, 149-153

base emitter junction, 144, 145 Wien Bridge oscillator, 497-500
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y4

Zener diode
characteristics, 71, 72
Ohm’s Law, 76
principles, 74, 75
resistor RZ, 75, 76
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shunt regulator
ammeters, 73
test circuit, 72
voltages, 73
voltmeters, 73
source voltage, 76, 77
testing results, 77, 78



	Table of Contents
	About the Author
	About the Technical Reviewer
	Introduction
	Chapter 1: Electrical Current
	The Main Operation of All Electrical Circuits
	The Mighty Electron
	The Charge “C” of an Electron
	Bohr’s Postulates
	The Valence Shell
	The Sea of Free Electrons
	The Octal Rule
	The Semiconductor
	Covalent Bonding
	The Extrinsic Semiconductor Introducing Some Impurities
	The Pentavalent Impurity
	The PN Junction
	Biasing the PN Junction
	The NPN Sandwich
	The PNP Sandwich
	More Common Semiconductor Devices
	Current Flow, DC and ac, Voltage, PD, Amp, etc.
	Current Flow

	DC
	PD and Voltage
	What Is Current Flow
	The Amp or Ampere
	Alternating Current (ac)
	The rms or Root Mean Square
	Summary

	Chapter 2: Semiconductor Devices
	The Diode
	Forward Biasing the Diode
	Reverse Biasing
	The Forward Diode Voltage Drop
	Rectification
	Full-Wave Rectification
	Full-Wave Rectification Using the Bridge Rectifier
	Designing a Power Supply Unit (PSU)
	Smoothing
	The Average Voltage Output of the Half-Wave Rectifier
	The Turns Ratio for the Transformer
	Choosing the Value for the Smoothing Capacitor
	The Zener Diode
	The Shunt Regulator
	The Main Principle of Operation
	The Zener Resistor RZ
	The Minimum Working Source Voltage

	Testing the Regulation of the Circuit
	Summary

	Chapter 3: More Semiconductor Devices
	The SCR or Thyristor
	The One-Pulse Converter
	The Loading Effect of the SCR
	Buffering the Phase Shift Circuit
	Exercise 3.1

	Controlling an Inductive Load with an SCR
	Adding a Flywheel Diode
	The Average Voltage Across the Load
	Exercise 3.2

	The Average Voltage with RL Load and No Flywheel Diode
	Exercise 3.3

	The Triac
	The Diac
	The Operation of the Diac
	Using the Diac
	Summary

	Chapter 4: The NPN and PNP Junctions
	The NPN Junction
	The Symbols and Acronyms of a Transistor
	The Characteristics of a Transistor
	The Common Base Configuration
	The Current Characteristics and the Current Gain “Alpha α”
	Analyzing the Test Results from the Circuit in Figure 4-5
	The Output Characteristics
	Current Characteristics
	The Common Base Amplifier
	The Common Base Leakage Current (ICBO)
	The Gain Terms “Alpha α” and “Beta β”
	The Common Emitter Configuration
	The Input Characteristics of the Common Emitter Configuration
	The Output Characteristics of the Common Emitter Configuration
	The Common Emitter Amplifier
	The Current Characteristics of the Common Emitter Configuration
	The Common Collector Configuration
	Summary

	Chapter 5: The Common Emitter Amplifier
	The Basic Amplifier or Fixed Bias Amplifier
	The Value of the Load Resistor RL
	Applying an “ac” Signal
	Changing the Value of Beta
	Designing a Class “A” Stabilized Amplifier
	The Gradient of the Load Line
	Exercise 5.1

	The ac Gain of the Stabilized Class “A” Amplifier
	The Emitter Resistor RE
	The Input Capacitor C1
	Exercise 5.2

	Summary

	Chapter 6: Further Analysis of the BJT Amplifier
	An Alternative Approach to Designing a Class A Amplifier
	Exercise 6.1

	The Mid-Frequency ac Model of an Amplifier
	The Input Resistance of the Transistor
	Determine the Input Resistance of the Transistor Rb Using the ac Model
	The Output Resistance

	The Voltage Gain AV
	Is the ac Model Valid
	The (b+1) Parameter

	The Bandwidth of the BJT Amplifier Circuit
	The Emitter Bypass Capacitor
	The Effects of Interstage Loading
	Exercise 6.2
	Exercise 6.3
	Moving the Biasing Point
	Creating a Class B Amplifier
	The Push-Pull Amplifier
	The Power Amplifier
	A Simple Audio Amplifier with a Small Speaker Output
	Exercise 6.4


	Summary

	Chapter 7: The Field Effect Transistor
	Introduction
	The Makeup of the JFET
	Testing the JFET

	The Semiconductor Analysis of the JFET
	The Pinch-Off Voltage

	Turning On and Off the JFET
	The Threshold Voltage VT
	Turning On and Off a P-Channel JFET
	The MOSFET
	Turning On the Enhancement-Type MOSFET
	The Depletion-Type MOSFET
	The P-Channel MOSFET
	The MOSFET Amplifier
	The –3db Point Benchmark
	The Bypass Capacitor
	Exercise 7.1

	Summary

	Chapter 8: The Beginnings of the Operational Amplifier
	The Differential Amplifier
	The Long-Tailed Pair
	Adding Noise to the Signal
	Improving the Gain
	The Constant Current Source
	The Current Mirror
	Exercise 8.1

	Summary

	Chapter 9: The Operational Amplifier
	The Opamp
	The Offset Null Inputs
	The Unity Gain Buffer
	The Inverting Opamp
	An Alternative Analysis
	VX Due to VOUT
	VX Due to VIN
	The Complete Expression for VX
	The Expression for the Voltage Gain

	The Input Impedance of the Inverting Opamp
	Designing an Inverting Opamp
	Exercise 9.1

	The Non-inverting Opamp
	The Input Impedance of the Non-inverting Opamp
	Exercise 9.2

	The Operations of the Operational Amplifier
	The Summing Opamp
	Exercise 9.3

	The Differential Amplifier
	Exercise 9.4

	A Useful Application of the Differential Amplifier
	Exercise 9.5
	Exercise 9.6

	The Integrating Opamp
	Exercise 9.7
	A Sawtooth Generator
	Exercise 9.8

	The ac Voltage Gain of the Integrator Circuit
	The Differentiator Opamp
	The Gain of the Differentiating Opamp
	The Instability of the Differentiating Opamp
	The Voltage Comparator
	Exercise 9.9

	The Opamp As a Subtractor
	Summary

	Chapter 10: Oscillators
	Multivibrators
	The Monostable
	Laplace Transforms
	The Output Voltage of Circuit 10.3
	The Voltage Across the Capacitor VC

	The Triggering of the Monostable
	The Time the Output Is High
	The Charging of a Capacitor with an Initial Voltage
	Exercise 10.1

	The Bistable Multivibrator
	Exercise 10.2

	The Phase Shift Oscillator
	The Requirements of the Oscillator Circuit
	The Phase Shift Oscillator
	Exercise 10.3

	The Wien Bridge Oscillator
	Exercise 10.4

	The Attenuation and Phase Shift of the Feedback Path
	Exercise 10.5

	The Gain of the Opamp
	Exercise 10.6

	The 555 Timer
	The Pins of the 555 Timer
	The Timer Used As a Monostable
	Exercise 10.7

	The Basic Astable
	Creating a 50/50 Duty Cycle Square Wave
	Exercise 10.8

	Summary

	Chapter 11: Filters
	Filters and Passive Filters
	The CR Passive Filters
	Complex Numbers and Phasor Quantities
	An Asymptotic Bode Plot
	The Half Power Point Benchmark and the  Frequency of Cutoff
	Exercise 11.1

	The RL Filter
	Exercise 11.2

	Active Filters
	Exercise 11.3

	The First-Order High Pass Filter
	High-Order Active Filters
	Exercise 11.4

	The Second-Order Filter
	When f = 5kHz
	When f = 10kHz
	Exercise 11.5

	The Second-Order Active Filter
	When f = 5kHz
	Exercise 11.6

	The High Pass Second-Order Active Filter
	Exercise 11.7
	Exercise 11.8

	The Butterworth Filter
	A Third-Order Butterworth Filter
	Exercise 11.9
	Exercise 11.10

	Adding More Gain
	Exercise 11.11

	Higher-Order Filters
	Exercise 11.12

	Summary

	Chapter 12: Using TINA 12
	What Is ECAD and TINA 12
	Running the Software
	Creating Our First Test Circuit
	Connecting Up the Circuit
	Running the AC Analysis
	Transient Analysis
	Using the Oscilloscope
	Summary

	Appendix 1: The Average Voltage of a Half-Wave Rectifier
	The Average Voltage of a Half-Wave Rectifier
	Exercise 3.1
	Exercise 3.2
	Exercise 3.3

	Exercise 5.1
	Exercise 5.2
	Exercise 6.1
	Exercise 6.2
	Exercise 6.3
	Exercise 6.4
	Exercise 7.1
	Exercise 8.1
	Exercise 9.1
	Exercise 9.2
	Exercise 9.3
	Exercise 9.4
	Exercise 9.5
	Exercise 9.6
	Exercise 9.7
	Exercise 9.8
	Exercise 9.9
	Exercise 10.1
	Exercise 10.2
	Exercise 10.3
	Exercise 10.4
	Exercise 10.5
	Exercise 10.6
	Exercise 10.7
	Exercise 10.8
	Exercise 11.1
	Exercise 11.2
	Exercise 11.3
	Exercise 11.4
	Exercise 11.5
	Exercise 11.6
	Exercise 11.7
	Exercise 11.8
	Exercise 11.9
	Exercise 11.10
	Exercise 11.11
	Exercise 11.12
	An Example from Chapter 11

	Index



